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Utilising tidal currents as a renewable energy resource is presently under consideration to
meet the requirements of increasing worldwide energy demand and the need to reduce carbon
emissions. In this respect, in-stream tidal devices are proposed to convert the kinetic energy of
currents into useful extractable power. In order to extract a useful amount of energy from tidal
currents, the proposed devices need to be deployed in an array or farm-like format. Due to the
thrust exerted by the devices within an array, the natural flow regime will inevitably be
changed. In light of this, this study aims to estimate the maximum power that can be extracted
by tidal turbine arrays and assess the far-field effects of energy extraction in the designated
areas around the UK for various array configurations.

In this thesis, the ocean tides are modelled using the long wave equations, commonly
referred as the shallow water equations (SWEs). A numerical solver based on a Runge-Kutta
discontinuous Galerkin finite element method is employed to solve the SWEs. One main
advantage of the discontinuous Galerkin method is that it approximates the solution
individually at each element, which allows for discontinuities within the solution system
while ensuring mass conservation locally and globally. The selected numerical solver has
been verified against several benchmark tests. It is then modified to include a line
discontinuity to represent the effect of tidal turbine array(s) in a coastal basin. The algorithm
implemented in the numerical solver involves a sub-grid model, which is based on Linear
Momentum Actuator Disk Theory (LMADT) to approximate the local flow-field in the
presence of the turbines. This near-field approach allows the flow velocity at the turbine to be
estimated with a greater accuracy. As the power available to the turbines is related to the
velocity at the turbine blades, the characterisation of the designated tidal site as a resource
using LMADT may be more accurate than previously proposed methods. An additional
advantage of using LMADT is that it provides a distinction between the power extracted by
the turbines and the total amount of power that is removed from the tidal stream, including the
wake mixing losses. The methodology employed in this thesis has been applied to two tidal
basins around the UK; the Anglesey Skerries (a headland) and the Bristol Channel (an
oscillating bay). A comprehensive unstructured triangular finite element model has been
constructed to simulate the naturally occurring tides at these regions. The constructed model
has then been validated against field measurement.

The validated model is used to conduct parametric studies, which evaluate the importance
of tidal array locations, configurations and operating conditions on the available power at the
Anglesey Skerries and the Bristol Channel sites. The parametric study aims to evaluate a
realistic upper limit of available power at each site considered. This study also provides a
unique analysis to examine the potential tidal farm interactions by deploying several tidal
arrays at both Anglesey Skerries and the Bristol Channel.
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CHAPTER 1.INTRODUCTION AND LITERATURE REVIEW

Chapter 1

Introduction and Literature Review

Utilising the tides as a major renewable energy resource is presently under consideration in
the context of increasing worldwide energy demand and the need to reduce carbon emissions
to mitigate against global warming. In comparison to other sorts of renewable energy
technologies, tidal energy is a highly predictable and robust energy resource (O’Rourke et al.,
2010). Conventionally, tides have been exploited by constructing a barrage across a tidal
estuary to extract the potential power of the tides. Recently, exploiting tidal currents has been
proposed as an alternative to utilising the rise and fall of the tides. This thesis considers
utilising this latter technology and evaluates the maximum available tidal power at selected
sites around the UK.

Exploitation of tidal currents requires the installation of in-stream tidal energy devices that
act in a similar way to wind turbines (Draper, 2011). In order to extract a useful amount of
energy, the proposed tidal turbines need to be deployed in an array (or farm-like) format
(Vogel et al., 2013; Divett et al., 2013; Vennell, 2012; Draper, 2011). The tidal flow is
fundamentally different to the less constrained atmospheric flow, due to the presence of the
free surface, and so deployment of tidal stream devices in an array will inevitably have a
significant impact on the flow regime, even at basin-scale. Changes to the flow would in turn
affect the efficiency of the tidal devices, limiting the amount of power available to the
turbines. Thus, it is important to understand the natural tidal response of basins for resource
assessment.

Section 1.1 summarises the physical description of naturally occurring tides, and tidal
patterns. Section 1.2 provides an introduction to presently available technologies for
extracting power from the tides. Section 1.3 reviews the literature on different methodologies
employed to assess tidal stream power resource. Section 1.4 introduces the UK tidal basins
selected for the resource assessment study. Section 1.5 lists the aims and objectives of this

thesis. Section 1.6 provides a brief outline of the thesis.
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CHAPTER 1.INTRODUCTION AND LITERATURE REVIEW

1.1. Naturally Occurring Tides

Naturally occurring tides can be simply explained by Newton’s law of gravitation, which
states that any particle in the universe attracts another particle with a force directly
proportional to the masses of the bodies, but inversely proportional to the square of the
distance between them (Pugh, 1987). In this respect, tides occur as a result of the dynamic
response of the oceans to the gravitational forces applied primarily by the Moon and the Sun,
with a minor contribution made by other celestial bodies (Draper, 2011; Pugh, 1987). The
response of the oceans can be observed by means of the rise and fall of the mean water level
(Cartwright, 1993). The amplitude of this change in the water level is dependent on many
factors in addition to the gravitational attraction applied by the Moon and the Sun. Pugh
(1987) explains that if the Earth were a perfect sphere covered with water that is deep enough,
and would not be affected by its rotation (i.e. the Coriolis acceleration), the tides would occur
instantaneously due to the applied gravitational force. This results in the so-called equilibrium
tide. In this case, the amplitude of the tidal range would be much smaller than the actual ocean
tides. However, the presence of the continents, the Coriolis force, bed friction, and the
variable ocean bathymetry have an important influence on the response of the oceans to tidal
forcing (Draper, 2011). Consequently, the natural modes of oscillation of the oceans, which
have periods close to the semidiurnal tidal period, lead to substantial differences between the
observed tidal ranges around the world (Garrett and Maas, 1993; Platzman et al., 1981).

Although the tidal response of the oceans is highly complicated due to the different
mechanisms involved, it is possible to explain several features of the oceanic tides in general

terms (Webb, 1976). The following sections aim to summarise these common features.

1.1.1. Tidal Patterns

The observed common patterns in the oceanic tides are related to the motions of the
celestial bodies relative to the Earth, which have an influence on large diurnal tides as well as
the spring-neap cycles (Pugh, 1987). Diurnal tides occur once a day due to the relative
declination of the Sun and the Moon with respect to the Earth, with the declination
determining the variation of the tidal range (Pugh, 1987). For instance, the solar declination
varies seasonally, and is at its highest in June and December. The contribution of the solar

declination along with that of the major lunar declination results in large diurnal tidal ranges
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during these months. Over a nodal period of 18.6 years, the lunar declination reaches a
maximum, which contributes to the overall diurnal tidal ranges (Lisitzin, 1957).

Semidiurnal tides occur twice a day, and are, in amplitude, considerably greater than the
diurnal tides (Pugh, 1987). The frequency band of the semidiurnal tides (12.41 hours) is close
to the near resonant period (~14 hours) of some oceans (Pugh, 1987; Platzman et al., 1981).
One of the largest semidiurnal tides observed in the UK is the M,, which is the principal lunar
tidal constituent. Figure 1.1 shows the principal lunar semidiurnal tidal constituent (M;) range
around the world. The M, tidal constituent has average amplitude of about 0 - 50 cm in the
deep ocean and exceeds 130 cm around the UK coasts. The white lines on the figure indicate
the co-tidal lines, which join locations where the high waters occur simultaneously. The
contour plot shows the amplitudes of the observed M, tidal constituent. Similarly, the tidal
harmonic maps can be presented by superimposing the co-tidal lines onto the co-amplitude

lines, which delineate locations with the same tidal amplitudes.
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Figure 1.1 M; tidal ranges around the world. The white lines indicate the co-tidal lines
where high tides occur at the same time (NASA, 2006).

Figure 1.1 shows a number of amphidromes, defined as positions where the amplitude of a
harmonic constituent tends to zero, implying no change in water level over the tidal cycle.
The co-tidal lines emanate from these amphidromic points about which the tidal wave rotates.

These amphidromic systems behave in a similar manner as a Kelvin wave in terms of
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propagation, where the rotation of the propagation is anticlockwise in the northern hemisphere
and clockwise in the southern hemisphere (Pugh, 1987).

Due to the time-dependent relative alignments of the Sun and the Moon with respect to the
Earth, the amplitudes of the semidiurnal tidal constituents vary with a period of 14.8 days.
Within this period, spring tides occur when the solar and lunar tide-raising forces are in-phase
and have a magnifying effect on the amplitudes of the semidiurnal tides (Pugh, 1987). Neap
tides occur when the solar and lunar tide-raising forces are at quadrature, resulting in low tidal
ranges. Pugh (1987) notes that the amplitudes of two successive spring tides are usually
different due to the varying distance between the Moon and the Earth. The tidal amplitudes at
a lunar perigee (when the Moon is closest to the Earth) are 15% greater than when the Moon
is at an average distance and are 15% lower during an apogee, when the distance between the

Moon and the Earth is at greatest (Pugh, 1987).

1.1.2. Long Wave Characteristics

The semidiurnal tides and diurnal tides are long waves with periods of 12.41 hours and
24.83 hours, respectively, and wavelengths (several hundreds of km) that are much larger than
the ocean bathymetric depths (Pugh, 1987).

Considering a non-rotating system, as an ocean gravity wave propagates away from a fixed
point, high and low water levels will be observed respectively, which are a one-half a
wavelength distance away from each other (Pugh, 1987). If the wave propagates with celerity

c and period 7, the wavelength is,

A= cT. 1.1

Assuming that the wave amplitude is much smaller than the total water depth and that the
water depth is considerably smaller than the tidal wavelength, the wave celerity can be written

as (Lamb, 1932; Proudman, 1953),

c=./gH. 1.2

Equation 1.2 implies that the wave celerity, ¢, depends on the gravitational acceleration (g)
and the total water depth (H). From classical long wave theory (Pugh, 1987) it may be shown

that the tidal current speed, u, is related to the free surface elevation ({) at a fixed point by,
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u=§\/%. 1.3

At times of local high water, the maximum current is in the same direction as that of the
propagating wave. However, at times of low water, the current is in the opposite direction to
that of the propagating wave (Pugh, 1987).

When a tidal wave reaches the continental shelf, it undergoes reflection due to the relatively
sudden change in depth. The observed tide is thus a combination of the propagating and
reflected waves (Defant, 1961; Redfield, 1980; Pugh, 1987). Pugh (1987) uses an idealised
case of a sinusoidal flow in a long, frictionless channel of constant depth to explain the
characteristics of a tidal wave. The absence of friction in the system means that energy is
conserved, so that the amplitude of the reflected wave is the same as that of the incident wave
when the wave reaches the barrier at the head of the channel. A standing wave occurs as the
incident wave interferes with the reflected wave. A standing wave system consists of ‘nodes’,
where the amplitude is equal to zero with maximum currents, and ‘antinodes’, where
amplitude is a maximum and the current is zero. For a tide with wavelength 2, the distance
between these nodes and antinodes is 2/4 (Pugh, 1987). The first node is located a quarter-
wavelength away from the barrier; the first antinode is half a wavelength away from the
barrier. The time required for a wave to propagate from the entry to the channel and then
return to the same point after reflection is the natural period of oscillation, and is given by

(Proudman, 1953),

2L

\/ﬁ' 14

where L is the distance between the open boundary to the reflecting barrier.

The amplitude of the observed tides is also affected by the natural oscillation periods of the
oceans and seas (Pugh, 1987). The response of an ocean or sea to tidal forcing is amplified
when the period of the forcing oscillations is close to the natural period of the ocean and sea.

In real oceans, the reflected waves are smaller in amplitude due to the frictional forces
applied at the seabed decaying the wave amplitude along the channel. This in turn results in
weaker reflected waves, corresponding to superposition of a progressive wave on a standing

wave (Pugh, 1987). In such a system, the progressive wave carries the tidal energy to the
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upper reaches of the basin. An example for this kind of system is the Irish Sea, which will be
discussed in detail in Chapter 5.

One of the primary objectives of this thesis is to understand the change in the tidal system
due to the operation of tidal turbine arrays. This implies that the energy of the incoming
waves will be extracted, which in turn results in decreased tidal ranges in the immediate
vicinity of the turbine arrays. This change in the tidal range will inevitably affect the partially
progressive wave structure observed in many coastal areas. Chapter 7 presents a discussion on
how the local tidal regime is affected when large tidal farms are deployed at selected sites

around the UK.

1.2. Tidal Energy Resource

The global energy demand is presently primarily met by the fossil fuel resources (O’Rourke
et al., 2010). According to the International Energy Agency (2007), 88% of the global energy
share is provided by fossil fuel, consisting of oil, natural gas, and coal. However, these
resources are finite, and an alternative needs to be provided to address the growing global
energy demand. Moreover, the environmental impact of using fossil fuels is a problem in its
own right (O’Rourke et al., 2010). The release of greenhouse gases has resulted in an on-
going global rise in temperature and corresponding rise in the mean sea water levels (US
NREL, 2005). In this respect, development of renewable energy technologies could play an
important role in decreasing the exploitation of conventional energy resources while having a
neutral impact on the climate.

The European Union has set renewable energy targets to be achieved by 2020 for EU
countries to reduce the climate change impact of carbon dioxide emissions (DECC, 2010).
Within the scope of the EU Renewable Energy Directive (2009), EU countries are each
required to prepare an action plan designed according to the available renewable energy
resources (in the country concerned), specifying how and by how much they aim to utilise
such resources to meet the EU standards for energy production (DECC, 2010).

This EU directive requires the United Kingdom to ensure that 15% of its total energy
consumption must be met by means of renewable energy resources by 2020 (EU Renewable
Energy Directive, 2009). In this context, the UK is focusing on the following renewable

energy resources: offshore wind, biomass, geothermal energy, wave and tidal energy (DECC,
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2010). Of these resources, tidal energy is of significant importance as tides are predictable and
there are several sites around the UK where the tidal current speed exceeds 2 m/s, the critical
speed for viable power production (ABPmer ef al.,, 2004). In the Atlas of UK Marine
Renewable Energy Resources published by DTI (2008), the main sites that are found to be
appropriate for tidal energy utilization are listed such as the Pentland Firth, Anglesey, the Isle
of Wight, the Bristol Channel, Alderney, Islay and Campbeltown.

Two main approaches are taken to extract energy from tides. The first approach focuses on
utilising the tidal range by constructing barrages or lagoons in bay areas, using turbines as in
wind energy industry. The second approach is to install turbines at locations where the tidal
current velocities are within sensible limits (Black and Veatch, 2005). The following sections

summarise the status of tidal energy technologies, with particular emphasis on the UK.

1.2.1. Tidal Barrages
Tidal barrages utilise the rise and fall of the tides. Typically tidal barrages are operated in

ebb generation mode, which involves filling the basin with water during flood tide and
releasing the trapped water through the turbines when there is a sufficient hydrostatic head
difference across the barrage (O’Rourke et al., 2010; Baker, 1991; Prandle, 1984). Tidal
barrages can also be operated in flood generation or a two-way generation mode (O’Rourke et
al., 2010).

Around the world, there are four tidal barrages operating (O’Rourke et al., 2010). The
oldest of these tidal barrages is located in France. La Rance tidal barrage has been operating
since 1967 and has a capacity of 240 MW with a net power output of approximately 480
GWh/y (Boyle, 2004). Another tidal barrage is located in the Bay of Fundy, Canada. The
Annapolis tidal barrage was constructed in 1984 as an experimental prototype of its kind in
the Bay of Fundy and has a generating capacity of 20 MW (Percy, 1996). The other barrages
are located in Russia (Kislaya Guba power facility) and on the East China Sea (Jangxia
Creek) respectively (O’Rourke et al., 2010). Both Kislaya Guba and Jangxia Creek power
facilities have relatively smaller power generating capacities (< 500 kW).

Although the technology for constructing and operating tidal barrages is available and
reliable, investment on tidal barrages has been very restricted, due to the high capital cost

associated with construction and environmental concerns. Tidal barrages are designed to hold
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large volumes of water for a period of time until there is a significant hydrostatic head
difference across the barrage. Restricting the natural water movement in this manner will alter
the flow and the tidal dynamics of the system. The enhanced sediment transport due to
retaining water behind the barrage affects water quality, and hence the ecology and marine
life in the vicinity of the tidal barrage.

Considering the UK coasts, the largest tidal range resource is available in the Severn
Estuary. According to DECC (2010), 5% of the UK’s current electricity generation could be
provided by a tidal barrage constructed across the Severn Estuary. The Severn Estuary is
situated at the upper reaches of the Bristol Channel, which has one of the largest tidal ranges
worldwide. At spring tides, the Severn Estuary has a peak tidal range of approximately 14 m
(Xia et al., 2010a; Ahmadian and Falconer, 2012).

There are several sites suggested for construction of a tidal barrage across the Bristol
Channel. Among these, the Cardiff-Weston site is found to be the most feasible with the
lowest energy cost (DECC, 2010). The total installed capacity of a Cardiff-Weston tidal
barrage (also referred as the Severn Barrage) is 8640 MW and the annual energy generation is
estimated to be 15.6 TWh/yr.

Operation of a tidal barrage, however, changes the tidal dynamics of the system, primarily
by reducing the tidal range within the basin (Yates et al., 2013). A previous study conducted
by Xia et al. (2010a) estimates the change in the water levels in the vicinity of the Cardiff-
Weston Barrage to be between 0.5 m - 1.5 m. The same study states a considerable change in
the current velocities in the main Channel. Several other studies have been conducted to
understand the change in the environment (i.e. water quality and sediment transportation) and
the tidal hydrodynamics of the system (Radford, 1982; Harris et al., 2004; Xia et al., 2010b;
Kadiri ef al., 2012). In addition to the environmental concerns, constructing a tidal barrage
across the Severn Estuary would incur very high capital costs compared to other kinds of
renewable energy technologies. Overall, the DECC report (2010) concludes that it is not
feasible to invest in any tidal barrages in the Channel to accomplish the UK renewable energy

production goals by 2020.
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1.2.2. Tidal Lagoons

Tidal lagoons operate in a similar manner to the tidal barrages, which make use of the water
level difference occurring between flood/ebb tides. Rather than enclosing an entire bay or
estuary as is done in tidal barrage construction, tidal lagoons impound a sub-region of water.
(DECC, 2010).

The report published by DECC (2010) explains that the several lagoon proposals are
considered in the Bristol Channel, and among these the Bridgwater Bay lagoon (between
Hinkley Point and Weston-super-Mare) is found to be potentially feasible due to lower capital
coasts and environmental impact when compared to the barrage proposals. The installed
capacity of the Bridgwater Bay lagoon is 3600 MW and the annual energy generation is
estimated to be 6.2 TWh/yr. Other advantages of constructing the Bridgwater Bay lagoon are
its estimated long-term value in terms of the energy supply costs, the benefits in carbon
emission and increased employment opportunities in the local community (DECC, 2010).
However, the shipping in the region will be disturbed due to the operation of the tidal lagoon.
The DECC (2010) report reveals that the UK Government is hesitant to invest in a lagoon as
it may interfere with the cost-effectiveness of any future tidal barrage across the Severn

Estuary.

1.2.3. Tidal Stream Turbines

There has been a considerable interest in exploiting the tidal currents as a potential
renewable energy resource due to the lower capital costs as well as lower environmental
impact when compared to barrage and lagoon schemes (Xia et al., 2010c).

Extracting the energy from the tidal stream requires converting the kinetic energy of the
flow into useful extractable power (Bryden and Couch, 2006). Much of the proposed
technology to exploit tidal currents has effectively been translated from wind energy
technology (O’Rourke et al., 2009; Bryden and Couch, 2006). However, tidal power devices
are at a much less mature stage of development than wind power, with only a few prototype-
scale devices installed around the world (Gross, 2004; Denny, 2009). The tidal power devices
have to be designed to operate in the free surface flow water of density approximately 1000
times that of air, whereas wind turbines are situated in unconstrained flow fields (Kadiri et al.,

2012; Garrett and Cummins, 2008; Bryden et al., 2004). Regarding the device design, the
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proposed tidal power turbines can be broadly divided into three main categories (McAdam,
2011):

* Axial-flow devices,

* Cross-flow devices (e.g., Darrieus-type) and,

¢ Other devices (e.g., oscillating turbines).

Of these designs, the axial-flow devices (see Figure 1.2-Left) resemble conventional wind
turbines, and so have gained substantial attention by investors due to the previous research
conducted by the wind industry over decades (McAdam, 2011). In January 2010, the axial-
flow SeaGen device (Figure 1.2-Right) designed by Marine Current Turbines (MCT) was
deployed in Strangford Lough, Ireland with a capacity of 1.2 MW and has been operating
since then (Fraenkel, 2007). However, in order to extract a useful amount of power from the
tidal stream, the turbines need to be installed in an array format to cover a large cross-
sectional portion of the tidal stream (Divett et al., 2013; Vogel, 2012; Draper 2011; McAdam,
2011). In this respect, MCT has recently been granted permission to install a 10 MW
prototype-scale tidal turbine array off Anglesey (Wales) in 2015. This project is likely to be

the first array-scale application of tidal turbines in a real tidal site.

Figure 1.2 — Left: Verdant Power Ltd. Axial-flow tidal turbine; Right: MCT SeaGen axial-
flow tidal turbine. Images are taken from O’Rourke et al. (2010).

The selection of a tidal turbine for an array-scale project depends on several factors, such as

the device construction and maintenance cost, electricity transmission and load conditions
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(Draper, 2011; McAdam, 2011; O’Rourke et al., 2010). For axial flow turbines, the power
that can be generated with one single turbine is mainly restricted by the size of the turbine,
due to the limited bathymetric depths (McAdam ef al., 2013; McAdam, 2011). Some devices,
such as the Transverse Horizontal Axis Water Turbine (THAWT) device could be installed so
that the device occupies a greater proportion of the channel cross-section (see Figure 1.3).
This would allow a device to utilise blockage effects that are not available to be a more
conventional axial flow turbine (McAdam ef al., 2013). As with other innovative tidal turbine
designs, the THAWT device has been tested under experimental conditions, but a full-scale
application of the device at a tidal site has not yet occurred (McAdam et al., 2012). There are

various other designs proposed to utilise the fast tidal currents, two of which are given in

Figure 1.4.

Figure 1.4 — Left: Minesto Deep Green Tidal Kite
(http://www.minesto.com/deepgreentechnology/index.html); Right: Pulse Tidal Hydrofoil
(http://pulsetidal.com/our-technology.html).

Most of these alternative devices are at a design (or prototype) stage, and thus will not be

reviewed in this thesis. However, it is possible that when compared to the conventional tidal
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turbine devices, some of these designs may be more feasible to develop at specific tidal sites
(McAdam, 2011).

From an environmental point of view, the hydrodynamics of the system will inevitably
change in the vicinity of the tidal array. Extracting energy from the tidal flow results in a head
drop across the turbines, which translates into an increase in the downstream flow velocity
(Draper, 2011; Bryden and Couch, 2007). The presence of the tidal turbine arrays (regardless
of the turbine design) alters the flow conditions as they introduce an additional resistance to
the flow, reducing the mass flux passing through the turbines, and thus reducing the
extractable power (Garrett and Cummins, 2008). Research regarding the understanding of the
physics of extracting energy from the tidal currents is therefore well established. However,
characterising the available tidal resource is still an on-going research field. The following
section aims to provide a literature review on the methodologies adopted to quantify the tidal

resources.

1.3. Tidal Stream Resource Assessment Methodologies

Different approaches have been taken towards estimating the available power that can be
extracted from tidal flows, noting that a certain percentage of the energy will be dissipated
owing to frictional effects (Garrett and Maas, 1993). In some previous studies, the available
power was quoted as a percentage of the kinetic energy flux in the tidal stream (DTI, 2008;
Black and Veatch, 2005; Fraenkel, 2002), but this neglects the potentially significant impact
of tidal arrays on the hydrodynamics. As Sutherland et al. (2007) note, the deployment of
large arrays in coastal basins will eventually block the flow, causing the by-pass flow to
increase, along with a decrease in power generation. Consequently, several analytical (Garrett
and Cummins, 2005; Blanchfield, et al., 2008) and numerical (see e.g. Draper, et al., 2010;
Karsten et al., 2008) studies have been conducted to assess the available energy to be
extracted from tidal streams and to improve the understanding as to how this power extraction
will affect the far-field hydrodynamics. The present study examines these approaches and
adopts the numerical method developed by Draper et al. (2010), discussed in detail in Chapter
3, in order to assess the maximum available power at a coastal site and investigate the far-
field effects of extracting energy. The following sections summarize the methodologies

proposed to date to assess the energy potential of a tidal site.

24



CHAPTER 1.INTRODUCTION AND LITERATURE REVIEW

1.3.1. Theoretical Approaches

Methods based on actuator disk theory are useful for evaluating the flow regime around a
tidal device (Vogel, 2012). Actuator disk theory was first developed by Rankine (1865) and
then extended by Froude (1889) to provide a one-dimensional analysis of the steady
incompressible flow field around a propeller, approximated as an infinitely thin (porous) disk
that exerts a thrust force to the fluid passing through it (Horlock, 1978). In the analysis, the
thrust on a real propeller is replaced by the uniform normal pressure distribution on the
actuator disk (Van Kuik, 2007). Lanchester (1915) and Betz (1920) independently applied
actuator disk theory to assess the performance of an inverse propeller in an infinite flow, such
as a wind turbine, and defined an upper limit to the kinetic energy that can be converted to
usable power (Bergey, 1979). In the literature, this is known as the Lanchester-Betz limit,
which gives the maximum theoretical energy conversion ratio as 16/27 of the upstream kinetic
energy flux of the wind stream. Although the Lanchester-Betz limit cannot be attained by real
turbines due to various energy losses (e.g. mechanical, electrical) and non-uniformities in the
incident flow conditions, the theory has proven to be a useful tool by which to design and
compare wind turbines over the years (Kalenauskas, 2010). Owing to the constrained nature
of the tidal flow field however, Lanchester-Betz theory is not directly applicable to tidal
streams (Houlsby ef al., 2008; Bryden and Couch, 2006). With this limitation in mind, several
techniques are considered to evaluate the power potential of sites where strong tidal currents
are observed. An early attempt to characterise the tidal sites as well as estimating the
maximum available power from a site was suggested by Black and Veatch (2005), who used a

relation based on the undisturbed kinetic energy flux of the tidal flow,
1
Pyax = Epu3A(51F). 1.5

where p is the water density, u is the flow velocity and 4 is the total swept area of the turbines
and STF is the ‘Significant Impact Factor’, which accounts for any constrictions that may limit
the available power from tidal currents. Equation 1.5 provided values for the power density
range around the coasts of the UK, which was then used to estimate an upper limit for
available power within a site. However, this approach has been criticised by MacKay (2007)

and Garrett and Cummins (2005) who suggest that there is no direct relation between the
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undisturbed kinetic energy flux of the tidal stream and the average maximum power to be
extracted from it.

Methods based on a simple undisturbed kinetic energy flux calculation do not consider the
change in the flow field due to the presence of the tidal turbine arrays, and hence give
overestimates of the available power in selected tidal areas (Vogel et al., 2013; Draper, 2011).
Bearing in mind that the turbines will act as an additional resistance to the flow, increasing the
thrust applied to the flow by the array results in a flow diversion at the edges of the array
(Draper, 2011). As the flow diverts, the mass flux entering through the array is decreased
resulting in a reduction on the available power to the turbines (Vogel et al., 2013; Draper et
al., 2013). Garrett and Cummins (2005) further explain that the maximum average available
power is dependent on the number of the turbines and the array locations in the designated
coastal area. Referring back to the Lanchester-Betz theory, the installation of a small number
of axial flow turbines in a basin will result in hardly any energy being extracted, whereas
choking the flow by installing too many turbines will cause a significant reduction of the
amount of energy to be extracted due to the flow bypassing the turbine array (Draper, 2011;
Sutherland et al., 2007).

To accurately evaluate the available power where strong currents occur, Garrett and
Cummins (2005) considered an idealised channel that connects two large basins, where the
flow is driven by the head difference, and the tidal fences span the entire width of the channel.
The analysis assumes that the free-surface of the flow in the channel has a fixed lid (i.e. is
volume constrained) and that the Froude number may be neglected. In their analysis, Garrett
and Cummins (2005) related the maximum average power to the peak pressure head and the
undisturbed mass flux through the channel. In reality, the turbine fences cannot occupy the
entire channel cross-section, thus it is of importance to understand the effect of turbine arrays
to the flow field that blocks the channel only partially. To address this issue, Garrett and
Cummins (2007) extend their previous analysis (Garrett and Cummins, 2005) to consider a
partially blocked channel, in which the turbines are uniformly spaced from each other across
the channel cross-section. Their results indicate that the power available to the turbines is
dependent on the mass flux passing through the turbine(s), which is associated with the force

applied to the flow by the turbine(s). In their analysis, Garrett and Cummins (2007) also
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included the downstream mixing that extends beyond the turbine wake, leading to a
description for tidal turbine efficiency, which is defined as the ratio of power that is available
to the turbines to the total power that is removed from the stream (including frictional and
mixing losses). Their analysis show that, depending on the blockage ratio, operating the
turbines with a high wake induction factor (a, = 1/3) increases the available power at an
expense of decreased turbine efficiency due to the increased level of energy loss through
mixing.

The effect of array scale hydrodynamic interactions on the turbine efficiencies is studied by
Vennell (2010). In their analysis, Vennell (2010) also employed an analytical model that uses
low Froude numbers (volume constraint). The analysis considers evaluating the optimum
turbine operating velocity that maximises the available power for known blockage ratios and
array configurations. When multiple arrays are deployed in a tidal channel, Vennell (2011)
and Vennell (2012) show that extending the length of the array is more effective in terms of
extracting power than adding further rows of turbines in the system. In their analysis, Vennell
(2012) and Vennell (2013) discuss that, increasing the array thrust by adding additional rows
of turbines, significantly decrease the flow passing through the entire turbine arrays, and
hence decrease the power that is available to the individual turbines in the arrays. This
conclusion is then numerically verified by studies of Adcock et al. (2013) and Draper et al.
(2013). As explained by Vogel (2012), the Garrett and Cummins type models provide a
significant understanding of the physics involved in tidal energy extraction, however an
extension is required to approximate the real open channel flows that considers variable
Froude numbers. In this respect, Whelan et al. (2009) employ the Garrett and Cummins type
model whereby the free surface was allowed to deform and the Froude number could be finite
in the analysis. The power coefficient obtained by Whelan ef al is dependent on the operating
conditions of the turbines (turbine size and porosity) as well as the upstream flow conditions.
However, the model proposed by Whelan et al. (2009) does not include downstream mixing
in the analysis, which leads to restrictions on the upstream flow conditions. This issue was
addressed by Houlsby et al. (2008) by considering an open-channel flow past a row of
turbines that are uniformly spaced across the width of a channel in which the flow had a

deformable free-surface and downstream mixing. Draper (2011) concludes that the approach
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proposed by Houlsby et a/ is a combination of the separate ideas by Garrett and Cummins
(2007) and Whelan et al (2009). Houlsby et al. (2008) derives a relation between the turbine
specifications (turbine size and porosity) and the associated flow change in terms of upstream
and downstream flow velocities and depths. The relation presented by Houlsby et al. (2008),
which describes the change in the free-surface head, is of importance as it provides the basis
by which to include a momentum sink in a depth-averaged model (Draper et al., 2010;
Draper, 2011). Chapter 3 describes the inclusion of a momentum sink in a selected depth-
averaged shallow water solver using the linear momentum actuator disk model developed by
Houlsby et a/ (2008) as a sub-grid model.

Draper et al (2010) and Draper (2011) apply the linear momentum actuator disk theory
developed by Houlsby et a/ (2008) to investigate the flow conditions where the turbines are
only partially blocking the channel. This work showed that as the blockage of the turbines
increases (for optimum wake velocity coefficient), the bypass flow is increased, which
inevitably reduces the amount of power extracted by the turbines. A further investigation on
the relation between the upstream flow bypassing the array and the power extraction within
the array is undertaken by Nishino and Willden (2012b). In their analysis, Nishino and
Willden distinguish the two scales involved, turbine scale and the array scale, which
ultimately have an effect on the power extraction. However, the analysis conducted by
Nishino and Willden (2012b) is based on a zero-Froude number model, as proposed by
Garrett and Cummins (2007), and is restricted to small blockage ratios. Vogel (2012)
extended the model proposed by Nishino and Willden to include finite Froude numbers in
their analysis. The results provided by Vogel (2012) agree well with the previous studies
regarding the effect of high blockage on the available power. This analysis also shows that
extracting the maximum power from the flow has a significant effect on the flow field at the
vicinity of the tidal turbines. Considering an infinitely wide channel, Vogel (2012) concludes
that the available power is only dependent on the Froude number of the flow and the turbine
blockage ratios.

Although the foregoing theoretical approaches have provided useful insight into the power

extraction by tidal turbines, further analysis is still required by using numerical models to
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understand the effects of installing tidal arrays in tidal basins. The following section provides

a summary of the numerical methodologies used for tidal resource assessment.

1.3.2. Numerical Approaches

Theoretical models are capable of predicting the change in the flow regime in a channel or
basin due to the presence of the tidal devices, as well as predicting the velocities in the
immediate vicinity of the turbines (Vogel et al., 2013). A variety of numerical methods at
different scales are employed to: a) design tidal devices, b) investigate the interaction between
turbines in an array, c) investigate the hydrodynamic interactions between arrays, and d)
evaluate how much power can be generated by the turbine(s).

Models employed to evaluate the immediate flow characteristics around an array considers
using three-dimensional CFD models, where the devices are represented by using actuator
disks or by other techniques (see e.g. Nishino and Willden 2012a; Schluntz and Willden,
2013, Fleming et al., 2013). Vogel (2012) discusses that the main advantage of such models is
that their capability to properly resolve the wake mixing, thus predict the power available to
the turbines more accurately. However, modelling of a large number of devices deployed at a
coastal site by using three-dimensional models is computationally challenging. At basin-scale,
it is most practicable to use numerical solvers based on the two-dimensional shallow water
equations to simulate the change in the flow field due to the operation of proposed tidal arrays
(Adcock et al., 2013; Walkington and Borrows, 2009) and to evaluate the environmental
impact of these arrays (Ahmadian and Falconer, 2012; Xia et al., 2010c).

Commonly, two methods are used to represent the tidal devices in shallow water models.
Either the turbines can be represented as a discontinuity in the flow (e.g. Draper et al., 2010)
or the drag applied by the turbines can be smeared over an area by enhancing the bed friction
of given mesh nodes (e.g. Sutherland et al., 2007; Bryden et al., 2007). The latter approach is
often used in numerical models as it requires few (or even no) changes to the source code, and
produces results that are reasonably close to those provided the alternative momentum sink
approach. However, a major drawback of using an increased bed friction coefficient is that the
power extracted from the site includes both the available power (extracted by the turbines),
and power lost due to frictional forces and downstream mixing (Draper, 2011). Also, there is

no direct relation between the tidal array configurations (parallel or series connections) to the
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total available power extracted from the tidal farm site (Vogel, 2012; Draper, 2011). In the
literature, the enhanced bed friction method has been used to assess the tidal current resources
at real sites. Examples of such research studies are given by Blunden and Bahaj (2007) who
investigated the tidal potential of Portland Bill, UK, Sutherland ef a/. (2007) and, Karsten et
al. (2008) who conducted similar analyses respectively for the Johnstone Strait and the Minas
Passage in Canada. Karsten ef al. (2008) demonstrate that a maximum of 7 GW is extractable
from Minas Passage, which corresponds to a 40 per cent reduction in the flow through the
passage. However, the results obtained by using an increased bed friction applied on a small
passage imitate the effect of constructing a barrage across the Minas Passage. For this reason,
it is important to develop a more elaborate method to represent the tidal devices in an array
using a two-dimensional numerical model, first to quantify the power potential of the site, and
secondly to evaluate the altered flow field more accurately. In this respect, Draper et al.
(2010) implemented a numerical method using linear momentum actuator disk theory as a
sub-grid model to represent the tidal turbine operating condition, which is incorporated as a
line sink of momentum in a two-dimensional shallow water solver. This method has been
used by Draper et al. (2010) and Draper (2011) to assess tidal energy potential of idealised
geometries, such as headlands, straits, enclosed bays or estuaries and islands, near to the
mainland, where the fast tidal currents occur.

The shallow water model used in the present thesis is based on a discontinuous Galerkin
finite element method, which enables discontinuities to be included properly in the solution.
The line sink of momentum is then imposed at specified edges of the elements that represent
the tidal array. On an edge where the line discontinuity occurs, the upstream and downstream
flow conditions (i.e. axial flow velocities and total water depths) are modified according to
linear momentum actuator disk theory (Houlsby et al., 2008). In order to solve the system of
equations related to LMADT, the blockage ratio and porosity of the turbines (i.e. wake
velocity coefficient) are prescribed as an input to the numerical solver.

The momentum sink method developed by Draper ef al. (2010) and Draper (2011) has been
applied in various recent studies. One such study considers evaluating the tidal energy
potential of an idealised headland (Draper et al., 2013). Draper et al. (2013) found that the

power extracted by the turbines is very sensitive to the turbine operating conditions for a
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partially blocked flow. When high thrust is applied to the flow, it tends to bypass the tidal
array. This in turn causes a reduced mass flux passing through the array, which inevitably
reduces the power extracted by the turbines. The same method was applied to the Pentland
Firth by Adcock et al. (2013) to estimate an upper limit on the available power that can be
extracted from the Firth. In their analysis, Adcock et al. use M, and S, tidal constituents to
force the model at the open ocean boundaries. The analysis indicated that for a high blockage
ratio (B = 0.4), and using two rows of tidal turbine arrays that extend across the entire width
of the channel, an average power of 1.9 GW can be generated from the Pentland Firth.
Similarly, Serhadlioglu ef al. (2013) used a line sink of momentum method to quantify the
tidal resource of the Anglesey Skerries off the Welsh coast. A parameter study was used to
evaluate the importance of the turbine operating conditions, array connectivity and array
locations on the available power. In their analysis, Serhadlioglu et al. also considered the
disturbance caused by turbine arrays to the local hydrodynamics. Quantification of the
disturbance was undertaken by computing the changes to the M, tides caused by the presence
of the turbines. The study showed that neither the amplitude nor the phase of the M,
constituent changed significantly even at maximum power extraction. Chapter 5 of this thesis

describes an extended version of the analysis conducted by Serhadlioglu et al. (2013).

1.4. Tidal Sites Around the UK
According to the DTI Atlas of Marine Renewables (2008), locations with high current
velocities around the UK have been mapped as promising sites for future tidal turbine array
deployments. Draper (2011), categorised locations with fast currents as:
* Straits between large bodies of water, which have a large tidal phase difference in
tidal amplitude,
* Headlands,
* Estuaries with a large tidal range and,
*  Occluded basins where flow is forced through a narrow channel.
All four categories can be identified along the coast of the UK. The Pentland Firth is
essentially an example of a strait between two oscillating water bodies; the north-west and
south-west coasts of Wales contain headland sites, the Bristol Channel is an estuary with a

large tidal range, and Strangford Lough can be idealised as an occluded basin. In addition
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there are other locations, which are more complicated and less easy to categorise (e.g. around
Alderney) or represent combinations of the above categories (e.g. between the Mull of
Galloway and the Isle of Man).

At any site, the deployment of a tidal array will alter the local hydrodynamics. In order to
minimise this effect and extract sufficient power from the tidal stream, an informed selection
of the tidal site is as important as the turbine design and the configuration of the arrays. There
are several factors that influence the positioning of tidal arrays (or farms in general), including
accessibility of the site, local geotechnical conditions, and shipping lanes. The overall goal of
the array configuration is to maximise the power that can be generated cost-effectively while
keeping the environmental impact within acceptable levels. In general, the optimisation
procedure should be based on changes observed at basin scale.

The present thesis considers the Bristol Channel and Anglesey sites, which are examples of
an estuary with high tidal range and a headland, respectively. The following sections outline

the reasons for selecting these sites.

1.4.1. Anglesey (Headland)

In the UK, a number of sites may be characterised as headland sites. Examples include
Anglesey, Portland Bill, Mull of Kintyre, and Cromer. Herein, the Anglesey Skerries has been
selected as a typical headland site, and a parametric study conducted on evaluating its
extractable tidal power potential. The Anglesey Skerries is located on the north west coast of
the Wales, with fast currents exceeding 2 m/s. The Anglesey site is selected and being
developed by MCT through SeaGen Wales. The proposed installation would have a
maximum capacity of 10 MW wusing a tidal array of seven twin-rotor turbines
(http://www.marineturbines.com accessed on 17 February 2014). In this respect, the Anglesey
Skerries is likely to be the first array to be deployed in the UK. Figure 1.5 presents an artist’s
image of the tidal array under consideration for the Anglesey site.

In terms of developing a numerical model of the site, a factor influencing the choice was
the availability of adequate data for model validation purposes. Moreover, the Anglesey
Skerries is located relatively close to the Bristol Channel, and so it was feasible to include

both regions in a single numerical model and hence investigate the possibility of
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hydrodynamic interactions between the two sites when extracting energy from the tidal

currents.

Figure 1.5 — Artist’s impression of the tidal turbine array located at the Anglesey site. The
image is taken from MCT SeaGen website
(http://www.marineturbines.com/3/news/article/44/marine current turbines kicks off first t
idal_array for wales accessed 17 February 2014).

1.4.2. Bristol Channel

The Bristol Channel is famous for having one of the largest tidal ranges in the world (~14
m peak at spring tides). For this reason, great attention over many years has been paid to the
developing the case for constructing a tidal barrage to utilise the rise and fall of the tides (Xia
et al., 2010b; Rainey, 2009; Bondi, 1981). However, due to political, economic and
environmental issues, the deployment of tidal stream turbines has become a viable alternative
to a tidal barrage for extracting power from the fast currents observed in the Bristol Channel.

The Bristol Channel is a dynamically complex system, which is well documented in the
literature mainly due to the proposed Severn Barrage scheme (Kadiri et al., 2012; Crickmore,
1982; Clarke, 1982). The high tidal range is mainly due to a combination of tidal resonance
between the continental shelf and the estuary with the amplitude enhanced by the funnelling
effect owing to the shape of the estuary (Fong and Heaps, 1978; Prandle, 1980). Noting these
factors, especially the resonance of the system, it is of importance to include the continental

shelf in the computational domain to model accurately the tidal movement in the Bristol

Channel (Zhou et al., 2014; Adcock et al., 2011).
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The Bristol Channel is selected here to evaluate the tidal energy potential of the site due to
its historical importance as well as the likelihood of being one of the first sites to be

developed around the UK.

1.5. Aims of this Thesis
The research reported in this thesis was undertaken within the PerAWAT project funded by
the Energy Technologies Institute (ETI). The aim of this work is to assess the tidal power
resource and the far-field hydrodynamic effect of tidal stream turbine arrays located at
selected coastal sites off the UK. The research has the following objectives:

* To verify the selected shallow water code (DG-ADCIRC) using standard
benchmark tests, including uniform flow in a sloping channel, still water over non-
uniform bathymetry, laminar flow in an open channel, recirculation in the lee of a
sidewall expansion in a channel, and Coriolis-induced wave motion.

* To develop a validated two-dimensional model of the south-west coast of the UK
that simulates the naturally occurring major tidal constituents in the region,

* To modify the DG-ADCIRC code in order to represent the tidal turbines using
linear momentum actuator disk theory and to compute the associated momentum
sinks due to the presence of the arrays in the model and,

* To carry out a parametric study on the effect of turbine operating conditions, array
configurations and locations, on available power and the hydrodynamics of selected
coastal basins.

* To investigate the far-field hydrodynamic effects of energy extraction.

1.6. Thesis Outline

This thesis considers tidal power resource assessment for several selected sites in UK
territorial waters. An open-source hydrodynamic model (DG-ADCIRC) is modified using a
momentum sink to represent the effect on the flow field of deploying a conceptual tidal
turbine array. This Chapter has outlined the motivation behind this thesis, providing a brief
review of the physical behaviour of tides and presenting state of knowledge regarding tidal
stream power as a renewable energy resource. Although this Chapter has included a literature
review, the remaining chapters also include brief literature reviews where appropriate.

Chapter 2 presents the two-dimensional Shallow Water Equations (SWEs), which are used to
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model the ocean tides, and provides a summary of the discontinuous Galerkin finite element
method used to solve these equations. The Chapter also describes the benchmark test cases
used to validate the selected hydrodynamic numerical solver DG-ADCIRC, which uses the
discontinuous Galerkin method to solve the SWEs. Chapter 3 describes the near-field
momentum sink representation of the tidal turbines in a free surface flow field. This enables a
distinction to be made between the power available to the turbines and the total power that is
extracted from the tidal stream. Chapter 4 presents validation of the numerical model
constructed to model the tides occurring in the vicinity of the western coastline of the UK.
The model is then extended to include the intertidal zones. For numerical stability, a wetting
and drying treatment is included in the computations to correctly model the mass transfer
during ebb and flood tides. Chapters 5 and 6 provide a tidal resource assessment conducted
for the Anglesey Skerries (headland) and the Bristol Channel (an oscillating bay) respectively.
The assessment includes a parametric study to evaluate the importance of turbine operating
conditions, array locations and array configurations on the maximum available power.
Chapter 7 focuses on tidal farm interactions. The analysis considers the principal lunar tidal
constituent M, to quantify the change in the local hydrodynamics. Chapter 8 presents the
main conclusions of this thesis and proposes areas for future work. Appendix 1 presents a
summary of Linear Momentum Actuator Disk Theory (LMADT) applied in open-channel

flow, which is the near-field approximation used in this thesis.
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Chapter 2  Depth-Averaged Flow Fields and Their

Numerical Modelling

Two of the primary objectives of this thesis are to investigate the far-field effects of tidal
energy devices and to investigate ways of maximising the amount of energy that can be
extracted from tidal streams. To achieve these objectives, it is intended to model the ocean

tides using the long wave equations, commonly known as the shallow water equations.

2.1. Introduction

Many meteorological and oceanic flows are described as shallow water flows. The main
characteristic of these flows is that the vertical dimension of the flow is considerably smaller

than the horizontal scale,

=H
é L<< .0. 2.1

In equation 2.1, J is the aspect ratio of different length scales, H is the vertical scale of the
flow, which is usually taken to be the total water depth, and L is the characteristic horizontal
scale (e.g. wavelength). Le Méhauté (1976) reports that long waves in shallow water flow
satisfy 6 < 0.05.

Regarding the shallowness of the flow, it is sensible to describe such flows as nearly-
horizontal, which is justified by assuming that the pressure distribution is hydrostatic (see e.g.
Falconer, 1993). Although shallow water flows are three-dimensional by nature, this
assumption allows a simplification to be made in the mathematical formulation by integrating
the horizontal velocity over the vertical direction (depth-averaging) to obtain a representative
velocity flow field (Vreugdenhil, 1994; Weiyan, 1992). This integration reduces the three-
dimensional free-surface boundary problem to a two-dimensional fixed boundary problem
(Aizinger and Dawson, 2002). The resulting equation system is referred to as the shallow
water equations (SWEs), where the primary variables are the free surface elevation and the

depth-averaged horizontal velocity components (see Section 2.2).

36



CHAPTER 2.DEPTH-AVERAGED FLOW FIELDS AND THEIR NUMERICAL
MODELLING

The shallow water equations are widely used to model many coastal phenomena such as
tidal flows, storm surges, tsunami waves, dam break waves, and large river flows. Herein, the
shallow water equations are employed in order to model naturally occurring tidal flows off the
coasts of the UK, and to investigate the change in the flow field due to the presence of tidal
turbines. The following section briefly introduces the two-dimensional shallow water

equations.

2.2. Two-Dimensional Shallow Water Equations

The shallow water equations can be obtained through three different methods. One
approach employs a control volume in an open channel flow under the hydrostatic pressure
assumption, and adopts mass and momentum conservation laws within the control volume
(see e.g. Abbott and Minns, 1979). A second approach is through solving the three-
dimensional Laplace equation using kinematic boundary conditions and an additional
dynamic boundary condition at the free surface (see e.g. Eskilsson and Sherwin, 2005). The
third approach, which is adopted in this thesis, involves depth-integration of the continuity
and Navier-Stokes equations (see e.g. Falconer, 1993).

In deriving the shallow water equations, it is assumed that the flow is nearly horizontal,
thus the acceleration of the particles in the vertical direction is negligible (Falconer, 1993).
By defining the system as nearly horizontal, the pressure distribution in the vertical direction
is assumed hydrostatic. The established governing equations can be expressed as the
following time-dependent two-dimensional system of non-linear partial differential equations

of hyperbolic type (Toro, 2001):

%9;+0%(Hu)+%(HU):O 2.2
gt(uH)+£([Hu2+5g<H2—h2>]+aay(Huv) )3
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Equation 2.2 is the mass conservation equation, where ¢ represents the water elevation
above a certain datum, 4 is the bathymetric depth of the water column below the geoid, H is
the total depth of the water column (H = A + ¢), which is equivalent to the sum of the free
surface elevation (¢) and the bathymetric depth, 4. The variables u and v represent the depth-
averaged velocity components in x- and y- directions.

Equations 2.3 and 2.4 are the horizontal momentum conservation equations in x- and y-
directions respectively, where g is the gravitational acceleration, cis an empirical friction
coefficient that depends on the bottom resistance, f is the Coriolis force, and F, and F),
represent additional forces in the system such as tidal potential forces, wind or wave radiation
stresses. An empirical formula or constant is usually employed to estimate cy. Typical
examples include the Chézy friction law or Manning’s formula. When the Chézy friction law

is employed, the frictional coefficient can be given as,

)
Cf = E ) 25
whereas Manning’s formula gives (Chow, 1959),
gny
Cf = m 26

In equation 2.5, C is the Chézy coefficient and n,, is the Manning friction coefficient.
The Coriolis force is represented by the parameter,

f=2Qsind,, 2.7

where Q = 2x rad/day is the angular velocity of the Earth’s rotation and 6, is the latitude of the
location of interest. At a new latitude (00 + 59), application of Taylor series to equation 2.7

provides an approximation to the Coriolis effect, which is given by (Verkley, 1990),
f=r+by. 2.8

where f,=2Qsin6,, p = (2Q /R cos 6, , R is the radius of the Earth and y is the coordinate
positive northwards between latitudes 6,, and (90 + 56) (Stommel, 1948).

The two-dimensional shallow water equations can be written in divergence form as,

M+ V-F(u) =s(u). 2.9
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where u is the vector for conserved variables,

T
u= [C,uH,UH] , 2.10
F is the flux vector,
uH vH
1
2, = 212
F=f,f,] =0 T29H —hD Huw 2.11
1
Huv Hv? +Eg(H2 — h?)

and s is the source (sink) term vector,

T
s = O,gg“@—cfu\/u2+U2+fU+Fx,gC@—cfv\/u2+v2—fu+Fy . 212
o0x ay

In this divergence form, it is seen that the two-dimensional flux vector defines the transport
of u(x, t).
In order to solve the equation system, appropriate initial and boundary conditions must be

provided.

2.3. Mathematical Boundary Conditions

The governing equations described in Section 2.2 are a hyperbolic system of partial
differential equations that describe the propagation of long waves. To solve the system of
equations, appropriate initial and boundary conditions must be supplied. Considering the
boundary conditions, the method of characteristics (see i.e. Abbott and Minns, 1979) is a
useful tool to specify different boundary types in shallow water models.

The set of partial differential equations and the boundary conditions are well-posed
provided that the solution is unique and stable (Stephenson, 1970). The solution obtained by
the boundary conditions must be unique due to the fact that, in nature, for prescribed
conditions, there is one and only one outcome. Considering the large scale of the problem at
hand (i.e. basin tides) slight adjustment in the boundary conditions would result in a similarly
small change in the results.

Mathematically, there are three categories of boundary conditions that are applicable in

numerical models. The first of these is the Dirichlet (essential or prescribed) boundary
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condition. In this type of boundary condition, the value of the conservative variable is

specified at the boundary,

u= Ly onl,. 2.13

The second is the von Neumann (natural or transmissive) boundary condition, in which the

gradient normal to the boundary of a variable is supplied at the boundary,

Ot = Ly onTy . 2.14

The third is a combination of Dirichlet and von Neumann conditions and is called the
Robin (radiation) boundary condition. Using infinite domains to solve hyperbolic equations
(such as the shallow water equations) numerically is not practicable. Thus, artificial
boundaries are used to divide the domain of interest from the rest of the physical system. Such
boundaries are called open boundaries, where the conditions outside of the model domain are
imposed. In order to obtain a stable solution, it is desired that waves propagate from the
interior of the model domain, and pass through the open boundaries without any reflections
(Bayliss and Turkel, 1980). Radiation boundary conditions are often used on the open
boundaries for this purpose. For a hyperbolic solution system, the method of characteristics
(see e.g. Abbott and Minns, 1979) is used to specify different boundary conditions at open

and internal boundaries.

24. Limitations of the Two-Dimensional Shallow Water Equations

For many years, the two-dimensional shallow water equations (SWEs) have been employed
to model various hydrodynamic phenomena including the tidal movements. Solving the
shallow water equations numerically is challenging due to a number of factors including the
nature of the shallow water equations, which are a system of non-linear partial differential
equations, as well as the selected numerical method to discretise them (Aizinger and Dawson,
2002).

A fundamental limitation arises as the depth-averaged models assume that the flow is
nearly horizontal; thus the vertical velocity component is negligible in comparison to the
horizontal velocity components (Falconer, 1993). In shallow water models, the vertical

velocity profile is represented by a fixed log profile, which is related back to the bed friction
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coefficient applied in the model (Draper, 2011; Stansby, 2006). However, in practice, the real
vertical velocity profile differs significantly from the profile described by a log law. Stansby
and Lloyd (2001) emphasise that the fixed vertical velocity profile assumption is valid given
that, in the water column, the boundary layer is fully developed. However, in the same study
Stansby and Lloyd (2001) argue that it is not possible to specify the bed friction coefficient
accurately without further modelling the boundary layer. This argument is of importance
when including shallow wakes in depth-averaged models. One common example to
demonstrate such flow conditions would be the modelling of large-scale horizontal eddies that
occurs when a coastal flow passes a headland or an island (Stansby, 2006).

Stansby (2006) presents a comparative study, which considers modelling a flow passing a
conical island using both a two-dimensional shallow water model and a three-dimensional
boundary layer model that is validated against experimental data. In this study, Stansby shows
that the wake behind the island is poorly represented in the depth-integrated model when
compared to the boundary layer model. The numerical results presented by Stansby (2006)
show that the vortex shedding wakes in the depth-integrated models are of similar nature with
the three-dimensional boundary-layer models. However, the stable wakes were poorly
modelled in the two-dimensional shallow water models due to the misrepresentative value of
the bed friction coefficient applied in the model. Draper (2011) suggests that in depth-
averaged models the bed friction vector, which leads the bottom current vector, is defined
according to the depth-averaged velocity. This implies that the velocity at the seabed is
assumed to be a constant fraction of, and is always in-phase with the depth-averaged velocity.
However, in reality the velocity near the seabed will be different from the depth-averaged
velocity, and may on occasions even differ in magnitude and sign (Draper, 2011; Owen,
1980). Thus, the frictional dissipation on the seabed will be delayed (i.e. overestimation of
phase) in depth-averaged models, which results in a similar but different wake profile.

Use of a three-dimensional model obviously would improve the accuracy of computed
velocity profiles, as the model is not bound to a fixed velocity profile at all times. However, it
is important to choose an appropriate turbulence model, so that the vertical and horizontal
mixing are computed accurately, which eventually affects the frictional dissipation (Draper,

2011). Nadaoka and Yagi (1998) emphasise that direct application of turbulence models in the
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shallow water models is not realistic, primarily due to the size of the computational domain
(e.g. realistic tidal basins) with different source terms involved in the models (e.g. bottom
friction, wind shear stress), as well as the nature of the turbulence models. In the past, two-
equation depth-integrated k-e¢ turbulence models have been used where free shear layer
turbulence and turbulent advection are important (Rodi, 1993; Falconer, 1993). However, the
validity of inclusion of turbulence in depth-integrated models is still under investigation (Rodi
etal.,2013).

Two-dimensional shallow water models also perform poorly in modelling areas where
abrupt variations in density occur. This is generally observed in regions where fresh water
resources connect to estuaries.

Recently, shallow water models have been used to estimate the total power that can be
extracted from tidal stream in areas of interest. Vogel et al. (2013) emphasise that estimation
of the maximum available power to the turbine arrays is dependent on accurately modelling
the mass flux and velocity variations in the flow that passes through the turbines. In the
literature, an enhanced resistance to the flow is commonly introduced in the governing
equations to represent the tidal devices. However, this approach is found to be inadequate in
evaluating the power potential of a site, as it overestimates the power extracted from the flow
field due to the incorrect velocity variations across the turbines (Vogel et al., 2013; Draper
2011).

Analytical models provide a good approximation to the velocity at the turbines as well as
the velocity across the turbines (Nishino and Willden, 2012b; Vogel et al., 2014). Regarding
the purpose of this project, an analytical model based on Linear Momentum Actuator Disk
Theory (LMADT) applied on an open-channel (Houlsby et al., 2008) has been used as a sub-

grid model in order to approximate the horizontal velocities more accurately.

2.5. Numerical Methods to Solve the Shallow Water Equations
Numerical solutions of hyperbolic shallow water equations have been obtained using
different numerical schemes (see e.g. Abbott and Minns, 1979; Vreugdenhil, 1994; Weiyan,
1992). Selection of the numerical scheme is of importance with respect to discretization,

which in turn affects the accuracy obtained (Garcia-Navarro et al., 2008).
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The shallow water equations describe flows which may be in principle steep-fronted or
discontinuous in gradient, and thus have to be solved using integral techniques such as finite
volume or finite element methods, with a Riemann approximation which prove to be
successful in dealing with fronts and discontinuities. The following sections provide a brief
summary of the commonly used differential (finite difference) and integral (finite volume and

finite element) techniques to solve the shallow water equations.

2.5.1. Finite Difference Method

One of the numerical methods used to solve the system of nonlinear hyperbolic
conservation laws is the finite difference method. This method uses the differential form of
the governing equations. The spatial domain of the partial differential equations (PDEs) is
discretised into a set of grid points. The method approximates the derivatives at each point by
using a Taylor series expansion. However, solving such systems is numerically challenging as
the derivatives of the flux function may involve discontinuities (e.g. contact discontinuity or
shock type discontinuities). The finite difference method is based on the assumption that the
solution is smooth, and for this reason most of the finite difference schemes induce
oscillations behind the shock (Sod, 1978) or they simply break down near the discontinuities
as the differential equations do not hold (LeVeque, 2002). The method is easy to implement
for simple geometries. However, the application of the method to two- and three-dimensional
computational domains is complicated due to the imposition of the boundary conditions

(Ferrer, 2012).

2.5.2. Finite Volume Method

The finite volume method applied to a conservation law approximates the solution using
the integral form of the governing equations, rather than the derivatives. In this case, the
computational domain is discretised into small cells that are represented by either, triangles,
rectangles, or a combination of both. The numerical scheme is designed to approximate the
cell averages of the exact solution. The spatial discretisation requires use of Green’s Theorem
to rewrite the diffusive and convective terms (Ferrer, 2012). The line integrals appearing in
the formulation is generally discretised using Gaussian quadrature points (Shu, 2003).

Approximate or exact Riemann solvers are used to replace the flux term in the formulation,
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which eases the implementation of the boundary conditions using the finite volume method.
The method imposes the boundary conditions using this flux term. However, the main
advantage of using this method comes from spatial discretisation of the conservation
equations using the integral form, as this ensures the mass and momentum conservation
locally (Hirsch, 1988). However, using higher order solutions within finite volume scheme
would require a larger stencil of cells, which in turn complicates the implementation of the

boundary conditions (Ferrer, 2012).

2.5.3. Finite Element Method

The method was originally implemented by structural engineers in 1960s, and first used to
solve linear plane elasticity problems (Karniadakis and Sherwin, 2005). The finite element
method is preferred over the finite difference method primarily due to its efficiency and
accuracy in solving problems with complex geometries. The spatial discretisation of the
computational domain is established by using either structured or unstructured elements (e.g.
triangular), which are connected to each other at nodal points.

The method employs a weak formulation of the governing equations by multiplying the
equations with a test function and integrating over the domain (Zienkiewicz and Taylor,
2005). The exact solution in the weak formulation is approximated using base functions that
are often piecewise linear functions. Test and base functions are both continuous across
elements and the selection of these functions is dependent on the chosen methods (e.g.
Galerkin, Petrov-Galerkin). The standard (continuous) Galerkin method conserves mass and
momentum globally. However, it does not ensure conservation of these quantities locally. In
order to represent a line sink of momentum in the solution, conservation of mass locally at
each element is of importance, thus the discontinuous Galerkin method is used to solve the

shallow water equations in this project.

2.6. Discontinuous Galerkin Finite Element Method
The discontinuous Galerkin (DG) finite element method is selected here to solve the
shallow water equations. The main difference between the DG method and the continuous
finite element methods is that, in the DG method, the solution is approximated individually in

each element, which enables discontinuities to be modelled properly within the solution
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system (Eskilsson and Sherwin, 2005). In continuous methods, elements in the computation
domain share a common node where information is transferred, whereas in the DG method
the computation is handled within individual elements and the propagation of information
between neighbouring elements is maintained by a numerical flux of choice on nodal or
modal points on the shared edge of those elements (Hesthaven and Warburton, 2008).

The spatial discretisation described herein is similar to that of Cockburn and Shu (1998),
which uses the modal expansion. The first stage of space discretisation in the DG method is to
divide the flow domain Q into N, number of non-overlapping, but not necessarily conforming,

elements e, each with an elemental domain of Q. and elemental boundary of 9Q.,

z

e

Q=] Q.. 2.15

«:
Il
_

Following the standard Galerkin method and recalling from equation 2.9, the divergence

form of the shallow water equations in matrix-vector form is given as,

%—‘t‘+V-F(u)=s(u).

To construct a weak formulation of the governing equations, the above equation is

multiplied with a test function ¢, € V,, and integrated over each element,

<%‘,‘,¢h> " <v-F(u),¢h>Q - <s(u),th>Q . 2.16

In equation 2.16, ( f, g) denotes the inner product of f'and g taken over the element domain
Q.. The test function ¢, belongs to V,, which is a discrete space of piecewise polynomial

functions that are differentiable over an element, while allowing discontinuities between

Vh={¢heL2 <Q> #,| 0 € P <sz>vsz} 2.17

In equation 2.17, Pk <Qe> shows the space of polynomials of order k£ for elements with

clements,

linear elemental mappings. The next stage in writing the weak DG formulation consists of
substituting the exact solution u by an approximate solution u, and then integrating the

advection term in equation 2.16 by parts to obtain,
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(o), ot

In equation 2.18, ( f, g) denotes the inner product of f and g taken over element boundary

+<F(“h) 'n"l’h)age_[s(“h)»d’h] =0. 2.8

Q, Qe

0Qe, n = [nx, ny]T is the outward normal vector to 0Q.. Along the element boundaries (0€2,)
discontinuities are allowed. For this reason, the discrete solution u, and the flux F(uh) in
equation 2.18 may be dual-valued along 0Q,., whereas the functions defined within V) are
continuous on the interior of each element (Karniadakis and Sherwin, 2005; Houston et al.,
2002).

Equation 2.18 can be solved by replacing the flux term in the boundary integral by a single-
valued numerical flux of choice f‘(uj{”,u;’“), which depends on the trace values of the

discrete solution u, on the interior ui* and exterior u¢* of the element (see Figure 2.1).

|
|
|
|

—_
—_

- \

Figure 2.1 — Representation of a pair of neighbouring elements (E1 and E2). The element E1
has a common edge i, where #; is the normal to the edge, u™ is the solution on the egde i

ext

when approaching from inside of element E1 and u™ is the solution on the edge i when
approaching outside the element (reproduced from Kubatko et al., 2006b).

Substituting the numerical flux in equation 2.18 provides the semi-discrete formulation,

0 ~( .
(o) ] o)

[s(uh),d)h]Q =0.

e

2.19
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Equation 2.19 shows that the boundary flux is normal to the element edges, which means
that a local Riemann problem can be solved for given interior F <u;;'f ) and exterior F <u‘;;“ )
fluxes. Any upwinding numerical flux method can be used in equation 2.19. In DG literature,
the most commonly used numerical fluxes are: Roe’s average flux (Kubatko et al., 2006a;
Aizinger and Dawson, 2002; Roe, 1981), Lax-Friedrich flux (Li and Liu, 2001) and,
HLL/HLLC flux (Toro, 2001). Eskilsson and Sherwin (2000) explain that the Lax-Friedrich
flux is often used in numerical models, despite the fact that it can be more dissipative when
slope limiters are applied in cases of shocks. However, the HLLC numerical flux proves to be
capable of capturing shocks without producing spurious oscillations (Toro, 2001). In this

project, the HLLC numerical flux is used in the computations.

2.6.1. HLLC Numerical Flux

Rewriting the numerical flux term given in equation 2.19 using the elemental inner product

expansion,

(a, by, = /ab-ndF, 2.20

0Q,

we obtain,

r . ~
Z / <¢Zn _ ¢th> F <u;1”’,u;ix’> ‘ndl'}, 2.21
£

£

in which a single edge on an element is denoted as ¢ and the set of all edges in the flow
domain (including the domain boundary) is ' = Q U 0Q. The set of interior edges is denoted as
[int and the set of exterior edges where the boundary conditions are applied is given as
[ext = [BC, Since the numerical flux F <u;{", uext > is normal to the element boundary edge, a
one-dimensional local Riemann problem can be solved for the fluxes when the trace values
ui” and u¢* are imposed. The trace value of u¢* is dependent on the boundary condition
uex’ = uBC, which is applied at edges that belong to the flow domain # € I'3¢. Considering that
the flux is conservative, an approximation to ui is applicable.

In the conventional HLL method, the relations provided above are used to estimate wave

speeds on the interior (sin') and exterior (sex) of the edge, which are used to construct an
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approximate Riemann solution (Mignone and Bodo, 2005; Toro, 2001). The approximate
Riemann solution proposed by HLL method assumes that a single constant solution (or a
state) exists, where the two solutions are bounded by si» and sex? wave speeds (Toro, 2001).
However, this approximation ignores the contact (or tangential) waves (Mignone and Bodo,
2005; Toro, 1997). This drawback is addressed in HLLC method by replacing the proposed
single state value u, by two approximate state values u and u¢*’ to construct the full wave

structure of the Riemann fan (see Figure 2.2).

t
N
Sint s * Sext
/
/
/
/
/
/
/
; /
int
U, / ext
/
A\ ¥
. /
int ext
u /) ‘& u

> X
Figure 2.2 — Riemann fan structure on a coordinate normal to an edge of an element. The
solid lines represent the non-linear waves (rarefaction or shock) and the dashed line
represents the contact wave, which occurs with respect to the tangential velocity (Figure
reproduced from Mignone and Bodo, 2005).

In Figure 2.2, the two non-linear (either shock or rarefaction) waves are separated by a
contact wave, which is assumed to have a constant wave speed of s* (Mignone and Bodo,

2005). The contact wave speed is computed using the estimate wave speeds,

sint =" — | [ g Hint gint, 2.22
sext = " 4y [ g Hextgext | 2.23

to provide,

sint Fext | ¢X — sext) — gext {int <uint — Sim‘)

Hext <MQXI — Sext) — Hint <uint — sint)
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In equations 2.22 and 2.23, u is the velocity component normal to the edge, /gH is the
celerity of a gravity wave, H is the total water depth and, ¢ is a correction factor (see equation
2.25). The estimated contact wave speed s* (Equation 2.24) is equivalent to u* in exact
Riemann solvers (Toro, 2001). Especially in the presence of shock waves a correction factor ¢

is required to calculate the wave speeds,

[ 2 .
q(int,ext) _ [113< + H*H(int,eXt)]/[z [H(im‘,ext)] ] ,if H, > H(zm‘,ext) 595

, if H* < H(int,ext)

1

In the equation above, H, is the water depth at the contact wave, which is calculated by

(Toro, 2001),

2
[\/gHint + \/gHext] + % <uint _ uem) ) 2.26

After the wave speeds are estimated, the HLLC flux can be expressed as,

H, =

oQl—
DI —

Fl:nt sint <0
Fint int *
pruc =g s =0<s 2.27
F&* s¥<0<s¥
Fext séxt <

where,
Fint — fint Sint(uint _ uint)
* * )

F*ext = Fext Sext(ufxt _ uext).

2.28

Equation 2.28 is used to calculate the fluxes related to the contact wave. The fluxes on the
interior and exterior of the edge are given as Fin = F (uim) and Fext = F (uext), and the states
ui" and ue* are obtained by,

(int,ext) _ —(int,ext) 1
uiint,ext) — H(int,ext) (S e u ) [ s* ] 2.29

glintext) _ gx 5(int,ext)

2.6.2. Basis Function
Cockburn and Shu (1998) explain that a suitable basis function with sufficient degrees of
freedom may simplify the implementation of the DG method while providing the

improvement in computational efficiency.
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By using the hierarchical and orthogonal basis function proposed by Dubiner (1998), high-
order elements are constructed by means of adding terms to the lower-order elements. The
basis function is obtained as a tensor product of polynomials, which can be given as

(Karniadakis and Sherwin, 2005),
1— p
wy(ere2) = B0(n) [2'72] B0, 2.30

In equation 2.30, P%# defines the K™ order Jacobi polynomial of weights « and 8. €, and
g, correspond to the coordinates of the master triangle shown in Figure 2.3, whereas #, and 7,

are the coordinates of the quadrilateral element. This mapping can be formulated as,

<1 +£1>
N 7, N, = &, 2.31

Using equation 2.31, the approximate solution is rewritten as,

P P
W= D Tpgpg. 2.32
p=0qg=0

where 1i,,, contains the model degrees of freedom and 4 (¢4, €5) is the trial (or test) function

’71=2

described in equation 2.30.

(1,82) 2 (n12)
[ n
y
(-1,1) (1,1)
: > n
('l:'l)u E 1(1"1)
! m=-1 =0 =

Figure 2.3 — Mapping of the master triangle in collapsed coordinates (reproduced from
Kubatko et al., 2006a).
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2.6.3. The Runge-Kutta Time Discretisation

The application of spatial discretisation of shallow water equations using DG method
reduces the system of hyperbolic partial differential equations to ordinary differential

equations. After inverting the mass matrix, the semi-discrete form of the ODE:s is given as,

Wy = L, (u,)- 233

where L, is some corresponding operator, which is dependent on the spatial discretisation.
An explicit total variation diminishing (TVD) Runge-Kutta scheme (Shu, 1987; Cockburn
and Shu, 1998) is selected to discretise equation 2.33 in time. Using a third-order scheme,

assuming that time is advancing from » to n + 1, equation 2.33 becomes,

ul =ul + AtLh(uh), 2.34
w = iuz+}1[u}l+AILh <u}l>], 235
wirl = iuz+%[u%+AILh <ug>]. 236

Because of the explicit nature of the scheme, a limitation on the time step is essential,

which is defined by the Courant-Friedrichs-Lewy (CFL) condition,

At 1
|C|ES2P+1- 2.37

In equation 2.37, c is the characteristic wave speed,

c=u¥4/gH, 2.38

p is the polynomial degree, Ax is the smallest grid space and At is the time step.

2.6.4. Slope Limiter
In Runge-Kutta Discontinuous Galerkin (RKDG) methods, using high order polynomial
approximations may cause local oscillations (Bunya et al., 2009; Hesthaven and Warburton,
2008). To ensure the stability of the solution, a slope limiter is applied at each Runge-Kutta

sub-step to avoid unphysical oscillations.
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To determine if a slope limiter is necessary, the jump between the elements is computed for
the linear part of the approximation. If the computed jump is higher than a prescribed limit,
the associated order of the time stepping scheme is lowered by one degree (i.e. a third-order
Runge-Kutta scheme would be lowered to a second-order scheme) and then the limiter is
applied (Eskilsson and Sherwin, 2000).

A commonly used slope limiter is the general AII, slope limiter introduced by Cockburn
and Shu (2000). The operant AIl, is applied accordingly on the assumption that the oscillation
takes place in the u! of the time marching. If this is the case then the higher order part is

omitted and the below equality is considered,

Allu, = Allyu), . 2.39

The operant AII, is computed considering elements, and their mid-points (i.e. geometry of
the mesh). The geometric information is used to approximate a mean value of u, for first
modal expansion. Further details for computing the slope limiter operant and its application
on the governing equations are given in detail in Cockburn and Shu (2000).

However, for the problems considered in this thesis, it was not found necessary to apply

any slope limiter.

2.7. Verification Tests
The verification tests explained in this section aim to examine each source term, one at a

time, in the shallow water equations.

2.7.1. Steady Uniform Flow in a Sloping Channel

This verification test examines the ability of the numerical solver to handle the bed slope
and bed shear stress terms in the shallow water equations. The test consists of a rectangular
channel, with dimensions (x,y) € [0,1000]%[0,400] m with a constant slope of 0.001. The
water depth throughout the channel is 5Sm. The numerical mesh consists of 320 structured
elements and has a resolution of 50 m. The time step is set to 0.5 s, a value that satisfies the
CFL condition. On the lateral walls, slip boundary conditions are applied, whereas the free
surface elevation is prescribed by constant values at the upstream and downstream

boundaries. In this test, the kinematic eddy viscosity, Coriolis force, and wind stress are all
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ignored. Using a quadratic bed friction coefficient of ¢, = 0.005, an analytical value of depth-

averaged velocity can be calculated from (Rogers, 2001),

RS
w= /g 0 2.40
Cr

which is obtained by balancing the water weight component along the inclined channel to the

bed resistance. In equation 2.40, g is the acceleration due to gravity, R is the hydraulic radius
that can be taken as the water depth (for a wide channel), and S, is the bed slope. The
theoretical velocity is calculated as 3.132091952673 m/s. The numerical model reached
equilibrium at a flow simulation time ¢ = 2880 s, and predicted a steady state velocity value of
3.13209195267285 m/s to 12-digit accuracy. The excellent agreement between the numerical
and analytical predictions indicates that the discontinuous Galerkin ADCIRC model is
capable of modelling flows in an inclined channel with bed shear stress. This verifies the bed

friction term and the (constant) bed slope term.

2.7.2. Laminar Flow Past a Sideways Expansion

Two-dimensional laminar flow through an idealized rectangular channel with a sudden
side-wall expansion provides a test as to how well the model reproduces viscous flow
separation. Free surface flow in an open channel with a sudden width expansion, is analogous
to flow over a backward facing step, which has been a well-studied test case in the hydraulics
literature. At steady state, the flow separates at the expansion and forms a recirculation zone
downstream of the expansion. Experimental data from Denham and Patrick (1974) and
O’Leary and Mueller (1969) show that, for laminar flow, the length of the recirculation zone
is dependent on the upstream Reynolds number (Re). However, for upstream Reynolds
numbers greater than 2000, O’Leary and Mueller (1969) show that the recirculation length is

independent of the Reynolds number. The Reynolds number is defined as,

UcLc
v

Re = 2.41

in which U, is a characteristic velocity, L. is a characteristic length, and v is the kinematic

viscosity coefficient. In the literature, the Reynolds number (Re) has been defined in at least
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two ways in terms of the domain dimensions. According to Denham and Patrick (1974) the Re

1s defined as,

U: h
Re = —nlet” 2.42

1]

where U, 1s the average upstream velocity across the inlet section, /4 is the step-size (half
the distance across the upstream channel). However, Armaly et al. (1983) take the
characteristic length scale to be 24, is the distance across of the upstream channel (which
represents the hydraulic diameter of the upstream channel). In the present work, the approach
used by Denham and Patrick (1974) is adopted.

The computational domain geometry used in this verification test is the same as adopted by

Denham and Patrick (1974), which can be seen in Figure 2.4.

4
3
w2
1
0

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28

Figure 2.4 —Triangular structured mesh used in laminar flow passing a sideways expansion
test.

Two approaches have been taken to force the model. The first involved prescribing uniform
flow at the inlet boundary, while keeping the inlet length long enough to create an almost
fully developed parabolic velocity profile by the time the flow reaches the expansion.

The second involved specifying the fully developed parabolic velocity profile at the inlet
boundary (essentially the analytical solution for Poiseuille flow - Schlichting, 1968). In this

case, the inlet flow velocity profile is,

y <2h - y>
U(y) = %Um,e, — | 2.43
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20

20

20

Figure 2.5 — Streamlines obtained for (a) Re = 7.9, (b) Re = 73, (c) Re =98, (d) Re = 150, and

(e) Re=229.
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In the numerical model, # = 1.0 m. A ramping function is used to prevent shocks in the
computation. The test is run for a polynomial order of » = 3. The computational mesh has a
resolution of 0.25 m with 2304 structured elements. The streamlines shown in Figure 2.5 are
created using Tecplot post-processor. It can be seen that the reattachment length varies with

the inlet Reynolds number.

2.7.3. Equatorial Kelvin Wave

This test is aimed at validating the Coriolis source term in the shallow water equations.

Here, the linearised shallow water equations without bed friction are,

oh N ou N v B
ot ox 9y
ou oh

4t g—= 2.44
st 9% =V

0,

dv N oh
ot T93, = I
Following Eskilsson and Sherwin (2000) and Giraldo and Warburton (2008), the system of
equations given in equation 2.44 is solved in non-dimensional form. Using primes to denote

non-dimensional variables, the dimensional variables can be expressed as,

R ! E1/4 ! ! ! 2Q I 245
x=E1/4x,t= 29t,h=h0h,u= ghou,f=my .

where E denotes the Lamb parameter,
- 4Q%R?
gho

) 2.46

R is the radius of the Earth, € is the angular velocity of the Earth’s rotation (i.e. 2m/day), and
h, 1s the mean depth, which is taken as 0.4 m. The initial conditions (Eskilsson and Sherwin,
2000) define a mound of water that should propagate westward under the influence of the

Coriolis force, and are expressed as,
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2 2

2
/ <x’ +5- t’)
h' (X,I) = exp[—y22] expl-~ 7

2 ’

< ,)2 2.47
/ x'+5—t
u’ (X,t) = exp[—y22] exp| -~ 7

v/ (x,t) =0.

A non-dimensional computational domain of (x',y") € [-10,10]x[—-5,5] is used, with 4096
structural triangular elements and third order polynomials. Using the beta-plane

approximation, the Coriolis parameter is written f = f, + fy.
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Figure 2.6 — Propagation of Kelvin wave using third order polynomials at selected times.
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By setting £, to 0, the f parameter is obtained as <2£2 /R) while y is the coordinate positive
northwards between latitudes. Boundary conditions at the inflow and outflow boundaries are
defined by specifying the normal flux using equation 2.47. On the walls, a slip boundary
condition is applied. The mesh resolution is r = 0.3125. Figure 2.6 shows the propagation of

the linear Kelvin wave.

2.7.4. Preservation of Still Water

In this test case, it is aimed to check that the discretization of the bed source terms properly
balances the flux gradient terms in the numerical model. In certain applications, problems
may arise due to the irregular geometry of the numerical domain, which may include extreme
slopes with high bed roughness (Brufau et al., 2002). When those terms are not handled
correctly, spurious flows may appear in the solution (Bermudez and Vazques, 1994; Bunya et
al., 2009). To carry out the check, the benchmark case proposed by Ern et al. (2008) is used to
verify the discontinuous Galerkin ADCIRC model for still water over non-uniform
bathymetry. Ern et al. (2008) considered a one-dimensional domain. Initially the water level
is set to 1 m above a fixed horizontal datum and the flow flux set to zero throughout the
domain. The grid resolution is 0.5 m and a second order polynomial is used. The bed profile
is obtained by equation 2.48.

(x=5)2

10 + 15~ @ 25" 4+ 10e™ 2z + 6e2(75" 4 16e~ 10" 5 4o

b(x) = 20

The two-dimensional grid is illustrated in Figure 2.7. The model is run for 1 day of
simulation time. Still water level is maintained as shown in Figure 2.8. The still water level

remains exactly consistent throughout the simulation.
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Figure 2.7 — Bed profile and model mesh used in still water test.

(m)
0.05

Free surface elevation (m) at t = 1 day. 0.04
0.03

F10.02

r-0.01

-0.02

-0.03

-0.04

-0.05

Figure 2.8 — Simulation results for free surface water elevation () for t = 1 day.

2.8. Conclusions

This chapter firstly presented the two-dimensional shallow water equations (SWEs), which
are employed to model naturally occurring tidal flows at coastal basins. A brief summary of
the mathematical boundary conditions was also provided. The chapter also provides a
discussion of the limitations of the shallow water equations.

The chapter then introduced the discontinuous Galerkin finite element method to solve the
SWEs. The DG method was preferred mainly due to its ability to include discontinuities
within the solution while conserving mass individually at each element. This feature of the
DG methods is of importance as one of the aims of this project is to represent the effects of

tidal turbines as a line discontinuity in the simulations. An open-source numerical solver (DG-
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ADCIRC), which uses the discontinuous Galerkin finite element method to solve the shallow
water equations was chosen and verified against several benchmark tests. It was demonstrated

that DG-ADCIRC accurately solves the shallow water equations.
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Chapter 3
Representation of Tidal Turbine Arrays in a

Discontinuous Galerkin Solver

This Chapter aims to present the methodology adapted to describe the tidal turbine devices
in an array format in the selected numerical solver. Section 3.1 provides an introduction to the
techniques employed to represent the effect of tidal turbines in the flow field in the literature.
Section 3.2 presents inclusion of linear momentum actuator disk theory, which is adapted as a
sub-grid model to represent the tidal arrays in the computations studied in this thesis, to the
selected two-dimensional shallow water solver. Section 3.3 presents the verification of the
algorithm for a number of problems considering an idealised channel for different flow

conditions. Conclusions and discussions are presented in Section 3.4.

3.1. Introduction

Various approaches have been taken to assess the amount of useful extractable power from
tidal stream resources. One of the commonly used methods is based on the undisturbed
kinetic energy flux (Black and Veatch, 2005). This approach provides an incorrect estimate of
the resource, as there is no direct proportionality between the kinetic energy flux and available
power (Garret and Cummins, 2005; Draper et al., 2013). A second, numerical modelling,
approach has been applied, in which the far-field effects of the tidal array deployment are
represented by means of an additional bed roughness coefficient in the governing equations
(Blunden and Bahaj, 2007; Karsten et al., 2008). Including enhanced bed friction in the model
is straightforward, however, it is unclear how much of the power extracted from the flow is
usefully available to the tidal devices. Thus, a third approach has been suggested by Draper
(2011) in which the turbine arrays are described using a near-field approach that is embedded
in a two-dimensional shallow water solver. The near-field approach enables a distinction to be

made between the available power and total power extracted from the site. Assuming that the
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tidal devices are evenly spaced and the length of the downstream mixing zone is sufficiently
small compared to the mesh discretisation, Draper (2011) demonstrated that the effects of
tidal arrays can be represented using line sinks of momentum. Following Draper’s approach,
this chapter summarises the implementation of a line sink of momentum within the selected
numerical solver, DG-ADCIRC (Kubatko et al., 2006a). The verification of the algorithm is

undertaken for a number of different configurations and problem settings.

3.2. Implementation of Sub-Grid Model to Represent the Effect of
Tidal Turbines

The inclusion of the tidal turbine devices in a depth-averaged model requires a
simplification of real physics due to limitations within the governing equations. In the
literature, two methods have commonly been adopted to account for the influence of tidal
devices in the flow field, and to represent the relative momentum loss in two-dimensional
shallow water models (see Chapter 1). In the first methodology, an additional bed shear stress
term is considered (Sutherland et al., 2007; Blunden and Bahaj, 2007), whereas the second
methodology uses Linear Momentum Actuator Disk Theory (LMADT), following its
application in the wind energy industry (Burton et al., 2001; van Kuik, 2007).

The additional bed shear stress approach has the advantage that it is straightforward to
apply and gives realistic answers provided the calibration is accurate. However, the approach
has the disadvantages that it is semi-empirical and does not incorporate the physics of the
momentum losses across tidal turbines. It is also difficult to relate the additional drag
coefficient to varying combinations (geometries and characteristics) of tidal turbines in arrays
within parameter studies.

Linear Momentum Actuator Disk Theory (LMADT) has a long history, having been first
applied by Froude (1889) to the design of ship propellers. The approach involves fitting a
control volume around the object of interest (i.e. the turbine, represented as a porous disk) and
deriving relationships based on mass and momentum conservation supplemented by
Bernoulli’s energy equation along streamlines. Conventional one-dimensional LMADT as
applied to wind turbines assumes unbounded flow conditions, and so is not applicable to tidal
turbine design without modification. Bryden et al. (2007) emphasise that conventional

LMADT theory is derived assuming that the flow is incompressible and unconstrained,
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whereas for applications to tidal basins, the flow is constrained by the seabed and free surface.
This problem has been overcome by Houlsby et al. (2008) who extended conventional one-
dimensional LMADT to include a finite medium for a dense fluid that characterises open-
channel flow (see Appendix 1). Houlsby et al.’s derivation of LMADT also accounts for the
wake mixing downstream of the turbines, which enables a distinction to be made between the
power extracted by the turbine and the total power removed from the tidal stream.

In this thesis, LMADT has been adopted to represent tidal fences in a two-dimensional
discontinuous Galerkin hydrodynamic solver (DG-ADCIRC) by means of a line sink of
momentum. In this regard, the difference in water level across a tidal turbine needs to be
determined as a function of relevant parameters characterising the turbine devices and the
flow conditions. Draper (2011) developed a numerical model (OxTIDE) that uses a
momentum sink to represent turbines in idealised flow domains. This thesis aims to extend
this work in order to evaluate the power potential of selected geophysical sites.

The use of a momentum sink in a two-dimensional model involves several assumptions,
which are (Draper, 2011),

* tidal devices are installed in parallel to each other with uniform centre-to-centre
spacing,

* the thrust applied by the tidal turbines is sufficient to dominate other source terms,
such as the bed friction and inertia forces,

* the fence and basin characteristics (e.g., blockage ratio, water depth) change slowly
with time, and

* the wake mixing length is significantly smaller than the element size.

Considering the space discretisation of the flow domain using the discontinuous Galerkin
method in addition to the assumptions presented above, it is possible to represent the turbines
as an edge of an element in the computational domain. The relative momentum sink is
computed by modifying the numerical flux across the edges between adjacent elements,
where the discontinuity due to the presence of the turbines would occur. Figure 3.1 depicts
two elements that share a common edge representing an array of turbines where a line

discontinuity occurs.
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When approaching the turbine edge from the interior of the element A, the primitive
variables on a Gaussian point along the edge are given as, H™, u™, 3™t and when
approaching from the exterior, the corresponding variables are He*t,u¢*t, 7t The
nomenclature for these primitive variables follows: H is the total depth of the water column; u
is the depth-averaged normal velocity component in the x- direction; and v is the tangential
velocity component in the y- direction. Considering that the elements are coupled by the
numerical flux computed at each edge of an element, the associated momentum sink at the
‘turbine’ edge could be introduced by manipulating the flux term.

The common edge (blue line shown in Figure 3.1) where the line discontinuity is imposed
yields a one-dimensional Riemann problem in order to alter the flux term. Assuming that the
flow remains sub-critical at the location of the turbines, the wave structure at this common
edge is that of a fan of rarefaction waves (Draper, 2011). Figure 3.2 shows the linearised
characteristic lines projected along a coordinate normal to the turbine edge. The associated
momentum sink is implemented by altering the fluxes within the contact region, which
consists of the flux out of element A, F,(H™, @, ") and into the element B,

ext ext ext
FB(H* ;u* 'U* )'

Turbine edge
,'ﬂ

Figure 3.1 — Neighbouring elements whose common edge is described as a turbine
edge, where the line discontinuity occurs (indicated by blue line). Figure is
reproduced from Draper (2011).
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Figure 3.2 — Linearised characteristic lines along a coordinate normal to the line
discontinuity (turbine edge). The Riemann invariants are projected along the
characteristic lines (dashed lines). The solid lines represent the rarefaction waves.

LMADT derivation used herein to represent the effect of tidal turbines assumes that the
devices will not exert a force in the tangential direction, thus no change on the tangential
momentum will occur (Draper, 2011; Houlsby et al., 2008). However, it should be
acknowledged that the real turbine arrays would inevitably alter the tangential momentum.
The magnitude of that momentum change will be dependent on the design of the selected tidal
turbine.

The tangential velocity changes play an important role on the efficiency of the turbines that
are especially placed at the ends of an array, where the flow diverts and thus reaches these
outer turbines at an angle (i.e. skew flow). Regarding this problem, Belloni et al/ (2013)
conducted a detailed turbine-scale analysis considering the effect of skew flow on the
performance of selected tidal turbine designs. However, considering the analyses conducted in
this thesis do not consider a specific tidal turbine design, change in the tangential momentum
is not accounted for in the sub-grid model.

In Figure 3.2, the interface values HI™,ui™, HE*, ué*t represent the solution of a one-

dimensional local Riemann problem that would satisfy the conditions,

int 5int _ pyjexts;;ext
HIM gint = gextyext 3.1
gint 4 2¢tnt = gint 4 2¢cint, 3.2
,aext _ Zcext — afxt _ ZCfxt . 33
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Equation 3.1 ensures mass conservation at the edge of the element. Equations 3.2 and 3.3
conserve the Riemann invariants along the characteristic lines normal to the boundary. In
order to account for the momentum sink across the turbine edges, one more condition must be
assigned. The fourth condition is obtained from the pressure-volume-constrained (for open-
channel flows) derivation of LMADT that gives a relation between the upstream and

downstream water depths. The relative head difference across the turbines is given as

(Houlsby et al., 2008),

1 /AH\? 3 /AH\? ,  CrBFr®\AH C;BFr?
“(55) —2(5) +(1-mr e ) - = o. 34
2\H 2\ H 2 H 2

In equation 3.4, AH is the depth change across the turbine

AH = |HIMt — gE¥t|, 3.5

and Fr is the upstream Froude number

.alnt

Fr = 3.6

The above derivations use the upstream and downstream values that are assigned according
to the direction of the flow. For instance, consider a flood tide in which the internal
characteristic line represents the upstream location of the turbine arrays. As the tide reverses,
the upstream variables must of course be re-assigned as downstream variables, and vice versa.
In this respect, the numerical solver is configured to compute the direction of the flow first.

The routine included in the DG-ADCIRC code is configured to compute the relative head
difference (AH/H) across the turbines (equation 3.4). In order to solve equation 3.4, several
parameters must be provided. The LMADT derivation used in this project (see Appendix 1)
requires the blockage ratio (B), wake velocity coefficient («,) and the upstream Fr number to
be prescribed in order to compute the relative head drop and the associated momentum sink.

To ensure that the analysis conducted in this thesis is not dependent on specific turbine
geometries, the blockage ratio B corresponds to the total cross-sectional area that the tidal
devices in an array occupy within the water column. To define a certain number of turbines in

an array requires an assumption to be made about the turbine geometry. For axial flow
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turbines with a specified turbine diameter, it is possible to calculate the blockage ratio as
(Adcock et al., 2013),

D2 D

B:4(DH):E’ 37

In equation 3.7, D is the axial flow turbine diameter, and H is the total water depth. In
equation 3.4, the thrust coefficient (C;) must also be supplied to evaluate the head drop across

the turbines. The thrust applied to the flow by the turbines is given as (Houlsby et al., 2008),
Cr=p;—az. 3.8

In equation 3.8, g, is the bypass flow velocity coefficient, and «, is the turbine wake
velocity coefficient. As the wake velocity and bypass flow coefficients are inter-related, one
of them must be predefined in order to calculate the other. Following Houlsby et al. (2008),
the wake velocity coefficient a, is chosen as the prescribed parameter, while the bypass flow
coefficient g, is calculated by a subroutine written in DG-ADCIRC.

The derivation of the bypass flow coefficient g, is related back to the upstream Fr number
using the Bernoulli equation applied to the bypass flow in accordance with mass and
momentum conservation laws applied between the upstream and downstream of the turbine
(see Appendix 1). The resulting relation is a three-parameter set that defines the flow

conditions,

%ﬂﬂ2+2a4Fr2 ﬁi— <2—2B+Fr2> ﬂi— <4a4+2a4Fr2_4> ﬁ4

3.9
+ <F2r2+4a4—23a3—2> =0.

Equation 3.9 is quartic in f, and is computed within DG-ADCIRC for prescribed wake
velocity coefficient «, and blockage ratio B, using the Newton-Raphson method for small
Froude number flows. The computed f, can then be substituted in equation 3.8 to calculate
the thrust coefficient C;.. Once C; is computed, equation 3.4, which is a cubic in relative depth
change (AH/H), can be solved for known upstream Fr number and blockage ratio B.

Rewriting the relative depth change as,
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AH Hint _ fot H*ext
7: TZI—H};nt 310

enables the cubic expression in equation 3.4 to be simplified to a “depressed cubic” equation.
Equation 3.11 shows the depressed cubic relation where ® is the ratio between the

downstream and upstream total water column heights (® = Hext / Hin),

®3+<CTBFr2—2Fr2—1>®+2Fr2= 0. 3.11

Equation 3.11 is solved within each computational iteration using the trigonometric method to

evaluate the roots of the depressed cubic. Choosing the real root, which provides a physically

admissible solution, © is used to evaluate the upstream and downstream flow characteristics.
Using the conservation of mass equation in equation 3.1, the relations between the

horizontal velocity component %, and celerity ¢ across the turbines become,

—int

gext =X 3.12
)
cext = \/@cint | 3.13

Equations 3.12 and 3.13 are then substituted into the Riemann invariant conservation relations
(equations 3.2 and 3.3) in order to calculate the altered normal velocity (@™, %¢**) and
celerity (c™, c€*%) values at the contact region, where the line discontinuity is imposed. Using
the computed values for celerity it is possible to evaluate the upstream and downstream total

heads,

Hfint,ext) _ Cgint,ext)Zg_ 3.14

Assuming that the tangential velocities are not affected by the energy extraction from the
stream, the routine ends by computing the momentum fluxes internal and external to the
turbine edge. Finally, the routine evaluates the numerical flux at the edge boundary and

returns to the main routine to continue the computation.

3.2.1. Power Analysis
One of the advantages of using LMADT is that it provides a distinction between the power
that is available to the turbines and the total power that is extracted from the tidal stream

(Houlsby et al., 2008; Draper, 2011). The power available to the turbines is defined by the
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multiplication of the velocity of the fluid at the turbines with the thrust applied to the flow by

the devices,

Povaitapte = azuT. 3.15

In equation 3.15, a, is the turbine velocity coefficient, u is the upstream flow velocity and T
is the thrust applied to the flow by the turbines. Houlsby et al. (2008) define the thrust by the
relation below,

1 1
T = EpuszH(ﬁf —a?) = EpuszHCT. 3.16

In the above equation, p is the density of the fluid, u is the upstream flow velocity, B is the
blockage ratio, b is the width of the open channel, H is the upstream water level, g, is the
bypass flow velocity coefficient, @, is the turbine wake velocity coefficient and Cy is the
thrust coefficient as given in equation 3.8.

Using equation 3.16, the available power can be written as,

1 1
Povaitabie = auT = Epu3BbHa2([)’f —a?) = Epu3BbHCp. 3.17

Draper (2011) presents several conclusions using the relations between the power
coefficient, Cp and wake velocity coefficient, a, for prescribed flow conditions. For a set of
known upstream Fr numbers and blockage ratios B, the power coefficient, Cp is increased
with increasing blockage ratio, B. For a very wide range of realistic parameters, the analysis
shows that the power is maximised when the wake velocity coefficient, a, is close to 1/3.
Another interesting finding from the analysis is that the turbines extract the potential energy
from the stream (head drop across the turbines) and results in an increment in the kinetic
energy at the downstream of the tidal devices.

The derivation of LMADT by Houlsby ef al. (2008) considers the downstream mixing once
the flow passes through the turbines. The power loss due to the wake mixing is given as,

2

P _ ! 3BbH 2+1 bH(1 - B )2—1 3bH "
wake — Zpu a0y Zpu a; :84- Zpu

H —AH 3.18

+ Hbu(H, — Hs)pg.
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The total power (Pyytq;) extracted from the stream is simply the sum of the power available

(Pavaitapie) to the turbines with the power lost (Pyqxe) in the downstream mixing,

3.19

, 1—AH/2H
Ptotar = Pavaitabte + Pwake = pgubHAH 1—-Fr .

(1 - AH/H)?
Equation 3.19 considers the potential energy lost in the tidal stream due to the presence of
the turbines with a correction (given in the brackets) for the increment in the kinetic energy of

the flow at the downstream of the turbines (Houlsby ef al., 2008).

3.2.2. Turbine Efficiency

The ratio of power that is extracted solely by the turbine to the total amount of power
removed from the tidal stream defines the turbine efficiency. Using equations 3.17 and 3.19,

the turbine efficiency # is given as,

-1
Povailable _ Pavaitabie (1 — Fr2 1- AH/ZH ) 3.20

7= Protar pgubHAH r (1 — AH/H)?

For partially blocked flows, the flow tends to divert around the ends of the array. Thus, the
mass flux passing through the turbine array decreases, which limits the maximum amount of
power that the turbines can extract. In this case, the efficiency parameter becomes important

as it provides an indication on how the turbines operate in an array (Draper, 2011).

3.2.3. Manipulation of the DG-ADCIRC Source Code

The DG-ADCIRC is an open-source numerical solver that consists of a series of
FORTRAN77/90 programs, which are compiled consecutively using a “makefile”. The DG-
ADCIRC is capable of accessing any user-specified routine through altering the makefile. The
makefile consists of the description of the computational resources (e.g. computational
platform) that are available to the user as well as the compilation rules and the subroutines
that are essential to compile the executable code.

The inclusion of sub-grid model using LMADT requires writing several FORTRAN 90
subroutines to compute a line sink of momentum in the computation for specified turbine
array locations. The array locations are indicated in the mesh information input file by
specifying the node numbers associated with the turbine array edges. When the code is
executed, this information is automatically read in by an in-built DG-ADCIRC subroutine,
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which creates the list of the edges in the computational domain and assigns the relevant
boundary conditions to each of these edges.

The original DG-ADCIRC code does not include a description for a “turbine” edge. To
include the LMADT sub-grid model, a new boundary segment type is created to flag any
user-specified internal edge as a turbine array edge. During the course of the simulation, at
each time step, when the code encounters these turbine edges, the momentum sink subroutines
are called to compute the upstream and downstream flow characteristics, which enforce a
head drop due to the energy extraction. The available and extracted power values are also
computed for the predefined turbine operating conditions and upstream flow conditions for
each turbine edge. The momentum sink calculation is then followed by computing the
numerical flux term in order to maintain the information flow in the computational domain.
The computed power values are also written in an output file, which has been coded in by the

author, for each recording time step.

3.3. Verification Tests

The verification test cases consist of two general configurations of an idealised fence of
tidal devices inserted in an open channel. The first of these considers a narrow channel where
a fence is deployed completely across the width of the channel. In this scenario, it is expected
that the flow will separate around the area of a turbine and then mix with the flow passing
through it, creating a mixing zone downstream on the fence (Draper, 2011). In the second
configuration, similar ideal fences are deployed in a partially blocked flow. The partially
blocked flow case is then extended to different problems, which consider different
configurations within the computational domain, in order to test the accuracy and stability of

the modified DG-ADCIRC code.

3.3.1. Turbine Fence Across the Width of the Channel

The test case used for the verification of the algorithm is based on an idealised channel,
which is forced by an inflow of constant discharge at the upstream boundary and has a
specified water depth at the downstream boundary. The channel width and length are set to
400 m and 1000 m respectively. The model uses the Cartesian coordinate system. The depth

of the channel is constant and is set to 1 m. In the simulation the bed friction is ignored. The
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turbine fence is located in the middle of the channel, and extends across the entire width of
the channel. In order to test the algorithm, various flow rates are selected in order to alter the

upstream Froude number.
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Figure 3.3 — The problem geometry (left- image reproduced from Draper, 2011). The
turbines are located in the middle of the channel across the width of the channel. The
channel is forced with a specified flux on the upstream, and on the downstream the
elevation is defined. The arrow shows the direction of the inflow. Relative head drop seen

in the flow field (right).
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Figure 3.4 — Comparisons against the analytical (LMADT) solution and numerical
(DG-ADCIRC) solution for different upstream conditions. The results are plotted
against different blockage ratios for B=0.2, B=0.3, and B = 0.4.

The comparisons are then undertaken against different upstream blockage ratios and wake
induction factors to differing upstream Froude numbers, obtained from the analytical solution

(LMADT), and the numerical results. These comparisons are plotted in Figure 3.4. The DG-
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ADCIRC model results are in a very good agreement with the analytical solution. Figure 3.3
shows the problem geometry (left) and the relative head difference observed on the flow

domain (right), which is plotted on top of the computational mesh.

3.3.2. A Partially Blocked Idealised Channel

In this example, a tidal fence that does not extend entirely across the channel is given.
Figure 3.5 shows the unstructured triangular mesh, in which the domain size is 4000 m in
width and 10000 m in length. The model uses the Cartesian coordinate system. The tidal
fence is placed 2500 m away from the upstream forcing boundary (shown as a red line in
Figure 3.5). The length of the tidal fence is 1000 m. The water depth is set to 1.0 m, and the
bed friction coefficient is ¢, = 5x10-4 throughout the domain. In this example, bed friction has
been added to the problem in order to achieve a steady solution and to avoid wake instabilities
(following Draper, 2011). The upstream boundary is forced using a constant flow rate to
achieve an upstream Froude number of approximately 0.1. A ramping duration of 0.5 days is
implemented in order to prevent a shock wave in the solution. The downstream boundary is
an elevation specified boundary, which is set to H = 1.0 m. Slip boundary conditions are
applied at the sidewall boundaries. The turbine fence is characterized by a wake induction
factor of @, = 1/3 and a blockage ratio of B = 0.6. The effects of the momentum sink on free
surface elevation ({) and depth-averaged velocity field are shown in Figure 3.6 and Figure
3.7. It should be acknowledged that the mesh resolution used in this test is too coarse to
capture the local flow features of the by-pass flow and array wake in detail. However, the
main objective of including LMADT sub-grid model in the calculations is to approximate the
amount of momentum sink due to energy extraction from the overall flow as accurately as
possible and not to attempt to model the details of the wake as this is beyond the capabilities

of the two-dimensional shallow water solvers.
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Figure 3.5 — The unstructured triangular mesh used in the unbounded turbine
configuration test case; the purple line shows the upstream boundary which is flux
specified; blue line shows the downstream boundary which is held at a fix elevation of
1.0 m; red line demonstrates the location of turbine fence in the domain; and the
brown lines show the sidewall boundaries.
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Figure 3.6 — The effect of momentum sink on the free surface elevation profile. The
brown line indicates the tidal fence configuration. The water surface elevations are in
metres.
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Figure 3.7 — The effect of a momentum sink on the local velocity profile. The vectors
indicate the magnitude and direction of the flow and are superimposed onto a regular
grid. The depth-averaged velocity contours are in m/s.

In Figure 3.6, the water surface elevation contour colours are set between 0.105 m to 0.115

m to present the head difference across the turbine array clearly. Due to the bounds for the

contour levels the regions where the free surface water elevation is less than 0.105 m are also

represented by the blue colour. A comparison of the computed and intended depth change

along the fence is given in Table 3.1.

. Analytical solution (LMADT) Numerical solution
Position along the fence (m) for AH / H (DG-ADCIRC) for A H / H
0.0 0 0

100 0.0075 0.0074
200 0.0076 0.0076
300 0.0079 0.0079
400 0.0079 0.0079
500 0.0081 0.0082
600 0.0079 0.0079
700 0.0079 0.0079
800 0.0076 0.0076
900 0.0075 0.0074

1000 0 0

Table 3.1 Comparison of computed and intended relevant depth change along the tidal fence.
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DG-ADCIRC results are in good agreement with the intended relative depth change
computed using LMADT. In the next subsection, the modified DG-ADCIRC code is tested

against more complex problems.

3.3.3. Partially Blocked Channels with Complex Flow Conditions
In this subsection, the modified DG-ADCIRC code has been tested for more complex

problem settings. The first test considers an idealised channel, which is rotated by 30 degrees
in the counter-clockwise direction. The purpose of this problem set up is to test the code’s
ability to cope with directionality in the flow domain. The total water depth is set to 1.0 m and
the partial turbine fence is located in the first quarter of the channel, normal to the flow
direction. The blockage ratio is set to 0.6 and the wake induction factor is 1/3. The boundary
conditions are the same as the previous unbounded tidal fence test case. The coordinate
system used is geographic (latitude and longitude). The resulting velocity field illustrated in

Figure 3.8 is in very good agreement qualitatively with that in Figure 3.7 after rotation.
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Figure 3.8 — Rotated domain test case with unbounded tidal fence placed normal to the flow
direction.

The numerical models created in this project, are formed using the real bathymetric data,
which indicates that the seabed changes arbitrarily within the computational domain. This test
case therefore examines the capability of the modified DG-ADCIRC code to cope with non-

uniform bathymetric conditions in the presence of tidal fences. Thus, the next test case
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considers the rotated idealised channel introduced previously, with variable bed topography.
The change in the bathymetry is calculated with respect to the longitude of the nodes. The

bathymetric depth is calculated as follows,
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Figure 3.9 — The computational mesh used in the problem showing the bathymetric depths
across the channel (top), and the computed velocity field for a rotated rectangular channel
with variable bathymetry (bottom). The velocity vectors are interpolated to the domain. The
contours are in metres.
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Figure 3.9 shows the mesh used (top figure) and the predicted velocity field (bottom
figure). The results show higher velocities within the domain due to the decrease in the total
water depth within the computational domain. From the figure, it is also observed that the
variation in the water depths across the channel causes a slight asymmetry in the velocity flow
field. The next test case examines the behaviour of the turbine model to non-normal flows.

Figure 3.10 indicates the velocity field computed for an idealised horizontal channel, where
the turbines are positioned at an angle of 60 degrees to the incoming flow. The figure shows
that the by pass flow is accelerated due to the flow diversion, which agrees well with the
theory. In this test case, as the flow reaches the tidal array at an angle (i.e. skew flow
conditions), it is possible to approximate the local flow field by adapting a lift and drag

relation approach.
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Figure 3.10 — Idealised horizontal channel with unbounded turbines installed with an
angle to the flow. The velocity vectors are interpolated to the domain.

Lastly, a test case is created for an idealised horizontal channel with constant bed
topography (1 m), where a rectangular island is located near to the upstream boundary. The
unbounded tidal fence is inserted downstream of the island in order to test the capability of
the modified code to cope with large-scale horizontal eddies, which are parameterised with a
constant eddy viscosity coefficient. The computed velocities are shown in Figure 3.11. With
this last test case, the modified DG-ADCIRC code, which uses the LMADT routine to

represent the tidal turbines, proves to be stable when forced with realistic conditions.
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Figure 3.11 — Idealised horizontal channel containing rectangular island. The turbine fence is
indicated with the brown line downstream of the island.

3.4. Conclusions

This chapter summarises the implementation of a sub-grid model that is based on Linear
Momentum Actuator Disk Theory (LMADT) to approximate the local flow-field in the
presence of tidal turbines.

The LMADT derivation considers a sufficiently long channel in which the presence of the
turbines (actuator disks) does not affect the upstream flow conditions and allows the
downstream wake to be fully mixed through the water column. LMADT assumes that the
devices do not exert any force on the tangential direction, thus only horizontal (axial) velocity
component is affected by energy extraction. The analysis provides the water level height and
the horizontal velocity component of the downstream flow after wake mixing, where the
pressure is equilibrated across the channel.

In the computations, the downstream flow conditions after wake mixing are calculated for
prescribed turbine operating conditions (defined by @, and B) using LMADT at the edge of
the element that is defined as a turbine array (line discontinuity). This is accomplished by
altering the numerical flux that is used to couple the elements. Verification tests show that the
implementation of the momentum sink using LMADT sub-grid model is in agreement with

the theoretical model.
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Another advantage of using LMADT is that it provides a distinction between the power
extracted by the turbines (power available to the turbines) and the total amount of power that
is removed from the tidal stream including the wake mixing losses. However, the available
power is still overestimated by LMADT, as the analysis does not consider further mechanical
and electrical losses as well as the energy loss due to mixing around the support structures.

Due to the one-dimensional nature of LMADT, there are several limitations to its
application to model two-dimensional flows such as tides (Draper, 2011). LMADT assumes
that the flow is steady, and does not account for the effects of bed friction, changes in
bathymetry, or drag applied to the flow by the support structure of the devices. However, the
length-scale of such factors to have significant implications on the theoretical results is

assumed to be larger than the centre-to-centre spacing of the devices within an array.
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Chapter 4
Validated Tidal Model of Anglesey and the Bristol

Channel, U.K.

This chapter presents the implementation of two unstructured shallow water models. The
models are developed using the discontinuous Galerkin method version of the ADCIRC (DG-
ADCIRC) shallow flow model. The tidal basin off the south west coast of the UK including
the Anglesey Skerries (a headland) and the Bristol Channel (an oscillating bay) has been
modelled using unstructured triangular grids. Input data include bathymetric data provided by
SeaZONE Ltd and tidal forcing data taken from the LeProvost tidal database (LeProvost et
al., 1995). The difference between the two models is solely due to the presence of inter-tidal
zones that require a wetting and drying treatment within the computation. The wetting and
drying scheme implemented in the DG-ADCIRC numerical solver accounts for both wet and
dry elements at each Runge-Kutta time step, thus increasing the total computation time
(Bunya et al., 2009). In this respect, the objective was to develop the best possible model
without using a wetting and drying treatment, and then explore whether the costly addition of
wetting and drying was worth implementing in terms of improved modelling. As discussed in
Section 4.5, inclusion of wetting and drying treatment improved the model results, especially
for the current predictions.

Section 4.1 provides information about the model area. Section 4.2 introduces the model
details of the DG-ADCIRC model (without wetting and drying treatment). In this section, a
grid convergence study is introduced, which provided the optimal mesh resolution. The
optimal model is calibrated against various bed friction coefficients. The calibrated model is
then validated against available measurements of tidal elevation amplitudes and current
magnitudes and directions, which is explained in Section 4.3. Section 4.4 discusses the model
accuracy of the DG-ADCIRC model, which does not apply a wetting and drying treatment in

the computation. Section 4.5 introduces the modified model, DG-ADCIRC-WD, which
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includes the inter-tidal zones and uses a wetting and drying algorithm in order to represent
correctly the mass flux in the tidal flats. Sections 4.6 and 4.7 discuss the improvements

obtained by DG-ADCIRC-WD model and the conclusions respectively.

4.1. Introduction

This section describes a two-dimensional shallow water model of the tidal basin off the
west coast of the UK that includes the Anglesey Skerries and the Bristol Channel. Chapter 1
has provided the rationale behind selecting the Anglesey Skerries and the Bristol Channel as
potential tidal power sites. Provided that the selected sites are located in the same coastal
basin containing the Irish Sea, it is possible that hydrodynamic interaction might occur
between both sites if tidal turbines are installed. To account for this, both sites are modelled in
the same numerical model domain.

Figure 4.1 depicts the area covered by the numerical model, which stretches from the
continental shelf to the strait between Belfast (Northern Ireland) and Stranraer (Scotland) and
includes the Irish Sea and the two regions of interest. The model has three open boundaries at
which tidal elevations are specified. The first boundary is located in the Atlantic Ocean to the
southwest, just beyond the continental shelf, in order to facilitate the tidal forcing without
model reflections (Adcock ef al., 2011). The location of this boundary has been selected in
order to capture properly the quarter wavelength resonance that occurs in the Bristol Channel
(Fong and Heaps, 1978).

The second boundary is set at the western end of the English Channel, and is located
between the Lizard in Cornwall to the tip of Brittany. A highly simplified section of the
French coast in the vicinity of Cape Finisterre is included in order to allow the flux to and
from the English Channel to be distinguished from other fluxes. Finally, there is a relatively
small length of open boundary across the North Channel between Ulster and Galloway to

reduce the mesh complexity that would have arisen if the Scottish islands had been included.
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Figure 4.1 — Open boundaries of the computational domain depicted by red lines
(Google Earth image, 2012).

4.2. Model Details

To create the computational mesh, the coastline of the overall region of interest is
determined from bathymetric contour data provided by SeaZone Ltd in shapefile format,
which is input to the meshing software SMS (Militello and Zundel, 1999). The shapefiles
consist of mean sea level (MSL) and intertidal level contour data. An unstructured
computational mesh is then constructed by SMS from the MSL contour data. To simplify
meshing and ensure the CFL condition is met, small estuaries and islands have been removed
from the numerical domain. Several manual corrections are made to enhance mesh quality.
Section 4.2.2 presents results from the mesh convergence tests that confirm the optimum
mesh resolution (noting accuracy and computational efficiency constraints).

For the Anglesey and Bristol Channel regions, bathymetric survey data were provided by
SeaZONE Ltd at a spatial resolution of 2.78x10-4 degrees (approximately 30 m). Coarser

resolution interpolated bathymetric data at a resolution of 1.7x10-3 degrees (approximately
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180 m) were used elsewhere in the computational domain. The DG-ADCIRC model does not
include intertidal zones, which are inundated during a flood tide and dried out during an ebb
tide, where the flow boundary is moving (see e.g. Bunya et al., 2009). The coastline for the
model mesh is interpolated so that it acts effectively as a wall with a mean sea level of 6.0 m
(the approximate largest half-amplitude of the tide) in order to prevent any instability that
might occur due to the presence of mesh elements that would otherwise dry out (see Figure
4.2). The influence of wetting and drying on model results is explored later (see Section 4.5)
using a modified model that includes the intertidal zones around the Bristol Channel. The
following sections provide information about the tidal forcing model and grid convergence

and calibration studies.

Nominal Coastline

Nominal Coastline

seabed

Figure 4.2 — The representation of coastlines in: A) natural case, B) DG-ADCIRC
model without wetting and drying treatment, and C) DG-ADCIRC-WD model with
wetting and drying treatment.
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4.2.1. Tidal Forcing

In basin-scale modelling, the coastal domain is truncated through the use of artificial (open)
boundaries that separate the area of interest from a connecting body of water. These open
boundaries might be forced by tidal flows of specified free surface and/or flux time histories.
The open boundaries of the numerical model are forced by specifying the amplitude and
phases of prescribed tidal constituents.

In practice, these forcing parameters can be obtained from various tidal databases, which
use low-resolution models to compute the tidal amplitudes and phases around the world.
These values are then interpolated onto the open boundaries of the computational domain.
Herein, the Le Provost tidal database (Le Provost et al., 1995) is used to force the constructed
numerical model.

The Le Provost database includes data concerning 13 principal tidal constituents (2N, Kj,
K,, Lo, My, MU,, N, NU,, Oy, Py, Qi, S, Tz). Considering the UK coasts, the tide is
dominated by the M, and S, components (approximately 95% of the total tidal amplitude).
Thus the model developed herein is forced by these two main semi-diurnal tidal components,
M, and S,.

As power is approximately related to the tidal current magnitude cubed, it is reasonable to
neglect the remaining smaller components in energy resource assessment. Although higher-
harmonic My and Mg components related to local bed friction and bed topography are not
explicitly introduced at the open boundaries, their effects are nevertheless captured within the

model and can be investigated through tidal harmonic analysis of the model outputs.

4.2.2. Mesh Convergence Analysis

Modelling of naturally occurring tides within a large domain is computationally demanding
and requires a pragmatic approach with regard to mesh resolution. The finer the mesh, the
smaller is the time step required in order to satisfy stability criteria, such as the Courant-
Friedrichs-Lewy (CFL) condition, which is applicable given that an explicit time
discretisation is used. There is a balance to be struck between resolution and computational
performance. This section describes the development of a model at a resolution that captures
the dominant hydrodynamic responses of the basins to the tides. In this respect, a grid
convergence study is conducted to evaluate the necessary level of resolution required in the
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numerical model to obtain a converged M, response (Westerink et al., 1994). The grid

convergence tests involve five unstructured triangular finite element meshes. Table 4.1

presents the grid properties of each mesh created.

The model refinement is undertaken by changing the resolution of the coastal boundaries.

The open boundary resolutions were kept unchanged as further resolving these boundaries

was computationally inefficient (Westerink et al., 1994) and caused numerical instabilities

due to the tidal database used in the model. The Le Provost tidal database has a coarse

resolution with insufficient data points to interpolate accurately the forcing tidal elevation

amplitudes and phases onto relatively narrow passages such as the North Channel.

Grid | NumberofNodes | g Sl M | Celie sea
Ul 6669 12548 1700 1000
U2 13583 25879 800 600
U3 18967 36386 600 500
U4 30994 59799 400 300
Us 51597 100175 300 200

Table 4.1 Properties of grids constructed for the grid convergence study.

55

54

| 1

Lon(°)

Figure 4.3 — Locations for the tidal elevation stations for grid convergence study.

The models have been run for 29 days in total, including a 1-day ramping period. Harmonic

analysis has been conducted on the model results. Each numerical grid includes 14
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observation stations throughout the model domain (see Figure 4.3). The M, tidal elevation
amplitudes computed at each station are used to evaluate the convergence rate. In order to
compute the error an exact solution would normally be required as a reference value.
However, this study concerns modelling a hydrodynamically complex system and such an
exact solution is not available. Regarding this, the results obtained from the finest grid (US)
were used as the reference values to compute the solution convergence (Roache, 1997). The
errors were computed using a proportional standard deviation method for each model as
suggested by Westerink et al. (1994),
21!/2

B e o) = £ )|

Egrid—finest —

= 4.1
M?2—amp

2
A )

In Equation 4.1, N is the total number of stations, n is the number of the specific
observation station, (x,,, y,,) is the coordinates for each station, and C}g\g’ is the M, elevation
amplitude for a given grid at specified stations. Table 4.2 presents the error measures for M,
elevation amplitudes. From the table, it is seen that even the coarsest grid (Ul) provides
almost the same response as the finest grid. The computed errors concerning the entire
domain do not exceed 3% and regional errors are within a similar error range. The U2 grid is
chosen as the optimal model and a calibration test is conducted to evaluate the optimal bed

friction coefficient to be applied in the model. This calibration of the model is presented in

Section 4.2 .4.
Grid Entire Domain Irish Sea Celtic Sea Western UK Ocean
(G1-G14) (G1-G5) (G6-GB) (G9-G11) (G12-G14)
Ul 0.028 0.032 0.022 0.029 0.021
U2 0.020 0.022 0.020 0.018 0.019
U3 0.016 0.016 0.012 0.011 0.017
U4 0.013 0.011 0.010 0.009 0.016

Table 4.2 M, tidal elevation amplitude errors for the grids used in the convergence study. The
reference values are obtained from the finest grid (US5) solutions.
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4.2.3. Parallel Performance

Considering the size of the numerical domain as well as the long simulation periods, it is
intended to run the simulations on a parallel platform. All simulations were performed on the
University of Oxford Advanced Research Computing (ARC) HAL system, which is a SGI
ICE 8200 MPI cluster consisting of 64 nodes and 8 processors assigned to each node, with a
total of 512 Xeon/Harpertown 2.8 GHZ cores (accessed on 6™ July 2014,
http://www.arc.ox.ac.uk/content/services). The DG-ADCIRC source code has been ported
onto the HAL system by the author, and compiled using Intel Fortran compilers for Linux
platform installed on ARC-HAL system.

Parallel performance tests have been conducted using a fixed size mesh, which was selected
according to the grid refinement study discussed in the previous section. The model chosen to
conduct the parallel performance test was U2 consisting of 13583 nodes and 25879 elements.
Following the methodology explained by Kubatko et al/ (2009), this section discusses the
parallel speedup and efficiency of the DG-ADCIRC code on the ARC-HAL system. Running
the DG-ADCIRC code in series and in parallel using the same model (here, U2), Kubatko et
al (2009) explain the parallel speedup (S) parameter to be the ratio of the time of a single
processor run (T,ge) over the time of a parallel run (T,uanes). The efficiency is then
calculated by dividing the parallel speedup parameter by the number of CPUs used in the

parallel runs.

CPU (}ﬁ:“mnigfseec) M?;;‘)’ry Vm“a(lkl\lf)emory Efficiency
25:47:57 57752 99124 1 (by definition)
4 07:00:02 8724 32804 0.92
16 01:31:32 6232 51928 1.06
32 00:53:50 11772 65456 0.90

Table 4.3 Comparison between the run-times, memory and virtual memory required to run the
DG-ADCIRC code on single processor and parallel platform on ARC-HAL supercomputer

system.

The model is set to run for a period of 4 days, in which a ramping period of 1 day is

included. The U2 model is forced with only M, tidal elevations, which are interpolated on the
open boundaries. The Coriolis force is varied along the latitudes of the numerical domain and

an eddy viscosity parameter is specified in the runs. Table 4.3 summarises the simulation run-
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times and memory requirements for both serial and parallel runs. The efficiency is computed
with respect to the run times and the number CPUs used in the parallel runs. From the table, it
is seen that running the DG-ADCIRC model using 16 processors provides the highest
efficiency in terms of the computational run times while ensuring minimal memory

requirements per core.

4.2.4. Model Calibration

Calibration of the model has been conducted using five different bed friction coefficients
for the chosen model U2. The open boundaries were forced using tidal elevations for M,
constituent interpolated from Le Provost tidal database (Le Provost et al., 1995). The
simulations were spun up from initial conditions using a 1-day hyperbolic tangent ramp
function and were run for 29 days in total. The elevation recordings were taken every half
hour for each grid node. The calibration is undertaken using Admiralty Chart (2006) data for
M, tidal elevation amplitudes at selected stations. Table 4.4 presents the predicted M, tidal
elevation amplitudes for high bed friction coefficients (¢, = 0.0050, ¢, = 0.0100, ¢, = 0.0150)
and the observation values. The simulations using lower bed friction coefficients (¢, = 0.0025
and ¢, = 0.0035) did not achieve converged solutions due to instabilities occurring around the
English Channel and North Channel boundaries. From the table, it is seen that there is not an
exact value of bed friction coefficient that provides an unequivocal best agreement with the
observations. The best fit overall between the observations and the model results is achieved

by setting ¢, = 0.0050.

. . Predictions Predictions Predictions
Location Observation (m) | (. — 0,0050) (¢, = 0.0100) (¢, = 0.0150)
Holyhead 1.81 1.66 1.16 0.96

Cemaes Bay 2.13 1.90 1.34 1.11
Amlwch 2.30 1.98 1.43 1.17
Ilfracombe 3.04 3.25 2.69 2.42
Barry 3.82 3.96 3.08 2.62
Flat Holm 3.90 4.02 3.14 2.67

Table 4.4 M, tidal elevation amplitudes at different stations for U2 grid using different bed
friction coefficients.
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Section 4.3 provides details for the model validation using the optimal bed friction
coefficient (¢, = 0.0050) for both water levels and currents. The option of attempting to select

different bed friction coefficients for different parts of the model was not pursued.

4.3. Model Validation

Model validation is undertaken against alternative predictions by the Admiralty’s TotalTide
software and the British Oceanographic Data Centre (BODC) observed current data, at
locations in the Anglesey and Bristol Channel regions. The validation study includes a tidal
harmonic analysis comparison against predictions by other numerical models (Davies and
Jones, 1992; Robinson, 1979). Section 4.3.1 describes the harmonic analysis undertaken for
M, and S, tidal constituents for the whole computational domain. Section 4.3.2 focuses on
surface elevations and current velocities in the Anglesey region. Section 4.3.3 considers the

Bristol Channel.

4.3.1. Tidal Harmonic Analysis

Tidal analyses are used to predict future tides from observed sea level and current data and
to understand the hydrodynamic response of the sea to tidal forcing (Pugh, 1987). In the latter
case, tidal analysis can be used to represent the tidal characteristics of a designated region.
Harmonic analysis involves a Fourier decomposition of observed tidal data obtained over a
time period into a finite number of harmonic constituents whose amplitude and phases relate
to different astronomical parameters (Doodson, 1921). Each harmonic constituent is

represented by (see e.g. Pugh, 1987),

H,, cos <6nl - qon>, 4.2

where H, is the amplitude, o, is the angular speed (frequency), ¢, is the phase lag of the tidal
constituent, and ¢ is time. The numerical model is forced by specifying interpolated semi-
diurnal M, and S, constituents on the open boundaries. The results are then compared against
co-tidal maps provided by Davies and Jones (1992).

Figure 4.4 shows the predicted co-tidal contours of M, amplitude obtained using DG-
ADCIRC; Figure 4.5 presents the predicted phase of M, in degrees. Figure 4.6 presents the
corresponding results for the M, constituent obtained by Davies and Jones (1992) using an

alternative numerical model.
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Figure 4.4 — M; co-tidal amplitude contours (cm) predicted using DG-ADCIRC.
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Figure 4.5 —M, co-tidal phase contours (degrees) predicted using DG-ADCIRC.
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Figure 4.6 —M; co-tidal chart computed by Davies and Jones (1992). Solid lines =
amplitudes in cm, dashed lines = phases in degrees. The boundaries of the DG-
ADCIRC and the Davies and Jones” models are indicated with red lines.

The model predictions (Figure 4.4 and Figure 4.5) of the M, co-tidal charts are in very good
visual agreement with charts presented by Davies and Jones (Figure 4.6) and Robinson (1979)
(not shown). The present model reproduces the degenerate amphidromic point off the east
coast of Ireland (see Chapter 5 for further explanation). The model simulations show that both

the M, and S, tidal amplitudes increase substantially from Milford Haven to Avonmouth
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within the Bristol Channel. The M, tidal amplitude is also amplified in the Irish Sea basin
near the northwest Lancashire and Cumbrian coastline of the UK.

(cm)
100

Figure 4.8 — S, co-tidal phase contours (degrees) predicted by DG-ADCIRC.
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Figure 4.9 —S; co-tidal chart computed by Davies and Jones (1992). Solid lines =
amplitudes in cm, dashed lines = phases in degrees. The boundaries of the DG-
ADCIRC and the Davies and Jones’ models are indicated with red lines.

Figure 4.7 and Figure 4.8 show the computed S, co-tidal charts for amplitude and phase
respectively. The DG-ADCIRC model predictions again show a close visual agreement with
the results presented by Davies and Jones (see Figure 4.9). Both sets of semi-diurnal
constituents are similar, and include the degenerate S, amphidrome off the eastern Irish

coasts.
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In a previous study of tidal dynamics observed in the Irish Sea, Howarth (1984) reports that
the semi-diurnal tides propagate into the Irish Sea both from the south (through the Celtic
Sea) and from the north (the North Channel). Those two long waves interfere with each other
in the vicinity of the Isle of Man and are then reflected by the Lancashire and Cumbrian
coasts. This interaction forms a standing wave in the eastern Irish Sea, which translates into
high tidal amplitudes that rapidly develop throughout the eastern Irish Sea. Figure 4.10 and
Figure 4.11 present the predicted M, and S, tidal current magnitudes for the entire domain,

using ADCIRC’s tidal harmonic analysis function.

(m/s)

54

52r
b1 ‘ -1
s ‘
50
481
PP E— —— — —— )
-14 -12 -10 -8 -6 -4
Lon(®)

Figure 4.10 — M, tidal current amplitude magnitude (m/s) predicted by DG-ADCIRC.
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Figure 4.11 — S, tidal current amplitude magnitude (m/s) predicted by DG-ADCIRC.

Noting that the velocity legends of M, (Figure 4.10) and S, (Figure 4.11) tidal currents are
different in scale, both figures show that fast semi-diurnal tides are predominant at several
locations around the UK coasts. The regions with fast currents include the Anglesey headland,
Bristol Channel, the strait between Mull of Galloway and the Isle of Man, and St. David’s
Head. This project aims to understand the far-field effects of extracting energy from the tidal
currents at selected coastal sites around the UK. In order to evaluate the change in the tidal
hydrodynamics in the presence of tidal turbines, it is necessary to model the naturally
occurring tides as accurately as possible. In this respect, the following sections present results

of the model validation tests concerning the areas of interest: Anglesey and the Bristol

Channel.

4.3.2. Anglesey
The first set of model validation tests consider the predicted surface elevations and current
velocities at selected locations in the Irish Sea in the vicinity of Anglesey headland. Predicted
water elevations are compared against harmonically-analysed TotalTide data (Admiralty

Charts, 2006). Predicted current velocities are compared against TotalTide and BODC data.

96



CHAPTER 4.VALIDATED TIDAL MODEL OF ANGLESEY AND THE
BRISTOL CHANNEL, U.K.

Harmonic analysis of surface elevation data predicted by TotalTide is used to extract the total
contribution of the M; and S, tides in the regions of interest.
Water Levels

Figure 4.12 and Figure 4.13 show the water surface elevations (relative to mean sea level)
for typical ebb and flood tides respectively. Energy of the incoming wave from the south is
dissipated when propagating to the north due to the formation of the degenerate amphidromic
system on the Irish coast (see Figure 4.4 and Figure 4.7). The Coriolis force from the Earth’s
rotation affects the propagation of the tide, leading to a difference in tidal range between the
Irish coasts and the coasts of Wales and England (Howarth 1984). The tidal range difference

can be seen in the figures below.

55

54.5

54
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53.5

53

Lon(®)
Figure 4.12 — Water surface elevation during an ebb tide in the vicinity of Anglesey,
predicted by DG-ADCIRC. Contours: water elevations in metres.
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Figure 4.13 — Water surface elevation during a flood tide in the vicinity of Anglesey,
predicted by DG-ADCIRC. Contours: water elevations in metres.

For Anglesey, the DG-ADCIRC model predictions of tidal amplitudes are compared
against the Admiralty TotalTide predictions at Holyhead, Cemaes Bay and Amlwch (see
Figure 4.14).
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Figure 4.14 — Selected stations to compare numerical results against observation data.
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The simulation period commences on 1* January 2012 and runs for a period of 29 days,
with a spin-up period of one day. Tidal waves are ramped in gradually at the open boundary
during the spin-up period in order to reduce the effects of initial transients. For this reason, the
characteristics (amplitudes and phases) of the modelled long waves during this period are not
representative when compared to the actual characteristics, and so predictions during the spin-
up period are omitted from the data analysis. Consequently, the predictions used for
comparison purposes start 24 hours after the initial start time. The comparison is presented for
7 days, which starts at 00:00 on 02 January 2012. Figure 4.15, Figure 4.16 and Figure 4.17
present comparisons between the model predictions and the processed measurements of sea

surface elevation time histories at the selected stations.
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Figure 4.15 — Predicted (DG-ADCIRC) and harmonically-analysed (TotalTide)
surface elevation levels at Holyhead, 53°19°N 4°37°W.
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Figure 4.16 — Predicted (DG-ADCIRC) and harmonically-analysed (TotalTide)
surface elevation levels at Amlwch, 53°25°N 4°20°W.
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Figure 4.17 — Predicted (DG-ADCIRC) and harmonically-analysed (TotalTide)
surface elevation levels at Cemaes Bay, 53°25°N 4°27°W.

100



CHAPTER 4.VALIDATED TIDAL MODEL OF ANGLESEY AND THE
BRISTOL CHANNEL, U.K.

The predictions and observations are in a reasonable agreement with respect to phase
(Foundation for water, 1993). Tidal amplitude is under-predicted during neap tide and over-
predicted at spring tide, which may be due to the use of a relatively high uniform bed friction
coefficient throughout the computational domain. In practice, bed friction will vary across the
domain. However, it is impractical to reproduce correctly the spatial change in bed friction in
the numerical model. Moreover, the appropriate value for bed friction may be anisotropic
(varying with direction) and also may not be constant with flow velocity. Soulsby (1998)
provides a range of suggested values for different sea and bed conditions, which may be
applied spatially in the numerical model. However, the accuracy of the model is not always
improved by attempting more complex modelling of the bed friction (Richard Soulsby,
personal communication).

Table 4.5 and Table 4.6 list the predicted and observed M, and S, tidal constituents. The
observed data are extracted from Admiralty Charts. Table 4.5 indicates that there is a good
agreement between predicted and observed M, phases, whereas the M, amplitudes, however,
are underestimated by ~10%. Turning to the S, tidal constituent information in Table 4.6, it is

evident that the S, phases are slightly overestimated whereas the S, amplitudes are under-

predicted.
) Observation Prediction
Station
H, (cm) @n (°) H, (cm) @n (°)
Holyhead 181 292 166 289
Amlwch 230 305 198 306
Cemaes Bay 213 307 190 303
Table 4.5 Predicted (DG-ADCIRC) and observed values of M, amplitude H, (cm) and phase
®n (©)
) Observation Prediction
Station
H, (cm) @n (°) H, (cm) @n (°)
Holyhead 59 329 51 333
Amlwch 75 345 58 352
Cemaes Bay 71 345 56 349

Table 4.6 Predicted (DG-ADCIRC) and observed values of S, amplitude H,, (cm) and phase

@n (°).
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This discrepancy in amplitudes is due to the higher bed-friction coefficient used in the
overall model. Although there are slight differences between the observed and predicted
amplitudes and phases at specific stations, the overall model predictions appear to be in a
satisfactory agreement with the global tidal dynamics of the region. The following section
presents the comparisons undertaken to validate the model in terms of the predicted tidal
currents.

Tidal Currents

The analysis of currents is different in certain key aspects to the analysis of water surface
elevations. One main difference is that the water level observations are a scalar time series,
where solely the height of the water is recorded, whereas the current observations are a vector
time series of current speed and direction (Pugh, 1987). The reliability of the recorded current
data is also affected by the elevation of the velocity gauge above the seabed (Godin, 1983).
Data acquired near the seabed are highly sensitive to the exact nature of the local boundary
layer, which in turn means that the extrapolation of such data to depth-averaged values is not
robust. Current amplitude comparisons are possible using measurements recorded closer to
the top of the water column. The results are plotted using the 1/7™ power law profile to
approximate the mean velocities in a depth-averaged model. The current velocity comparisons
are undertaken against the Admiralty’s TotalTide predictions and BODC observed field data.
Figure 4.18 shows the locations of the tidal current stations where the comparison data are

available as observations from BODC and independent predictions from TotalTide.
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Figure 4.18 — Locations of stations near Anglesey used in the tidal current validation
tests: TotalTide predictions (TT1: Anglesey Skerries and TT2: Holyhead stations) and
observations from BODC (BODCI station).

TotalTide provides predictions of surface velocities, as the software is designed for

shipping purposes. Using the 1/7™ power law, the depth-averaged velocity is calculated using,

h z\17dz 7
( ) h - 8usurfacev 4.3

Umean = usurfacej;) E
where ugy,,rqce 18 the surface velocity, z is distance vertically above the seabed, and / is the
local water depth. Figure 4.19 and Figure 4.20 present the predicted (hourly) time histories of
tidal current magnitude obtained using DG-ADCIRC and TotalTide at the gauges off

Anglesey Skerries and Holyhead, starting from 2™ January 2012 for a period of 11.5 days.
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Figure 4.19 — Predicted tidal current magnitude time histories at Anglesey Skerries
(TT1), 53°25.11°N 4°34.87°W, using DG-ADCIRC and TotalTide.
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Figure 4.20 — Predicted tidal current magnitude time histories at Holyhead (TT2),
53°19.51’N 4°41.87°W, using DG-ADCIRC and TotalTide.
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The predicted phases by DG-ADCIRC provide an encouraging level of agreement with the
TotalTide predictions for both north-south and east-west current components at Anglesey
Skerries (Foundation for water research, 1993). However, DG-ADCIRC predicts lower
amplitude of north-south current and larger amplitude of east-west current amplitude,
indicating a difference in predicted current direction. At Holyhead, there is close agreement
between the two sets of predictions of the phase of the north-south current component, but a
slight phase shift is evident in the east-west current component. The predicted amplitudes of
the north-south current component are in acceptable agreement. However, the DG-ADCIRC
model provides a lower estimate of the current amplitudes in the east-west direction than
TotalTide. Table 4.7 lists the DG-ADCIRC and TotalTide predicted amplitudes of the major
semi-diurnal tidal current components obtained using harmonic analysis. DG-ADCIRC
predicts a current of lower amplitude than that by TotalTide at the Anglesey Skerries station.
The discrepancy in magnitudes may be due to inaccuracy in the representation of eddies in the

depth-averaged models. Closer agreement is obtained between the predictions at the Holyhead

station.
Stati Observed harmonic current magnitude | Predicted harmonic current magnitude
ation
Mz Sz Mz SZ
Anglesey Skerries 1.92 0.62 1.60 0.40
Holyhead 1.60 0.51 1.67 0.43

Table 4.7 Comparison between TotalTide observed and DG-ADCIRC predicted magnitudes
of the tidal current harmonic currents (m/s).

For further validation of the model, real-time observed data are obtained from BODC.
Figure 4.18 shows the location of the selected observation station in the Anglesey region
(BODCI station). The water depth in the vicinity of the station is given to be 44.0 m and the
current meter is located on 31.0 m above the seabed. The current recordings started on 1*
November 1968 for a period of 16-days. Figure 4.21 and Figure 4.22 illustrate comparisons
between the DG-ADCIRC predictions and BODC observations of north-south and east-west
tidal current components over a period of 100 hours. Harmonic analysis (Pawlowicz et al.,
2002) of the simulated currents is used to predict the tides occurring during the time period of
the BODC observations. There is a slight phase difference between the predicted and

observed current components in the north-south direction. However, the predicted and
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observed current components in the east-west direction are 180° out of phase. This
disagreement may be due to the rather limited representation of turbulence in DG-ADCIRC
and the assumption of full mixing in the vertical direction, which limits the modelling of
eddying flows. Figure 4.23 compares the predicted and observed time histories of the total
current magnitude. There is a slight overall phase difference between the model predictions
and observations. The current magnitudes are over-predicted by the DG-ADCIRC model.
Figure 4.24 presents the predicted and observed current direction time histories; the
convention used is that zero degrees is eastward and the angle is positive anti-clockwise. The
predicted current directions differ typically by about 50 degrees from the BODC observations
for both of the flood tides, indicating that the present model has not entirely captured the
direction of the tidal current at this location, which is another manifestation of the 180° out of
phase of the east-west current component.

The omission of wetting and drying in the model inevitably results in an error with the
results at regions with large tidal ranges, such as the Bristol Channel. As will be discussed in
Section 4.3.3, the DG-ADCIRC model under-predicts both the tidal elevations and currents at
individual stations located in the Bristol Channel. The observed discrepancies suggest that the
model needs to be improved to use a smaller uniform bed friction coefficient in order to
obtain a better agreement with the tidal current predictions. In this respect, Section 4.5
discusses the modifications DG-ADCIRC model was subjected to include a wetting and

drying treatment in the computations.
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Figure 4.21 — Predicted (DG-ADCIRC) and observed (BODC) time histories of tidal
current component in the north-south direction at 53°17.5°N 3°04.55’W.
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Figure 4.22 — Predicted (DG-ADCIRC) and observed (BODC) time histories of tidal
current component in the east-west direction at 53°17.5’N 3°04.55°W.
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Figure 4.23 — Predicted (DG-ADCIRC) and observed (BODC) time histories of tidal

current magnitude at 53°17.5’N 3°04.55°W.
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Figure 4.24 — Predicted (DG-ADCIRC) and observed (BODC) time histories of tidal

current direction at 53°17.5°N 3°04.55°W.
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4.3.3. Bristol Channel

This section considers the validation tests undertaken for surface elevations and current
velocities in the Bristol Channel. The water elevation comparisons are undertaken against
TotalTide data (Admiralty, 2006). Harmonic analysis of observed surface elevation data
(obtained from Admiralty Tide tables) is used to extract the total contribution of the M, and
S, tides in the regions of interest. The DG-ADCIRC current velocity comparisons are against
TotalTide predictions and BODC measurements at different locations in the Bristol Channel.
Water Levels

A previous study focusing on the tides occurring in the Bristol Channel emphasises that
flow circulation in the Channel, as well as in the Irish Sea, is mainly due to tidal movements
(Uncles, 1983). The same study indicates that semi-diurnal tides are predominant in the
region, and that M, tides are representative of an average tidal cycle. Figure 4.25 and Figure
4.26 illustrate the water surface elevations (relative to mean sea level) predicted by the DG-
ADCIRC model for typical flood and ebb tides. The figures indicate that the predicted
maximum tidal range within this basin is approximately 10 m, which is lower than the
observed in practice but is within an acceptable bound of error.

Model predictions of the tidal amplitudes are now compared against corresponding
predictions by TotalTide at several stations. Figure 4.27 indicates the locations of the
comparison stations chosen for the water level validations. The simulation parameters are the
same as described in Section 4.3.2. Figure 4.28, Figure 4.29, Figure 4.30 and Figure 4.31
present comparisons between the DG-ADCIRC and TotalTide model predictions of sea
surface elevation time histories at the selected stations. At all locations considered, the present
model predicts slightly larger amplitudes than TotalTide predictions, whereas a good level of
agreement with respect to phase is obtained between the models. It should be noted though
that it is not certain whether the present numerical model gives an over-prediction or the
interpolations of the TotalTide predictions give an underestimate of the true conditions. A
quantitative comparison can be found by harmonic analysis of the results. Table 4.8 lists
observed data extracted from Admiralty Charts, DG-ADCIRC predictions, and alternative
results obtained by Davies and Jones (1992) from two-dimensional analysis of the M, tidal

component. Table 4.9 gives a similar comparison for the S, tidal component.
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Figure 4.25 — Water surface elevation during an ebb tide in the vicinity of the Bristol
Channel, predicted by DG-ADCIRC. Contours: water elevations (m).
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Figure 4.26 — Water surface elevation during a flood tide in the vicinity of the Bristol
Channel, predicted by DG-ADCIRC. Contours: water elevations (m).
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Figure 4.27 — Locations of water level stations in the Bristol Channel used in the tidal
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surface elevation amplitude validation tests.
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Figure 4.28 — Predicted (DG-ADCIRC) and harmonically-analysed (TotalTide)

surface elevation levels at Ilfracombe, 51°13’N 4°07°W.
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Figure 4.29 — Predicted (DG-ADCIRC) and harmonically-analysed (TotalTide)
surface elevation levels at Barry, 51°23°N 3°16°W.
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Figure 4.30 — Predicted (DG-ADCIRC) and harmonically-analysed (TotalTide)
surface elevation levels at Flat Holm, 51°23°N 3°07°W.
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Figure 4.31 — Predicted (DG-ADCIRC) and harmonically-analysed (TotalTide)
surface elevation levels at Avonmouth, 51°30°N 2°44°W.

The results show that the DG-ADCIRC model provides higher estimates of the M, tidal
amplitudes at every station except Avonmouth. The reason for this discrepancy is possibly
due to the omission of wetting and drying treatment in the computation. The M, phase results
indicate that the time of high water is delayed by approximately 30 minutes. However, better
agreement is observed for the S, tidal amplitudes and phases. When the two-dimensional
models are compared, it is evident that the DG-ADCIRC model gives better results than that
presented by Davies and Jones (1992). The observed difference in amplitudes is due to the
fact that the DG-ADCIRC model uses an unstructured finite element mesh, which is more

suitable to represent complex coastlines, with a higher resolution in the Bristol Channel

region.
Observed Model Predictions
Stations (Admiralty Charts) (DG-ADCIRC) (Davies and Jones, 1992)
H, (cm) @n (°) H, (cm) @n (°) H, (cm) @n (°)
Ilfracombe 304 162 325 178 N/A N/A
Barry 382 185 396 202 333 205
Flat Holm 390 190 402 204 N/A N/A
Avonmouth 422 201 411 206 294 254

Table 4.8 Predicted and observed values of M, amplitude H,, (cm) and ¢, (°).

113




CHAPTER 4.VALIDATED TIDAL MODEL OF ANGLESEY AND THE
BRISTOL CHANNEL, U.K.

Observed Model Predictions
Stations (Admiralty Charts) (DG-ADCIRC) (Davies and Jones, 1992)
H, (cm) @n (°) H, (cm) @n (°) H, (cm) @n (°)
Ilfracombe 110 209 103 221 N/A N/A
Barry 137 240 126 246 106 255
Flat Holm 135 246 131 248 N/A N/A
Avonmouth 151 260 124 265 86 310

Table 4.9 Predicted and observed values of S, amplitude H, (cm) and ¢, (°).

Tidal Currents

Model validation for the tidal current velocities in the Bristol Channel is undertaken by
comparison against two sets of data: interpolated current predictions from TotalTide; and
observed currents from BODC. Figure 4.32 illustrates the locations of the current stations,

relating to TotalTide and BODC, used in the present validation study.
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Figure 4.32 — Locations of stations in the Bristol Channel used in the tidal current
validation tests: TotalTide predictions (TT3: Flat Holm and TT4: Bristol Channel
stations) and observations from BODC (BODC?2 station).

Figure 4.33 and Figure 4.34 provide plots of predicted and harmonically-analysed hourly
current components in the north-south and east-west directions, starting from 2™ January
2012 for a period of 11.5 days. The results exhibit an encouraging level of agreement in terms

of phase at both stations (Foundation for water, 1993). However, the current velocity

114




CHAPTER 4.VALIDATED TIDAL MODEL OF ANGLESEY AND THE
BRISTOL CHANNEL, U.K.

components predicted by DG-ADCIRC have lower magnitudes than those from TotalTide at
the Flat Holm station (TT3) in both north-south and east-west directions. At the middle of the
Bristol Channel (station TT4), the north-south current component predicted by DG-ADCIRC
has a lower magnitude than that from TotalTide, whereas the east-west current component has
a larger magnitude. In Figure 4.34, Total Tide analysis shows reoccurring sharp spikes at the
north-south direction. These observed spikes may be related to a tidal bore occurring in the
vicinity of the TT4 station. The discrepancies regarding the magnitude of the current
components could be explained by the lack of wetting and drying treatment in the DG-
ADCIRC model.

Section 4.5 discusses a modified version of the present model that includes wetting and
drying treatment in the computation to represent the hydrodynamic response of the region

more accurately.
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Figure 4.33 — Predicted (DG-ADCIRC) and harmonically-analysed (TotalTide) time
histories of current components at Flat Holm Station (TT3), 51°23.23’N 3°04.98’W.
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Figure 4.34 — Predicted (DG-ADCIRC) and harmonically-analysed (TotalTide) time
histories of current components at the middle of the Bristol Channel (TT4),
51°19.33°N 3°32.38°W.

Table 4.10 lists the results of a harmonic analysis comparison between the major semi-
diurnal tidal components predicted by DG-ADCIRC and TotalTide. The two-dimensional
depth averaged hydrodynamic model (DG-ADCIRC) predicts lower current velocity
amplitudes in the vicinity of Flat Holm station. It should be noted that depth-averaged models
are not capable of capturing the large eddy formations around islands (Stansby, 2006).
Relatively poor agreement is expected between the DG-ADCIRC and TotalTide predictions at
locations in the vicinity of islands where eddy shedding occurs. The second station is situated
in the middle of the Bristol Channel (51°19.33’N 3°32.38’W). At this observation station, the
amplitudes of the tidal current harmonics predicted by TotalTide and DG-ADCIRC are in an

encouraging level of agreement, as shown in Table 4.10.

) Predicted (TotalTide) Predicted (DG-ADCIRC)
Station
Mz Sz Mz SZ
Flat Holm 1.50 0.46 0.85 0.30
Bristol Channel 1.16 0.38 1.00 0.34

Table 4.10 Comparison of magnitudes of tidal current harmonic components (m/s).
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Considering that the Bristol Channel is a very dynamic system, in which sediment transport
plays a major role in the bed topology and thus the currents, modelling the currents with a
great accuracy is rather challenging. Further validation is undertaken against the field
measurements obtained from the British Oceanographic Data Centre (BODC). At the majority
of the available stations, the current data have been measured very close to the seabed making
it impossible to extrapolate to obtain an accurate estimate of the depth-averaged velocity.
There are a number of observation stations where the data recording has been undertaken
closer to the water surface, but the duration of the recordings is not long enough for a
reasonable comparison. Among these stations, the station located in the middle of the Bristol
Channel is chosen for validation purposes (see Figure 4.32 station BODC2). The current
measurements are recorded at 10 min intervals, starting on 6™ June 1975 and lasting 13 days.
The water depth in the vicinity of the station is 59 m and the current meter had been placed 36
m above the seabed.

Figure 4.35, Figure 4.36 and Figure 4.37 illustrate comparisons between observed data and
model predictions over a period lasting 100 hours. Harmonic analysis (Pawlowicz et al.,
2002) has been undertaken on the predicted currents to estimate the tides occurring within the
time period of the observations. It should be noted that the field data used in this cross-
comparison exercise were measured more than 30 years ago at a site known to be a
dynamically complex site, in which the flow characteristics change rather rapidly (Roger
Falconer, personal communication). Additionally, the model resolution is relatively coarse
(~200 m at finest), the model is not capable of capturing the physics as accurately as possible
in the Bristol Channel site. It is thus expected that the model results would be in error with the
observations.

The cross-comparison of the model predictions with the observed data shows a minor phase
difference between the two datasets in both east-west and north-south directions. In terms of
tidal current components, satisfactory agreement is obtained in the north-south direction,
whereas the model over-predicts the east-west current component. As the measured data were
sampled closer to the seabed, small discrepancies could occur in terms of the magnitude of the
currents. Predicted and observed current directions are shown in Figure 4.38. The convention

used in the plot is that zero degrees corresponds to the eastward direction, and the angle is
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positive in the anti-clockwise direction. Figure 4.38 suggests that the general pattern of the
current directions is well reproduced by the model, although there is a 3-hour phase difference
between the predicted and observed directions. The reason for this discrepancy is presently
unclear. One possible explanation relates to the altered coastline datum. There is no wetting
and drying treatment in the analysis; instead, the coastline in the region is interpolated with a
mean sea level of 6 m. Thus the phases of the incoming and reflected waves are expected to
be in error. The model also excludes the River Severn, where the model boundaries are
truncated at mean sea level in the Severn Estuary site. Bearing in mind that the
hydrodynamics at the Bristol Channel site changes rapidly due to the sediment transport and
riverine flows, the modelled current magnitudes are phases are expected to be in error with

the observation data.
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Figure 4.35 — Predicted (DG-ADCIRC) and observed (BODC) time histories of tidal
current component in the north-south direction at 51°19.8°’N 04°51.6’W.
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The Bristol Channel — East/West BODC
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Figure 4.36 — Predicted (DG-ADCIRC) and observed (BODC) time histories of tidal
current component in the east-west direction at 51°19.8’N 04°51.6W.
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Figure 4.37 — Predicted (DG-ADCIRC) and observed (BODC) time histories of tidal

current magnitude at 51°19.8’N 04°51.6W.
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—— BODC
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Figure 4.38 — Predicted (DG-ADCIRC) and observed (BODC) time histories of tidal
current direction at 51°19.8°N 04°51.6W.

4.4. Discussion

A calibrated model of the M, and S tidal flows in the south-west coasts of the UK has been
presented, focusing particularly on the Bristol Channel and Anglesey regions. The model
extends outward to the continental shelf, and is forced with appropriate tidal elevations.
Comparisons with independent data sources demonstrate that the overall model achieves a
satisfactory level of agreement with the pattern of tidal elevations throughout the region
analysed. Detailed comparisons with individual stations demonstrate discrepancies at a
reasonable bound of error.

Comparisons with current measurements are intrinsically more difficult because of
uncertainties attaching to the observations. To validate the currents predicted by the model,
two sets of data are used. The first dataset consists of the model predictions from TotalTide
software. At both sites considered, the DG-ADCIRC model results show an encouraging level
of agreement with the TotalTide predictions. However, less agreement is observed when the
DG-ADCIRC results are compared against the BODC current measurements. It should be

acknowledged that the BODC field measurements used to validate the model are more than
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30 years old for both Anglesey and Bristol Channel sites. The model results are slightly better
at the Anglesey Skerries site than the Bristol Channel site. It is believed that this difference is
mainly due to the rocky bed topography at the Anglesey site, which is less sensitive to
sediment transport. However, the Bristol Channel site has long sandy coastlines, which are
very susceptible to the tidal movements, riverine flows, storms and thus the sediment
transport. The Channel is hence a very dynamic system, where the currents are significantly
affected by the aforementioned mechanisms. In terms of modelling accuracy, the model mesh
has a relatively coarse resolution, which does not capture fine details in the Bristol Channel.
The model boundaries do not include the River Severn at the upstream of the Bristol Channel
area. This in turn affects the level of accuracy of the model results. It is possible to use a
nested grid to resolve the coastlines much finer to increase the level of accuracy especially in
the Bristol Channel site, however this is beyond the scope of this thesis. Differences are
especially apparent in the detailed responses when considering the north-south and east-west
current components separately. Bearing in mind the limitations of depth-averaged models,
rather poor representation of currents is expected in regions where large-scale three-
dimensional eddying flow structures occur.

The shortcomings of the present model are thought to relate primarily to two aspects:

* use of a single overall bed friction coefficient, and
* omission of wetting and drying from the analysis.

One of the main objectives of the research undertaken for this DPhil is to understand the
far-field effects of extracting energy from tidal streams. Thus, it is important to construct a
model that represents the physics of the model area as accurately as possible. For this reason,
the model presented herein is modified to include the inter-tidal zones and calibrated in order

to achieve closer agreement with the observed tides.

4.5. Improved Model Including Moving Boundary Fronts
The numerical model used in this section is a modified version of the DG-ADCIRC model
presented in Section 4.2, which includes the inter-tidal zones around the Bristol Channel (see

Figure 4.39), and uses a wetting and drying treatment in the computation (Bunya et al., 2009).
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Figure 4.39 — Comparison between the parts of the computational mesh that focus on
the Bristol Channel region, where the inter-tidal zones are included. The structural
mesh embedded in the domain represents regions where tidal arrays will be inserted
later.

Including the inter-tidal zones requires a finer mesh resolution in the vicinity of the wetting
and drying fronts. The DG-ADCIRC-WD model consists a total of 28922 nodes and 55570
elements. The simulations are set up using the same model parameters used in the DG-
ADCIRC model. This model also uses first-order piecewise linear elements. The numerical
flux selected for the computations is the HLLC flux, introduced in Section 2.6.1. Second-

order, two-stage Runge-Kutta time discretisation is used in accordance with the linear
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elements used in the model. The DG-ADCIRC-WD model is also run on the ARC-HAL
supercomputer (see Section 4.2.3). In order to compare the computational run-times, a parallel
performance test is conducted as explained in Section 4.2.3. The parallel performance test for
DG-ADCIRC-WD model considers a simulation period of 4 days. Table 4.11 presents a
summary of the simulation run times and memory requirements for DG-ADCIRC-WD model
on ARC-HAL system. The efficiency in computational run-times by increasing the number of

CPU s is also included in the table.

CPU (}ﬁ:“mnigg’:c) M?ﬁ;‘)’ry Vm“a(lkl\lf)emory Efficiency
56:28:18 117189 179828 1 (by definition)
4 16:06:14 11820 38368 0.88
16 03:59:09 14708 62300 0.89
32 01:46:53 14724 61428 0.99

Table 4.11 Comparison between the run-times, memory and virtual memory required to run
the DG-ADCIRC-WD model (using a wetting and drying treatment) on single processor and
parallel platform on ARC-HAL supercomputer system.

It is intended to evaluate if the run-times are significantly affected due to inclusion of the
wetting and drying algorithm. Bearing in mind that the DG-ADCIRC-WD model consists
almost double the amount of elements to that of the DG-ADCIRC model, a straightforward
comparison between the run-times reported in Table 4.3 and Table 4.11 is not possible. In
this respect an additional test is studied using the U4 model with the properties shown in
Table 4.1. The U4 model consists of 30994 nodes and 59799 elements, in which the model
domain does not include the inter-tidal zones and thus no wetting and drying treatment is
applied in the computation. The U4 model is run on 16 processors for a simulation period of 4
days, which includes one-day of ramping period. Table 4.12 presents the model information
(i.e. node and element numbers) as well as the reported run-times and memory requirements
for DG-ADCIRC-WD and U4 models. From the table, it is seen that for 16 processors, the
model without wetting and drying treatment (U4) is run slightly longer (~34 minutes) than the
model using the wetting and drying in the computation. This observed difference is mainly
due to the larger elemental numbers (approximately 4000 more elements) present in the U4
model. From the table, it is also possible to deduce that including the wetting and drying
algorithm in the computation does not significantly affect the computational run-times.
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. Virtual
Model Node Element CPU Run.-tlme Memory Memory
number number (hr:min:sec) (kb) (kb)
DG-
ADCIRC- 28922 55570 16 03:59:09 14708 62300
WD
U4 30994 59799 16 04:33:00 15836 65284

Table 4.12 Comparison of run-times and memory requirements between DG-ADCIRC-WD
and U4 models to evaluate the influence of including wetting and drying treatment in the
computations.

In calibrating the DG-ADCIRC-WD model (not shown explicitly here), the model is run for
an entire spring-neap tide using 16 processors, in which the best fit to field observations after
harmonic analysis is obtained by setting ¢, = 0.0025. Including wetting and drying treatment
in the model permits a smaller bed friction coefficient to be applied in the model, as energy is
dissipated at the wet/dry fronts as well. The wetting and drying treatment used in DG-
ADCIRC-WD is based on a thin-layer technique applied on a fixed mesh (Bunya ef al., 2009).
The technique adopted in DG-ADCIRC-WD ensures local mass conservation at each element
by checking the surface elevations at the end of each Runge-Kutta time stage. The model is
run for a complete spring-neap cycle. The following subsections discuss the validation of the
model focusing on Anglesey and the Bristol Channel. Model results are compared against

field observations obtained from different resources.

4.5.1. Anglesey

The inter-tidal zones along the Cumbrian and Lancashire coasts are interpolated using
survey data at a spatial resolution of approximately 30 m in order to correctly model the
reflected waves directed towards the eastern Irish Sea. The local mesh size varies from 200 m
close to the Anglesey Headland to over 1500 m within the Irish Sea. The modified model is
used in the power analysis that is described in the following chapters. Thus, the mesh includes
some areas of structured mesh that are embedded in the unstructured model domain. Figure
4.40 shows a portion of the mesh fitted to the eastern Irish Sea. A wetting and drying
algorithm is used to model the moving shoreline in the inter-tidal zones (Bunya et al., 2009;

Ern et al., 2008).
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Figure 4.40 — A portion of the two-dimensional unstructured triangular mesh,
focusing on the Irish Sea in the region of the Cumbrian and Lancashire coasts.

The model was run for a complete spring-neap cycle, and the results compared against tidal
current velocity observations provided by the British Oceanography Data Centre and tidal
water levels obtained from Admiralty Charts.

Water Levels

In terms of water surface elevation, model validation was undertaken against observed data
obtained from the Admiralty Tide Tables for M, (Table 4.13) and S, (Table 4.14) constituents
(Admiralty Charts, 2006). The model results are in very close agreement with the
observations for both amplitudes and phases. The tidal harmonic amplitudes agree to within
5% and the small phase differences suggest that the model predicts the time of high water

correct to within eight minutes for M, and 12 minutes for S, tides.
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) ) Observations Predictions (No WD) | Predictions (with WD)
Location | Coordinates S S S
H, (m) (Pn( ) H, (m) §0n( ) H, (1’1’1) §0n( )

°19°N

Holyhead 53719 1.81 292 1.66 289 1.80 292
04° 37°W
°© 25N

Cemaes | 33725 2.13 307 1.90 303 2.12 304
Bay 04° 27°W

Amlweh | > PN 2.30 305 1.98 306 2.26 307
04° 20°W
°©20°N

Moelfre | > 20 2.47 308 ; ; 2.42 311
04° 14°W

Trywn >3 19N 2.47 310 ; ; 2.49 312
Dinmor 04° 03°W
°16’N

Beaumaris 53716 2.57 312 - - 2.51 313
04° 05°W

Port 53° 12'N 1.50 278 ] ] 1.57 277
Trecastell 04° 30°W
(o] 3N

Trearddur | 53716 1.56 280 ; ; 1.61 280
Bay 04° 37°W

Table 4.13 Tidal harmonic analysis comparisons for M, constituent: water surface elevation
amplitudes H, (m) and phase lags ¢, (°). The observations are compared against models: 1)
without wetting and drying, ii) with wetting and drying.

) ) Observations Predictions (No WD) | Predictions (with WD)
Location | Coordinates S S
Hj, (m) @n (°) H, (m) ®n (°) Hj, (m) ®@n (°)
53°19°N
. 2 Sl .
Holyhead 04° 37°W 0.59 329 0.5 333 0.59 333
Cemaes | 53°25°N 0.71 345 0.56 349 0.67 345
Bay 04°27°W
53°25°N
. 4 . 2 71
Amlwch 04° 20°W 0.75 345 0.58 35 0.7 350
Moelfre 537 20°N 0.81 348 - - 0.76 354
04° 14°W
Trywn 53°19°N
Dinmor 04° 03°W 0.80 351 - - 0.78 356
Beaumaris >3 16°N 0.82 356 - - 0.79 357
04° 05°W
Port 53°12°N
Trecastell 04° 30°W 0.50 320 - - 0.53 317
Trearddur | 3" 16N 0.54 315 - - 0.54 320
Bay 04° 37°W

Table 4.14 Tidal harmonic analysis comparisons for S, constituent; water surface elevation
amplitudes H, (m) and phase lags ¢, (°). The observations are compared against models: 1)
without wetting and drying, ii) with wetting and drying.
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Tidal Currents

The observed data are obtained from the British Oceanographic Data Centre. The
coordinates of the selected gauge are 53°17°N 4°55°W, located northwest of Holyhead (see
BODCI station illustrated in Figure 4.18). The bathymetric depth is 44 m, and the readings
were conducted 31 m above the sea floor. Figure 4.41 displays the predicted and observed
tidal velocity magnitude time histories; Figure 4.42 shows the corresponding tidal current
directions with time. Figure 4.41 displays a comparison of the observed and modelled tidal
currents at the selected gauge. The figure shows that the predicted current is slightly out of
phase with the observations, however there is a good agreement with respect to the flow
velocity magnitudes. A possible explanation for the discrepancy related to the phases might
be the uniform bed friction coefficient applied in the model. As explained previously, using a
constant bed friction coefficient in a two-dimensional depth-averaged model limits
representation of the flow dynamics accurately, especially at a headland site (Stansby, 2006).
Thus it is expected that the model results would be slightly in error with the observations.
However, the level of agreement shown here indicates that the model is capturing the

dominant tidal hydrodynamics.

1.5 T T T
—DG-ADCIRC-WD
— Observations
~ 1
E ﬁ
[}
el
2
<
&
<
=
0.5 N
0 | | | | | | | | |
50 60 70 80 90 100 110 120 130 140 150

Time (hours)

Figure 4.41 — Predicted and observed tidal current magnitude time histories at a gauge
located at 53°17°N 4°55’W, north-west of Holyhead.
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— DG-ADCIRC-WD

3501 — Observations

300 7

0 1 1 1 1 1 1 1 1 1
100 105 110 115 120 125 130 135 140 145 150
Time (hours)

Figure 4.42 — Predicted and observed tidal current direction time histories at a gauge
located at 53°17°N 4°55°W, north-west Holyhead.

Comparing Figure 4.42 with Figure 4.24 shows that the model including wetting and drying
treatment provides a closer agreement in current directions with the observations. Figure 4.42
displays a similar phase difference between the predicted and modelled tidal currents at the
observation gauge. Owen (1980) found a similar discrepancy between predicted and observed
phases, and concluded that this was due to the limitations of using a depth-averaged shallow
water model. Owen noted that the bottom current, which leads the frictional dissipation,
cannot accurately be modelled in a depth-averaged model, resulting in delayed currents

(indicated by the current phases).

4.5.2. Bristol Channel
The DG-ADCIRC-WD model includes the inter-tidal zones around the Bristol Channel (see

Figure 4.39). The local mesh size varies from 200 m close to the Flat Holm and Steep Holm
islands to over 700 m around the vicinity of the eastern Celtic Sea. The validation study of the
Bristol Channel is similar to that of the Anglesey Skerries region, which was explained in the
previous section. The subsequent sections provide the validation studies for surface water

levels and tidal currents.
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Water Levels

Table 4.15 shows the predicted and observed amplitudes and phases of M, tides at several

stations in the Bristol Channel. The numerical model underestimates the M, phases in the

inner channel region between Ilfracombe and Avonmouth. Inclusion of wetting and drying

causes the high tides to occur approximately 10 min earlier than natural at the top of the

Channel, where the wetting and drying is dominant; however the time of high tides around the

Flat Holm and Steep Holm islands is predicted with great accuracy. The M, phases are over-

predicted for other inter-tidal zones such as the Swansea Bay area. However, the results show

that the high tides are only delayed approximately by 10 minutes.

. .. Predictions
Observations Predictions (no WD .
Location Coordinates ( ) (with WD)
H, (m) @n (°) H, (m) @n (°) H, (m) @n (°)

Avonmouth >1730°N 4.22 201 4.11 195 4.32 195
02°44°W

St-Thomas | S1"28 N )y s 194 : : 4.06 188
Head 02° 56°W

Flat Holm 1723°N 3.90 190 4.02 204 3.95 186
03°07°W
51°20°N

t Hol 3.87 186 - - 3.92 184
Steep Holm 03° 06"W
1°23’N

Barry > 3 3.82 185 3.96 202 3.79 184
03°16°W
. s 13'N

Hinkley 1713 3.80 185 ; ; 3.87 182
Point 03°08°W

Minehead SITIIN 3.59 183 - - 3.61 178
03°28°W
1°13’N

Ilfracombe > 3 3.04 162 3.25 178 2.90 166
04° 07°W
51° 37N

3.19 173 - - 3.09 176
Swansea 03° 55°W

Milford SIP 42N 2.22 173 ; ; 2.16 178
Haven 05°03°W
51°10°N

L 2.67 160 - - 2.50 165
undy 04° 39°W

Table 4.15 Tidal harmonic analysis comparisons for M, constituent; water surface elevation

amplitudes H, (m) and phase lags ¢, (°).

The predicted M, amplitudes are higher than the observed values at the inner Channel

region; however they are under-estimated at the outer Channel region (considering Swansea
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Bay as the mid-point). However, the error is within a reasonable limit (~ 5%), and thus is not
of concern with respect to model accuracy. When moving from east to west of the Channel,
the M, amplitudes increase rapidly from 2.2 m to 4.2 m. In the entrance of the Bristol Channel
the M, phase is around 150°, and it increases to 200° towards the head of the Channel. This

change indicates that high water occurs within a period of time less than 2 hours throughout

the Channel.
Location Coordinates Observations Predictions (no WD) l();eliilllc\t;;)]g)s
H, (m) @n (°) H, (m) @n (°) H, (m) @n (°)

Avonmouth g 21 jf,’ifv 1.51 260 1.24 265 1.39 274
St homas 521 52::;\; 1.44 250 . . 133 248
Flat Holm g 31 373;\; 1.35 246 1.31 248 1.36 243
Steep Holm 331: gg:\l;}] 1.37 240 - - 1.35 241
Barry g 31 1223]&1 1.37 240 1.26 246 1.31 240
Hlféll‘lliy 531 (gifv 1.42 237 - - 1.33 238
Minehead g 31 215;\; 1.24 235 - - 1.25 232
Iifracombe gi: ;73\1; 1.10 209 1.03 221 1.02 215
Swansea g 31 ;’57;\; 1.14 221 - - 1.07 226
1\14{25‘;1‘1 551 332,’\1;1] 0.81 217 - - 0.76 223
Lundy g i 313\1; 0.94 207 - - 0.87 212

Table 4.16 Tidal harmonic analysis comparisons for S, constituent; water surface elevation
amplitudes H, (m) and phase lags ¢, (°).

Table 4.16 presents the predicted and observed amplitudes and phases of S, tides at the
selected stations across the Channel. The predicted S, tidal amplitudes are in good agreement
with the observed data except at the Avonmouth and St. Thomas Head stations. These

locations are susceptible to rapid changes in water level, and locally the mesh requires higher
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resolution to capture the correct physics. However, in order to ensure that numerical solution
of the model (the area between the North Channel and the European continental shelf) was
computationally feasible, a compromise in the grid resolution has been made on the areas not
part of the parametric study. Furthermore, adding more mesh resolution to every region
subjected to the wetting and drying treatment, would mean an impracticably small time-step
owing to the CFL limitation. Thus, the resolution of the region is not modified further. The
model results indicate that the high water is delayed at the outer Channel region (from the
Celtic Sea towards Ilfracombe) by approximately 10 minutes (~5°). However, the S, phases
are under-estimated from Ilfracombe towards the head of the Channel.
Tidal Currents

DG-ADCIRC-WD model validation for the tidal current velocities in the Bristol Channel is
undertaken by comparison against two sets of data: published observation data by Owen
(1980); and observed currents from BODC, which was introduced in Section 4.3.3. Figure
4.43 illustrates the locations of the current stations, NL and SB relating to Owen (1980) and

BODC?2 relating to BODC.

521

S51.5¢

BODC2¢ ¢ NL
8

Lat(°)

50.51

501

-5.5 -5 -4.5 -4 -3.5 -3
Lon(°)
Figure 4.43 — Locations of the stations for tidal current readings. NL and SB stations

are taken from Owen (1980). BODC?2 station represents the current readings obtained
from BODC.
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Owen (1980) presents a comparison for eastward and northward components of M, tides
observed at two locations. The first of these locations is towards the north of Lundy Island
(Station NL: 51° 19°N; 4° 44’W) and the second one is at the south of the Swansea Bay
(Station SB: 51° 27°N; 3° 52.5°W). Figure 4.43 illustrates the locations of the stations (NL
and SB) and Table 4.17 compares the observed data taken from the mentioned study and the
results obtained from the present depth-averaged model for M, tidal currents. A similar
comparison is shown in Table 4.18 for S, tidal currents.

Table 4.17 and Table 4.18 show that the eastward velocity components at both stations are
in good agreement with the observations for both tidal constituents. The northward velocity
components, however, are ~50% overestimated by the model. As explained in Section 4.3.2,
the measurements were taken by recording the direction and magnitude of the currents. Thus,
even a small error in direction would cause a large error in the magnitude of the velocity
components. In this respect, the observed discrepancy may be related to small errors in the
tidal current recordings. Bearing in mind that the eastward component is approximately five
times larger than the northward, it is seen that the model estimates the dominant direction

accurately (see Table 4.19).

Observation Prediction
Tidal Tidal Tidal Tidal
Station —z /h Direction current current current current
component | component | component | component
amplitude phase amplitude phase
(m/s) ®©) (m/s) Q)
W-E 0.64 87 0.64 83
NL 0.52
S-N 0.13 126 0.20 129
W-E 0.80 93 0.87 91
SB 0.56
S-N 0.13 283 0.19 276

Table 4.17 Observed (Owen, 1980) and predicted (DG-ADCIRC-WD) M, tidal current
component magnitudes and directions in east and north directions.
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Observation Prediction
Tidal Tidal Tidal Tidal
Station —z/h Direction current current current current
component component component component
amplitude phase amplitude phase
(m/s) ®©) (m/s) ®©)
W-E 0.23 134 0.21 137
NL 0.52
S-N 0.05 178 0.08 175
W-E 0.30 146 0.28 149
SB 0.56
S-N 0.04 333 0.06 333

Table 4.18 Observed (Owen, 1980) and predicted (DG-ADCIRC-WD) S, tidal current
component magnitudes and directions in east and north directions.

M, S,
Station Observation Prediction Observation Prediction
Mag. Dir. Mag. Dir. Mag. Dir. Mag. Dir.
(m/s) (°) (m/s) (°) (m/s) (°) (m/s) (°)
NL 0.65 153 0.67 153 0.24 223 0.22 223
SB 0.81 298 0.89 291 0.30 364 0.29 365

Table 4.19 Observed (Owen, 1980) and predicted (DG-ADCIRC-WD) M, and S; tidal current
amplitude magnitudes and directions.

Table 4.19 presents a comparison between the model predictions (DG-ADCIRC-WD) and
the observations presented by Owen (1980) for the M, and S, tidal current magnitudes and
directions. Considering the current magnitudes, the DG-ADCIRC-WD model results agree
well with the observations, indicating that the model is capable of capturing the dominant
tidal hydrodynamics. The computed directions are in excellent agreement for NL station for
both tidal constituents. The predicted directions for SB station are within 2% error (~ 14 min
delay) for M, tidal currents and are less than 1% error for S, currents.

Secondary comparisons are conducted using the time-series recordings obtained from
BODC dataset (introduced in Section 4.3.3). Figure 4.44 and Figure 4.45 present the cross-
comparisons of the model results in terms of current magnitudes and directions with the
observations undertaken at BODC2 station illustrated in Figure 4.43. Figure 4.44 shows that
the predicted and observed currents are in agreement in terms of phases, however the model
slightly over-predicts the current magnitudes. When compared against the DG-ADCIRC
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model results presented in Figure 4.37, the DG-ADCIRC-WD model shows a better
agreement with the observations. Considering the current directions, Figure 4.45 shows that
the model captures the dominant current direction accurately. Comparing Figure 4.45 with
Figure 4.38 shows that using a smaller bed friction coefficient and applying the wetting and

drying treatment has significantly improved the model accuracy.

! | | | | | | _DC‘i-ADCll‘{C-WD
— Observations
0.8 7
_ A
Eoe| | VA A \ A |
fé’ 1\ \~ | ‘/“ | \ I\ |
Doal | Y | \ [ .
= | I 1) | / |/ / | | \[ |
I \ \ [ \ , ‘
02 Y V o ' \ .
0 ! ! L ! . ! ! ! !

50 60 70 80 90 100 110 120 130 140 150
Time (hours)
Figure 4.44 — Predicted and observed tidal current magnitude time histories at a gauge
(BODC2) located at 51°19.8’N 4°51.6W, north of Lundy Island.
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Figure 4.45 — Predicted and observed tidal current direction time histories at a gauge
(BODC2) located at 51°19.8’N 4°51.6W, north of Lundy Island.
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4.6. Discussion

A modified version of the calibrated model has been constructed, which includes the inter-
tidal zones around the Bristol Channel and Anglesey regions. The model has been calibrated
using different bed friction coefficients, and the model results are presented by using the best-
fit data when compared to the observations. The DG-ADCIRC-WD model is capable of
producing the physics observed in the Bristol Channel more accurately due to inclusion of
wetting and drying in the computation. The model is next used to analyse the resource
assessment in the south-west UK coasts. Some structured mesh is embedded within the
numerical model in order to include a line sink of momentum to represent the effect of tidal
array deployments in the regions. The following chapters describe the assessment of available

tidal power at selected sites off the Anglesey Skerries and in the Bristol Channel.

4.7. Conclusions

The chapter presents the construction of a two-dimensional unstructured finite element
model of the south-west coasts of the UK. Initially, the inter-tidal zones in the region were not
included in the model. The objective was to develop the best possible model without using
complex modelling techniques such as the wetting and drying treatment. A grid-convergence
test has been conducted to evaluate the sensitivity of the results to the grid refinement. The
grid convergence study showed that even the coarsest grid (U1) provides a good agreement
with the reference values obtained from the finest grid (U5). The maximum error computed
for the predicted M, elevation amplitudes within the domain does not exceed 4%. Considering
the time required to run the models, U2 grid has been chosen as the optimal grid, which is
used to conduct a calibration test to evaluate the optimal bed friction coefficient. A set of bed
friction coefficients is used in the calibration tests and the best fit was achieved by setting
¢, = 0.0050.The calibrated model (U2) is then validated against observation datasets obtained
from various sources (e.g. Admiralty Charts, 2006 and BODC, 2011). The validation tests
involve the water levels and currents at specific stations off the Anglesey headland and the
Bristol Channel. Comparisons with independent data sources demonstrate that the overall
model achieves a very good prediction of the pattern of tidal elevations throughout the region
analysed. However, less agreement is observed for individual stations due to several

shortcomings of the numerical model. These shortcomings are mainly related to the high bed
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friction coefficient applied in the model, which affects the tidal current magnitudes and
phases, and the lack of inter-tidal zones within the coastal domain. In order to evaluate the
importance of wetting and drying in the computation, the DG-ADCIRC model has been
modified to include the inter-tidal zones. The altered model, DG-ADCIRC-WD, is found
capable of producing the tidal dynamics observed in the Bristol Channel more accurately. It is
also observed that inclusion of the wetting and drying treatment in the computations
ultimately enabled using a lower bed friction coefficient (c, = 0.0025), which increased the

level of agreement obtained in modelling the dominant semi-diurnal tidal currents.
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Chapter 5

Tidal Stream Farm Deployment - I: Anglesey Skerries

This chapter aims to evaluate realistic estimates for the tidal stream power resource of the
Anglesey Skerries. This is accomplished by considering the time-averaged available power
extracted by the conceptual turbine arrays. The available power is defined as the usable
energy, which is a fraction of the total power removed from the tidal stream (see Chapter 3).
In the numerical model, the tidal turbines are represented by linear momentum actuator disk
theory, which only accounts for the wake mixing losses and not for mechanical or electrical
energy losses (Adcock et al., 2013). Thus, the available power is overestimated in the model
for similar flow conditions.

A validated depth-averaged model is used to estimate the extractable and available power
from the site (see Chapter 4). The turbine properties are manually altered for different test
cases studied in this chapter.

The methodology adopted in this chapter is applied in the following chapters to assess
power potential of the Bristol Channel and a combination of several tidal farms operating
simultaneously at Anglesey and Bristol Channel sites.

Section 5.1 summarises the tidal hydrodynamics observed in the Irish Sea. Section 5.2
presents the methodology adopted to calculate the maximum available power that is averaged
over a tidal cycle. Section 5.3 and 5.4 present the results of the parametric study conducted to
evaluate the maximum power available to the turbines and to assess the change in the local
flow field in presence of the arrays, respectively. Section 5.5 presents the conclusions for this

chapter.

5.1. Tidal Dynamics of the Irish Sea

The coastal features (i.e. dimensions) of a basin can have significant effects on regional
tidal dynamics (Pugh, 1987). In a previous study, Howarth (1984) explains why a small

enclosed sea such as the Irish Sea, does not respond directly to the astronomical forces. The
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Irish Sea comprises the area from St. David’s Head in the south to the North Channel in the
north. In the Irish Sea, naturally occurring tidal motions are mainly driven by the interaction
between two series of tidal waves entering from these regions. At the southern end, tidal
waves originating from the Atlantic Ocean propagate into the Irish Sea through the Celtic Sea
and St. George’s Channel (Howarth, 1984). The other waves enter the system from the north
through the Malin Shelf Sea and the North Channel. Standing waves form as a consequence
of these two tidal waves meeting in the vicinity of the Isle of Man, which are reflected off of
the Lancashire and Cumbrian coasts. Based on the observed tidal elevations, it appears that
due to this standing wave formation the high water is occurring at the eastern Irish Sea almost
simultaneously (Howarth, 1984; Pugh, 1981).

Two amphidromic systems form due to the reflection of the tidal waves. One is between
Ireland and the Scottish island of Islay, and the other is towards the coast of Courtown,
Ireland (Robinson, 1979; Pugh, 1981; Pugh, 1987). According to Pugh (1987), the latter is a
degenerate amphidrome because of the energy dissipation across the eastern Irish Sea and St.
George’s Channel resulting in a much weaker reflected tidal wave than the ingoing wave.
Consequently, as the reflected tidal wave is weaker than the incoming wave, the location
amphidrome is shifted towards to the left of the incoming wave direction; in this case the
eastern Ireland coast (Pugh, 1987). The other factor that affects the observed tidal ranges
across the Irish Sea is the Coriolis force. Under the influence of the Coriolis force, tidal waves
incoming from the south are directed towards the eastern Irish Sea, enhancing the water levels
observed in the English/Welsh coasts (Howarth, 1984). In order to verify this conclusion by
Howarth (1984), the DG-ADCIRC-WD model has been run without including the Coriolis
force in the solution. The model results show that the M, degenerate amphidromic system that
would normally occur off of the eastern Irish coasts cannot be formed without including the
Coriolis force in the computation. It should also be noted that the model without the Coriolis
force requires a larger bed friction coefficient (¢, = 0.0050) applied in the model to obtain a
stable solution. The M, elevations across the eastern Irish Sea are underestimated by
approximately 20 cm, whereas the elevations in the vicinity of the degenerate amphidrome are

significantly overestimated.
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Considering the currents, the standing wave system affects the structure of the naturally
occurring tidal currents in the Irish Sea. Pugh (1987) reports that in such a system, the
currents are predominantly rectilinear and the maximum currents occur near the nodes or the
amphidromic points, as seen at the southern entrance to the Irish Sea. The amplitudes of the
strong tidal currents in the Irish Sea reach up to 2 m/s (Howarth, 1984). More specifically,
there are several regions where fast currents occur, such as western St. George’s Channel,
north of Anglesey, north of the Isle of Man and the North Channel (Howarth, 1984). Among
these sites, the currents around the Anglesey are also strongly influenced by the Anglesey
headland. In the vicinity of the Isle of Man, where the standing wave has an antinode, the
minimum currents (0.15 < u < 0.5 m/s) occur.

The DG-ADCIRC-WD numerical model constructed to model the tides in the Irish Sea is
explained in Chapter 4. The model mesh (see Figure 5.1) includes the inter-tidal zones along
the Cumbrian and Lancashire coasts to model accurately the reflected waves directed towards
the eastern Irish Sea. The mesh is unstructured except in the region where rows of tidal
turbines are to be deployed. Within this area a structured mesh of elements is embedded. The

local mesh size is 200 m close to the Anglesey Headland.
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Figure 5.1 — Computational mesh of the Irish Sea — Welsh coastline.
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A comparison of the required computational resources and simulation run-times of the
models with and without the LMADT calculations is undertaken. In this respect, a parallel
performance test, similar to the previous tests, using 16 CPUs located on the ARC-HAL
supercomputer system is conducted. The test case using the modified DG-ADCIRC code,
which incorporates a line sink of momentum approach to represent the effect of tidal turbine
arrays, is set up for the ASA array configuration shown in Figure 5.6. Table 5.1 summarises
the memory requirements per core and the computational run-times for a 4-day test run using
only the M; tidal constituent. From the table, it is seen that the inclusion of the LMADT sub-

grid model results in an insignificant change in the run-times.

Code Run-time (hr:min:sec) Memory (kb) Virtual Memory (kb)
(n(?iﬁgn 03:59:09 14708 62300
(wilt\ﬁﬁ/f[iz%n 04:03:14 6212 51936

Table 5.1 Comparison of run-times and memory requirements between original DG-ADCIRC
code with the modified DG-ADCIRC code. The modified DG-ADCIRC code includes a sub-
grid model based on LMADT analysis to represent the effect of tidal turbines in the flow
domain. The comparison considers running the codes using 16 CPUs on the ARC-HAL
system.

The following section introduces the methodology adopted to calculate the maximum

available power that can be extracted for a specific array configuration.

5.2. Available Power Analysis

This section describes the methodology used to calculate the maximum average power
output over a prescribed simulation period. As the M, tidal constituent represents the average
tidal regime observed in the Irish Sea (Uncles, 1983), the DG-ADCIRC-WD model is forced
by only the M, tidal forcing. Using only the M, tides allows running the simulations for
shorter time periods, which in turn enables shorter computational run-times. The methodology
explained herein is applied for power estimates throughout the remainder of the thesis.

The effect of turbine devices on the local flow field is represented by means of a line sink
of momentum in a discontinuous Galerkin hydrodynamic model (following Draper, 2011, and

explained in Chapter 3). The thrust applied to the flow is calculated using linear momentum

140




CHAPTER S5.TIDAL STREAM FARM DEPLOYMENT - I. ANGLESEY
SKERRIES

actuator disk theory (LMADT) in which the turbine characteristics (i.e. turbine operating
conditions) are defined by local blockage ratio (B), and wake velocity coefficient (e,) for
prescribed flow conditions (upstream Fr number). For an actual tidal turbine, the thrust
applied to the flow is often computed in terms of the local flow velocity. This parameter is
defined as the local thrust coefficient Cr;, which is computed by equation 5.1 (Houlsby et al.,
2008),

Cro=—7 5.1

where Cr is the thrust coefficient and a, is the turbine velocity coefficient. The optimal
conditions for a wind turbine using the standard Betz derivation, gives Cy to be 2. For tidal
turbines, Cy; could potentially reach up to 6-8, however it is physically impractical to design a
turbine which can exceed this limit (Houlsby, personal communication). It should be noted
that the parametric study conducted herein considers very high local Cr values (C;, > 8) as
well as the physically admissible values as it is intended to assess the power potential of a
chosen site. Figure 5.2 plots the local thrust coefficients (Crz) against various wake velocity
coefficients that are used in the parametric study for a typical spring tide (v = 2 m/s) at a site
with an average bathymetric depth of 40 m (ASA2 array in Figure 5.6).

Figure 5.2 shows that for low blockage case (B =0.1) the optimum wake velocity
coefficient approaches to the Lanchester-Betz limit (a, = 1/3) to obtain maximum Cz;, and
hence maximum available power. However, when using a high blockage ratio (B = 0.5), the

feasible maximum Cry is obtained for 0.5 < a, < 0.6.
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Figure 5.2 — Computed local thrust coefficients against wake velocity coefficients (a,)
for various blockage ratios. The upstream Fr number is 0.10.

Application of LMADT to the solution enables computation of the time series of power
available to the turbines and the total power removed from the stream. As explained by
Vennell (2011), there is an optimum wake velocity coefficient, ¢, that maximizes the
available power. This value is dependent on the turbine arrangement as well as the coastal
features near the area of interest. The optimum value may also vary through the spring-neap
cycle owing to the fact that the dynamic balance may change in the area (Adcock et al., 2013;
Adcock and Draper, 2014). However, in the present analysis, the wake velocity coefficient is
taken to be constant throughout the cycle, in which case the calculated available power values
are slightly less than the maximum that would be determined if a variable wake velocity
coefficient were utilised. A range of wake velocity coefficients is examined in order to
evaluate the optimum ¢, value for which to compute the maximum available power. For
instance, Figure 5.3 presents the raw power data obtained from a particular test case (ASA2
array in Figure 5.6) for a simulation period of 3 days. The figure shows the raw data that
accounts for the power available to the turbine arrays (P,) and the total power that is extracted
from the stream (P.). In this example, the time series of the power outputs is generated for an
array (i.e. ASA2) that is defined by a blockage ratio (B) of 0.5 and a wake velocity coefficient
(a,) of 0.35. Averaging the obtained available power over the simulation time (i.e. 3 days) and

repeating the same procedure for different predefined «, for a fixed B, it is possible to
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evaluate the optimum wake velocity coefficient. The analysis conducted herein considers a set

of four different wake velocity coefficients (e, = 0.35,0.40,0.50, and 0.70), which allows a

cubic spline interpolation to determine the optimum «, value (see Figure 5.4).
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Figure 5.3 — Raw data time series indicating the power extracted (P.) from the tidal
stream and power available (P,) to the turbines for B = 0.5 and a4 = 0.35 for a parallel

array configuration (ASA2).
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The optimal «, is computed by differentiating the cubic that corresponds to the maximum
available power output. Throughout the rest of this chapter (and the following chapters), the
results are presented for optimum wake velocity coefficients, «, — i.e. when the available
power is maximized.

The parametric study presented herein is undertaken to examine the effects of location and
connectivity of the arrays for specified local blockage ratio and wake velocity coefficients on
the available power. Chapter 6 presents a similar analysis, which has been conducted for the
Bristol Channel.

5.3. Parametric Study: Deployment of Tidal Stream Devices in the
Anglesey Skerries

5.3.1. Location

The naturally occurring flow around a headland with realistic bathymetry is highly
complex, and so the optimum location to install an array of tidal devices is not obvious.
Although undisturbed kinetic energy flux method is found insufficient of providing accurate
estimates on available power at a chosen site, the method is a good indicator of determining
the best position to deploy tidal turbine arrays (Draper et al., 2013). In this respect, a snapshot
of the naturally occurring flood tide in the vicinity of the Anglesey Skerries is plotted in
Figure 5.5. The average flow velocity observed in the offshore of the Skerries is 2.1 m/s.
Figure 5.6 indicates several trial locations for tidal turbine deployments offshore of the
Skerries. The area selected for the analysis is based on two factors. First, the naturally
occurring kinetic energy flux is relatively higher than at other regions around the Anglesey

headland. Second, the bathymetry of the area is favourable for tidal farm deployment.
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Figure 5.5 — Natural velocity flow field during a flood tide occurring around the
Anglesey Skerries. The arrow indicates the flow direction.
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Figure 5.6 — Selected locations of tidal turbine arrays extending towards NE of the

Anglesey Skerries.

The nomenclature for array configurations is based on the placement of the arrays in the
SW-NE direction (ASA being the furthest SW and ASD the furthest NE) and how far the

arrays are located away from the Anglesey coastline. Arrays that are further offshore are
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labelled as Region 1, and those closer to the Skerries as Region 2. Each array has a total
length of 4.5 km and is placed approximately 1 km apart from the next array. The arrays are
located in regions with varying depths. The model mesh is discretisation is 200 m at finest in
the area of the turbine arrays (the structural mesh), which is relatively coarse to capture by-
pass flow mixing with the array wake. However, the power calculations are conducted within
LMADT sub-grid solution that accounts for the local upstream flow velocity, the power
calculations are not significantly affected by this scale of mixing. It should also be noted that

resolving the array scale mixing is beyond the scope of this project.

Array Blo(c;l’()age Optimum a4 Payailable Pextracted fvgz&lfjetragz; A
(MW) (MW) (kW/m?)

0.1 0.35 12.7 20.5 0.509

ASA1 0.3 0.37 54.7 97.7 0.731 55.4
0.5 0.46 1243 2113 0.997
0.1 0.35 11.3 18.1 0.436

ASB1 0.3 0.37 48.6 87.4 0.626 57.5
0.5 0.45 112 192.9 0.865
0.1 0.35 10.9 17.5 0.441

ASC1 0.3 0.37 46.5 83.1 0.627 54.9
0.5 0.46 106.3 181.5 0.860
0.1 0.35 10.6 17.1 0.442

ASD1 0.3 0.37 45 80.4 0.625 533
0.5 0.46 101.9 172.1 0.849
0.1 0.35 17.2 27.7 1.054

ASA2 0.3 0.39 70 122 1.430 36.3
0.5 0.50 145.3 230.1 1.781
0.1 0.35 16.6 26.8 0.976

ASB2 0.3 0.39 67.3 116.6 1.319 37.8
0.5 0.49 139.8 222.8 1.644
0.1 0.35 13.5 21.8 0.689

ASC2 0.3 0.39 57.1 99.9 0.971 43.6
0.5 0.48 124.5 202.5 1.270
0.1 0.35 12.1 19.6 0.570

ASD2 0.3 0.38 51.7 91 0.812 47.2
0.5 0.46 116 195.9 1.093

Table 5.2 - Power values obtained for individual tidal arrays using different blockage ratios at
optimum wake velocity coefficients.
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Figure 5.7 — Maximum available power as a function of blockage ratio for the arrays
located in Region 1.
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Figure 5.8 — Maximum available power as a function of blockage ratio for the arrays
located in Region 2.

From Table 5.2, it can be seen that the mean depths in Region 1 are greater than in Region
2. Hence, the arrays in Region 1 have a larger swept area of turbines compared to the turbines
located in Region 2, when working with a specified local blockage ratio. Table 5.2

summarises the maximum available power, the total power extracted and the power per swept
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areas from the sites and for different blockage ratios, obtained for the optimum wake velocity
coefficients. In the table, it is evident that arrays placed closer to the Skerries (Figure 5.8)
extract more power when compared to arrays deployed further offshore (Figure 5.7).

Despite the fact that the turbines in Region 2 have smaller swept areas, they produce
considerably more power than the turbines in Region 1. This difference can be shown by
calculating the power produced per swept area, which is a metric introduced by Adcock et al.
(2013). An example for this can be given by focusing on ASA1 and ASA2 turbine arrays. For
a high blockage test case (B = 0.5), the power per swept area for ASA1 array is 0.997 kW/m?,
whereas this value is 1.781 kW/m® in ASA2. A similar relationship is observed for other

arrays located in different regions when using fixed blockage ratios.

5.3.2. Array Connectivity

This section examines the effect of multiple array deployment on array performance.
Studies such as that of Adcock et a/ (2013) have shown that there is significant interaction
between multiple rows of arrays installed at a given site. Herein, the effect of array
connectivity on the available power is investigated. This section considers two main
configurations: series and parallel. The arrays that are connected in series refer to adding extra
rows of array downstream of the initial tidal turbine array, whereas the parallel connection
refers to extending the length of the array by adding more turbines within a turbine fence. The
analogy adapted herein considers the flow and not the geographical locations of the array
placements.

It should be noted that for the by-pass flow to fully mix with the wake flow before entering
the secondary array (in terms of series configurations), the arrays should be deployed further
apart from each other more than 1 km as studied in this section. The distance required for the
by-pass flow to fully mix with the array wake is in the order of the array width (Nishino and
Willden, 2012b). However, areas feasible for tidal turbine array deployments are rather small,
thus the arrays need to be placed fairly close to each other. This, in turn, results in an
increased amount of array thrust applied to the flow, which inevitably reduces the mass flux
entering the arrays while enhances the flow diversion at the ends of the arrays. Following the
same methodology for computing the maximum available and extracted power values as

explained previously, Table 5.3 and Table 5.4 list the results obtained from parallel (e.g.
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ASAI1+ASA2) and series (e.g. ASA2+ASB2) array deployments respectively. Both tables
consider the maximum available and extracted power values obtained for different blockage

ratios using optimum ¢, values.

Array . Blockage Optimum a4 Payaitable Pextracted Econqmic
Configuration (MW) (MW) Gain
ASA1 0.1 0.35 30.2 48.7 1.010
+ 0.3 0.38 130.8 232.5 1.049
ASA2 0.5 0.46 301.2 517 1.117
ASBI1 0.1 0.35 28.1 45.1 1.007
+ 0.3 0.37 121.8 219.7 1.051
ASB2 0.5 0.45 284.5 494.8 1.130
ASCI 0.1 0.35 24.6 39.7 1.008
+ 0.3 0.37 108.4 196.7 1.046
ASC2 0.5 0.44 260.3 461.3 1.128
ASDI1 0.1 0.35 22.9 37 1.009
+ 0.3 0.36 101.4 185.2 1.049
ASD2 0.5 0.44 2452 4343 1.125

Table 5.3 - Maximum available power estimates for parallel array configurations for various
blockage ratios.

Array . Blockage Optimum a4 Pavaitable Pextracted Econqmic
Configuration (MW) (MW) Gain
ASA2 0.1 0.35 32.4 52.3 0.959
+ 0.3 0.44 114.6 183.1 0.835
ASB2 0.5 0.58 199.1 280.2 0.698
ASA2 0.1 0.35 29.8 48.1 0.971
+ 0.3 0.42 110.4 181.7 0.869
ASC2 0.5 0.56 199.9 289 0.741
ASA2 0.1 0.35 28.7 46.2 0.980
+ 0.3 0.41 109.6 182.4 0.901
ASD2 0.5 0.54 205.6 305.7 0.787
0.1 0.36 54.2 86.2 0.912
f:?g;issBDzz 0.3 0.48 167.9 253.1 0.682
0.5 0.64 257 337.6 0.489

Table 5.4 - Maximum available power estimates for series array configurations for various
blockage ratios.

Economic gain presented in Table 5.3 and Table 5.4 corresponds to the ratio of power
extracted by a specific turbine array configuration (parallel or series) to the sum of the power
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values obtained from individual arrays concerned in isolation. For instance, considering a
series array configuration, ASA2+ASB2, using a high blockage case (B = 0.5), the economic
gain is computed by dividing 199.1 MW (see Table 5.4) to the sum of 145.3 MW and 139.8
MW (see Table 5.2). In this case, the computed economic gain for the ASA2+ASB2 series
array configuration is 0.698. The result indicates that there is approximately 30% loss in
available power when ASA2 and ASB2 arrays are deployed in series.

Interpreting the results with respect to the array combinations, it is observed that connecting
the arrays in parallel is more advantageous, especially when operating the arrays using high
blockage ratios. The power available to the turbines in parallel connection is higher than the
sum of the two arrays installed in isolation. An example can be given by focusing on the ASA
arrays using a high blockage case (B = 0.5). When the individual available power values are
summed, the total power is found to be 269.6 MW, whereas Table 5.3 shows that this is an
underestimate of the actual value. For the ASA1+ASA2 configuration, the available power is
301.2 MW. There is approximately 12% power gain above the sum of the two individual
array configurations. This percentage gain diminishes with decreasing blockage ratio because
less thrust is applied to the flow. As an example, the ASB tidal array site is considered.
Operating ASB1 and ASB2 arrays in parallel using a low blockage ratio (B = 0.1) while using
the optimum «,, the available power is computed as 28.1 MW (Table 5.3). However,
operating only ASB2 array with a blockage ratio of 0.3 delivers 67.3 MW, which is more than
twice the amount of power that can be generated by operating ASB1+ASB2 arrays in parallel
with a lower blockage ratio (B = 0.1).

For arrays connected in series, the available power is reduced significantly with increasing
blockage ratio mostly due to the high thrust applied to the flow by the turbine array that
causes the flow to divert around the edges of the array. It should also be acknowledged that
the total thrust applied to the flow by the series array configuration ultimately changes the
flow regime within the area of interest, where a reduction in the flow is observed (Vennell,
2012). This implies a reduction in the total available power (Vennell, 2012; Vogel, 2012).
Consider deploying the ASA2 and ASB2 arrays in series for B = 0.5. In this case, the sum of
individual available power outputs is 285 MW whereas the maximum available power is

computed to be 199 MW. The economic gain, explained earlier, shows that the ASA2+ASB2
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array configuration in series deliver less power than the sum of the two arrays installed in
isolation. This is another manifestation of the altered flow regime due to the high array drag
applied to the flow. Noting that the arrays are deployed at a headland site, the flow is free to
divert at the edges of the array, reducing the available energy to the turbines.

Although the flow regime is altered due to the deployment of arrays in series, it is observed
that there is an increase in the available power when they are placed further apart from each
other. In Table 5.4, the economic gain for ASA2+ASB2 array is 0.698 when using a high
blockage ratio. This value is increased to 0.741 when the distance between the two arrays is
doubled (i.e. ASA2+ASC2 array configuration). The economic gain is further increased by
5% when the distance between a two-array series configuration is at a maximum as in
ASA2+ASD?2 tidal farm. From these results, it is seen that even if there is an increment in the
total available power when the arrays are placed away from each other, there is always a
reduction in the available power extracted by the arrays deployed in series due to the
increased array drag applied to the flow.

When operating the arrays in series using a low blockage ratio, the observed gain is less
significant. Using the same array configurations, Table 5.4 presents that for a low blockage
ratio of 0.1, the economic gain for ASA2+ASB2 array is 0.959, whereas this value is 0.971
for ASA2+ASC2 array configuration. The ASA2+ASD2 arrays provide a slightly higher
economic gain, which is 0.980. It is evident that by increasing the distance between the arrays
deployed in series, an increase in power extracted by the latter array increases due to greater
mixing of the array flow with the bypass flow.

Similar to the findings from the parallel array configuration, it is observed that the
percentage gain diminishes with decreasing blockage ratio. An example to such a scenario can
be given by analysing the economic efficiencies of the ASA2+ASB2+ASC2+ASD2 series
array configuration and the ASA2 individual array. The series array setting considers all the
proposed array locations in Region 2, which constitutes a total array length of 18 km.
Operating these arrays in series with a low blockage ratio (B = 0.1) delivers 54.2 MW in total
(see Table 5.4), whereas a single array, ASA2 in this case, with an array length of 4.5 km
would provide 70 MW when operating the array using a higher blockage ratio of 0.3 (see

Table 5.2).
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Overall, it is possible to deduce that for a highly blocked flow where a large thrust is
applied, it is more advantageous to put the arrays in parallel than in series. However, for a low
blockage case, as the disturbance to the flow field is reduced; the penalty from placing
turbines in series is less severe. In general, arrays interact constructively when connected in

parallel, and destructively when deployed in series.

5.4. Effects of Tidal Turbine Arrays in the Local Flow Field

One of the main objectives of this thesis is to evaluate the change in the flow field in the
presence of tidal devices. A detailed analysis focusing on the hydrodynamic effects of
installing tidal turbine arrays is presented in Chapter 7. However, this section provides some
insight on how the local velocity flow field is affected due to the presence of the tidal arrays.

Local to the turbines, there will be a significant change to the flow field with increased flow
between turbines that mixes with the slower moving flow, which has passed through the rotor
plane downstream of the turbines (Vogel et al., 2013). This complex mixing process cannot
be modelled accurately with a depth-integrated model (Adcock et al., 2013). In the present
model, this intra-turbine mixing is accounted for in the sub-grid scale model using linear
momentum actuator disk theory (LMADT). Even though the model does not consider the
change to the flow field around an individual turbine directly, large-scale changes due to the
operation of an array of turbines can be estimated. The change in the local velocity flow field
is investigated by considering a high blockage case (B = 0.5) using the optimum wake
velocity coefficients computed for a parallel array configuration (ASA1 + ASA2) and a series
configuration (ASA2 + ASB2 + ASC2 + ASD2). For both test cases, once the arrays are
installed, the flow bypasses the arrays, mainly on the offshore side of the Skerries.

Figure 5.9 and Figure 5.10 show snapshots of the flow field in the presence of parallel and
series array configurations respectively. From the figures, it is evident that the arrays provide
additional resistance to the flow. Downstream of the arrays, the velocity magnitude decreases

significantly due to the power extraction.
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Figure 5.9 — Current velocity plot for a parallel tidal array (ASA1 + ASA2)
deployment around the Anglesey Skerries using a blockage ratio of 0.5. The arrow
indicates the flow direction.
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Figure 5.10 — Current velocity plot for a series tidal array (ASA2 + ASB2 + ASC2 +
ASD?2) deployment around the Anglesey Skerries using a blockage ratio of 0.5. The
arrow indicates the flow direction.
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Figure 5.11 and Figure 5.12 plot the difference between the natural flow field illustrated in
Figure 5.5 with the velocity flow fields when ASA1+ASA2 parallel array (see Figure 5.9) and
ASA2+ASB2+ASC2+ASD?2 series array (see Figure 5.10) are operating respectively. From
the figures, it can be seen that the flow diversion is not symmetric. The bypass flow is
enhanced significantly towards further offshore of the Irish Sea when a parallel array
configuration is deployed using a high blockage ratio (Figure 5.11). Figure 5.12 shows the
change in the local flow field due to the deployment of four rows of arrays connected in series
using a high blockage ratio. From the figure it is seen that the bypass flow towards the ocean
side is similarly more enhanced than in the Skerries region. The flow diversion indicates that
the available power is restricted with respect to the thrust applied to the flow in a partially
blocked flow regime (Draper et al., 2013).

As discussed in Section 5.3.1, the Anglesey Skerries is a headland site, in which the flow is
unbounded towards the offshore of the Irish Sea. At a headland site such as the Anglesey
Skerries, when an additional resistance to the flow is introduced, as in deploying an array of
tidal turbines, the flow is free to bypass the array by diverting towards the ocean side (see
Figure 5.9 and Figure 5.10). This behaviour inevitably results in a reduction in the mass flux
through the arrays, which ultimately limits the power available to the turbines (Vogel ef al.,
2013). The study conducted herein shows that this observed diversion is significant when
higher blockage ratios are used to define the turbine operating conditions. When the effect of
array connectivity is concerned, it is seen that increasing the thrust applied to the flow by
additional tidal arrays (i.e. arrays deployed in series) results in significantly reduced flow
velocities (see Figure 5.12). This in turn has an adverse effect on the performance of all the

turbines within the array.
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Figure 5.11 — Change in the velocity flow field with respect to the deployment of tidal
arrays ASA1 + ASA2 in the vicinity of the Skerries using a blockage ratio of 0.5.
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Figure 5.12 — Change in the velocity flow field with respect to the deployment of tidal
arrays ASA2 + ASB2 + ASC2 + ASD?2 in the vicinity of the Skerries using a blockage
ratio of 0.5.

5.5. Conclusions

The presence of turbine arrays has been included in a validated discontinuous Galerkin tidal

flow model by means of a line sink of momentum (following Draper, 2011). The associated
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momentum sink is controlled by the upstream flow condition, blockage ratio and wake
velocity coefficient. A parametric study has considered the effects of array operating
conditions, array location, and array configuration in series or in parallel for sites off the
Anglesey Skerries.

The model simulations indicate that relative to the arrays placed in Region 1, the arrays
deployed in Region 2 delivers more power (see Figure 5.6). Taking the tidal array site ASA
(see Figure 5.6) as an example, comparing the available power extracted by using only ASA1
and only ASA2 (see Table 5.2) shows that ASA2 array always delivers greater power for the
studied blockage ratios. ASA2 array provides approximately 26% more power when using a
low blockage (B = 0.1). However, this gain diminishes with increasing blockage ratio. Using a
high blockage (B = 0.5), ASA2 array provides only 14% more power than ASA1 array. This
is another manifestation of the flow diversion limiting the available power. Another result
obtained from the analysis considering the array locations, is that the turbines closer to the
Skerries is more effective in delivering power. This case can be explained by comparing the
available power extracted by the ASA2 array (closest to the Skerries) and the ASD2 array
(furthest from the Skerries). This comparison shows that ASA2 array delivers more power
than ASD2 array for all blockage ratios studied. When a low blockage is defined (B = 0.1),
the ASA2 array delivers approximately 30% more power than ASD2 array, however, this
observed gain is decreased when the blockage is increased. Considering the case when the
blockage is set to 0.5, the ASA2 array delivers 145.3 MW, which is only ~20% more than
what ASD2 array would provide. This result again shows that increasing the thrust applied to
the flow by increasing the blockage of the turbines, results in the flow to divert around the
edges of the arrays, which inevitably limits the power extracted by the turbines.

Regarding the connectivity of the arrays, for high blockage ratios, it is seen that extending
the length of an array further offshore (parallel connectivity) is more effective than placing
arrays in series. For blockage ratio 0.5 comparing the economic gain computed for parallel
arrays (Table 5.3) with the series arrays (Table 5.4) shows that there is an increase of ~13%
available power when using parallel arrays. However, there is a considerable power loss when
the arrays are connected in series. Using the economic gain parameter, it is seen that for two

rows of arrays connected in series, the available power is decreased by approximately 30%.
156



CHAPTER S5.TIDAL STREAM FARM DEPLOYMENT - I. ANGLESEY
SKERRIES

However, when four rows of arrays are deployed in series using a high blockage ratio, the
economic gain is further reduced to 0.49 indicating 51% loss in the available power. For low
blockage ratios, however, as the local flow field is less disturbed the turbines perform better,
which in turn increases the economic gain of the overall array configuration. It should also be
acknowledged that increasing the distance between two arrays allows for a greater array-scale
wake recovery, which enhances the performance of the secondary arrays.

The bypass flow is found to be greater on the offshore side than regions closer to the
Skerries. This result agrees well with the findings of an idealised headland case studied by
Draper et al. (2013). The turbine array configurations studied in this analysis block the flow
partially, which in turn increases the by-pass flow around the edges of the arrays. As the
blockage ratio increases, the amount of the by-pass flow increases due to the high thrust

applied to the flow.
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Chapter 6

Tidal Stream Farm Deployment - II: Bristol Channel

The Bristol Channel is located in the south-west coasts of the UK. The Severn Estuary is
situated at the upper reaches of the Bristol Channel, which has one of the largest tidal ranges
worldwide. At spring tides, the Severn Estuary has a peak tidal range of approximately 14 m.
For this reason, the Bristol Channel, especially the Severn Estuary, has been considered as a
possible tidal barrage site for over a century. However, constructing a barrage across the
Severn Estuary requires high capital costs and would alter the environment adversely. An
alternative way to exploit the tides in the Bristol Channel is to deploy tidal stream arrays. The
parametric study conducted herein intends to evaluate an upper bound for the tidal stream
power resource of the Bristol Channel. Due to the resonant nature of the Channel, modelling
of the region requires special attention. Thus, a two-dimensional model is constructed that
extends to the UK continental shelf including the Celtic Sea and the Irish Sea (see Chapter 4
for model details).

The present chapter includes a literature review (Section 6.1) on tidal hydrodynamics of the
Bristol Channel and presents preliminary results (see Section 6.1.2) for investigating the
response curve of the Bristol Channel for the undisturbed flow field. Section 6.2 summarises
the proposed tidal turbine schemes to exploit the tidal currents in the Bristol Channel. Section
6.3 presents the parametric study to evaluate the maximum available power that can be
extracted from the site using different turbine operating conditions, for various array locations
and configurations. The methodology used in the calculations was described in Chapter 5.
Section 6.4 explains the effect of installing turbine arrays to the local flow field. Section 6.5

presents the conclusions.

6.1. Tidal Hydrodynamics of the Bristol Channel
This section evaluates the general tidal hydrodynamics observed in the Bristol Channel and

the Celtic Sea, which connects the Channel to the Atlantic Ocean.
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A previous study focusing on the Bristol Channel emphasises that the circulation in the
Channel, as well as the Irish Sea, is mainly due to tidal movements (Uncles, 1983). The same
study indicates that semi-diurnal tides are predominant in the region, in which the principal
lunar (M) tide is representative of an average tidal cycle. The secondary tidal constituent is
the principal solar (S,) tide, which is approximately 35% of the M, tides regarding both the
elevations and currents. When the M, tidal elevations are concerned, it is observed that the M,
tides increase rapidly from 2.67 m around the Lundy Island to 4.22 m at Avonmouth (see e.g.
Table 4.12). The corresponding phases increase from 160° to 200°, indicating approximately
1.3 hours of difference in the times of the high water across the Bristol Channel. The daily
variations of the overall tidal amplitudes are caused by the K; and O, tides (Uncles, 1983).
However, these tidal constituents contribute to the overall tidal elevations by relatively small
ratios. In this respect, the parametric study conducted in this chapter only considers the M»
tides as it is the major tidal constituent in the Bristol Channel.

Considering the M, tidal movement, Bowden (1955) explains that the M, tides move
progressively from the Celtic Sea to the Irish Sea. The phase difference (Ag) between the
water levels (¢,) and the currents (¢.) indicate whether a tidal wave is progressive (A = 0),
standing (A@ =90) or a combination of both (partially progressive and partially standing)
(Pugh, 1987; Uncles, 1981). When the phase difference between the elevations and currents
(Ag) is considered, Uncles (1981) explains that in the Bristol Channel the interference of the
incoming and reflected waves results in a partially progressive wave with Ag that is close to a
standing wave. In such a partially progressive wave system, the flood tides are often faster
than ebb tides and the slack water occurs within a short period of time after high water
(Bowers and Al-Barakati, 1997).

The harmonic analysis of the M, currents is presented in Chapter 4 for model validation
purposes. Figure 6.1 plots the predicted M, semi-major axes in the Bristol Channel. From the
figure it is seen that, the M, semi-major axes line almost parallel from the Lundy Island to the
centre of the Channel. These results agree well with results presented in Uncles (1983). The
magnitude of the M, semi-major currents increases from 0.5 m/s observed at the entrance of
the Channel to approximately 1.5 m/s observed at the mid-Channel region from Minehead to

Barry. The current magnitudes are magnified near the headland sites.
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Figure 6.1 — Computed M, semi-major axes (magnitude in m/s).

An asymmetry is reported between the flood and ebb tides, which is due to the presence of
higher harmonics in the system (Uncles, 1981; Uncles, 1983). Two of the most important
quarter-diurnal tides in the Bristol Channel are reported to be the M4 and MS4 tides (Uncles,
1983). Among these, My tides are naturally included in the shallow water models by including
non-linear friction terms (Prandle, 1980).

Overall, the semi-diurnal tides observed in the Bristol Channel are one of the largest in the
world, with a mean tidal range of 12.2 m at spring tides and 6.0 m at neap tides (Neill et al.,
2009; Robinson, 1980; Heath, 1981). In the literature, there are two main mechanisms
mentioned that contribute to the large tidal ranges and fast currents observed in the Bristol
Channel and the Severn Estuary (Xia ef al., 2012). These mechanisms are the resonance of the
Channel with the incoming Atlantic tidal wave (Fong and Heaps, 1978) and the funnelling

effect due to the wedge-shaped geometry of the Channel (Taylor, 1921; Robinson, 1980).

6.1.1. Funnelling Effect
In an earlier study, Robinson (1980) explains that the wedge-shaped topography of the
Bristol Channel plays an important role in concentrating the tidal energy. In the same study, it
is indicated that the resonance of the system results in large tidal ranges, which are further

amplified by the funnelling effect at the mouth of the estuary. The funnelling effect observed
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in the Bristol Channel was first analysed by Taylor (1921). Using a simple model based on
the linear frictionless one-dimensional equations of motion, Taylor (1921) demonstrated the
tidal variation along the Bristol Channel. The Channel was characterised as a wedge-shaped
estuary with linearly varying width and depth. Robinson (1980) discusses that Taylor’s model
did not account for energy dissipation due to friction, and thus demonstrated a standing wave
where there was no net energy transport. The results obtained by Taylor’s simple wedge-
shaped model were found to satisfactorily represent the funnelling effect observed in the
Channel and to estimate the tidal elevations. However, due to the standing wave character of
the model, the phase lag and energy transport along the Channel were not included (Robinson,
1980). These are fundamentally important parameters in order to understand real tidal
dynamics observed in the region.

To estimate the available power from a particular barrage design, Robinson (1978) applied
a similar approach based on a one-dimensional frictionless analytical model, forced with
single frequency tidal oscillation in a wedge-shaped estuary. However, investigating the
actual tidal dynamics of the system was also beyond the scope of this analysis. Therefore, an
accurate representation of the naturally occurring tides in the Bristol Channel to estimate the
potential power was not established with these earlier analytical models. In this thesis, a
numerical model has been constructed, which represents the coastline and the bathymetry of
the Bristol Channel with greater accuracy, thus naturally involves the funnelling effect in the

calculations.

6.1.2. Resonance Effect

In the literature, it is acknowledged that the large tidal elevation amplitudes observed in the
upper reaches of the Bristol Channel are due to the quarter wavelength resonance of the
Channel with the North Atlantic tidal wave (Flather, 1976; Fong and Heaps, 1978; Robinson,
1980; Pugh, 1987). An indicator of this resonance is the energy that is transmitted by the
Atlantic tidal wave through the Celtic Sea into the Bristol Channel (Flather, 1976; Fong and
Heaps, 1978; Robinson, 1980). To investigate the possible resonance in the system, Fong and
Heaps (1978) first consider the amplification of the main semi-diurnal tidal constituents (K,
S,, My, N», K;) magnitudes from the Atlantic continental shelf to the Celtic Sea into the

Bristol Channel. Their results show that the magnitudes of the semi-diurnal constituents are
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increased approximately four times from the outer continental shelf to the Severn Estuary
(Avonmouth). In their study, Fong and Heaps (1978) found that the possible resonance is not
only dependent on the length of the Channel but also on the resonant period. Their results
show that the resonant period of the Bristol Channel is close to that of the semi-diurnal tidal
band (see Table 6.1). Fong and Heaps (1978) present a summary of the significant numerical
studies conducted to estimate the resonant period of the Bristol Channel/Celtic Sea system.
Table 6.1 is an extended version of the aforementioned summary. The analyses summarised in
Table 6.1 include different domain areas to estimate the resonant period of the Celtic Sea.
Fong and Heaps (1978) provides a summary of the previous studies listed in Table 6.1. In this

thesis, the important conclusions from this summary are discussed.

Areas Included

Fundamental
Model Bristol

Ocean Celtic Sea Period (hours)
Channel

(A)/(UMZ

Rectangular shelf

(Heaps, 1965) No Yes No 10.21 1.22

Shelf with sloping
bottom (Flather, No Yes No 9.82 1.26
1972)

Shelf and ocean with
rectangular step
topography (Flather,
1972)

Yes Yes No 11.87 1.05

Continental shelf:
two-dimensional,
numerical (Flather,
1976)

No Yes Yes 11.05 1.12

One-dimensional,
numerical (Fong and No Yes Yes 122 -12.6 0.98 -1.02
Heaps, 1978)

Fitted response
model to the semi-
diurnal tidal Yes Yes No 10.8 —11.1 1.12-1.15

constituents
(Heath, 1981)

Table 6.1 Estimates of the fundamental seiche period of the Celtic Sea derived from various
theoretical models (extended table taken from Fong and Heaps, 1978).

Comparing the results presented by Heaps (1965) and Flather (1972), it is seen that the
resonant period is affected by the model boundaries. Both studies are analytical models,

which consider the resonant period of the Celtic Sea. Heaps (1965) accounts for only the
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Celtic Sea and ignores the ocean and the Bristol Channel. However, Flather uses two
approximations, one of which involves just the Celtic Sea and the other both the ocean and
the Celtic Sea. The results show that the resonant period of the Celtic Sea increases and
approaches closer to the M, period when the ocean boundary is included in the analysis.

The study presented by Flather (1976) is a two-dimensional model, which includes the
Coriolis force and the bed-friction term in the governing equations. The continental shelf
boundary is set as a radiation boundary condition, which may influence the free periods and
modes of the system (Fong and Heaps, 1978). Flather (1976) estimates the resonant period of
the Celtic Sea as 11.05 hours, which is slightly less than the M, period. The one-dimensional
numerical model used by Fong and Heaps (1978) considers the Bristol Channel — Celtic Sea
area, which extends towards the European continental shelf. The model excludes the Irish Sea
and the English Channel. However, including these regions in the model is of importance as
the long-wave oscillations may influence the tidal response in the area. The numerical model
by Fong and Heaps (1978) does not include the bed friction and the Coriolis force. The one-
dimensional model results show that the resonant period of the Celtic Sea is between 12.2 —
12.6 hours, which is slightly higher than the other results presented, but still in the proximity
of the M, period.

Heath (1981) presents a fitted response model to the semi-diurnal tidal constituents to
estimate the resonant period of the Celtic Sea. The model is then used to analyse the resonant
period of the Bristol Channel relative to the tides in the Celtic Sea. The estimated Celtic Sea
resonant period is between 10.8 — 11.1 hours, which agrees well with previous estimates by
Heaps (1965), Flather (1972) and Flather (1976). Heath (1981) estimates the resonant period
of the Bristol Channel to be 7.3 — 9.0 hours.

It is important to understand the resonant behaviour of the Bristol Channel/Celtic Sea
system, as one of the main objectives of this thesis is to estimate the maximum available
power of the Bristol Channel. Considering the location of the arrays, it may be possible to
further tune in the system (i.e. bring it closer to the resonance), which might result in
extracting more energy. Thus, the two-dimensional unstructured model is employed to
investigate further the resonance of the system. The model domain includes the European

continental shelf, as well as the Irish Sea, Celtic Sea, and Bristol Channel (see Figure 6.2). A
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quadratic bed friction coefficient of 0.0025 is used in the computations. Variable Coriolis

force is also included in the solutions. The model validation is explained in Chapter 4 (see

Section 4.5).
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Figure 6.2 — Two-dimensional unstructured triangular model mesh. The model
domain includes the Irish Sea, the Celtic Sea, and the Bristol Channel.

In this study, the response curve of the Bristol Channel has been investigated by exciting
the model with a single tidal component (the M, tide), using various M, forcing frequencies
that are artificially altered. In total, 24 M, frequencies are used to force the model. The ratios
between the driving frequencies over the M, frequency (w/wy,) vary between 0 and 5.
However, the model is found to be unstable in case of decreasing the M, forcing frequency
(increasing the wavelength of the tides). The instabilities occur in the vicinity of the English
Channel entrance. When the forcing frequency is decreased, the model results show that the
incoming and reflected waves build up on the shallower regions at the entrance of the English
Channel, leading to extreme water levels. It is apparent that the waves with longer wavelength
are not capable of propagating easily across the English Channel boundary. To overcome this
problem, the model boundaries have been extended to include the English Channel to allow

the long waves to propagate towards the North Sea. At the northern boundary, the model is
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extended beyond the North Channel towards the Scottish Isles of Tiree and Coll including the

north-west coasts of the Northern Ireland (see Figure 6.3).
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Figure 6.3 — Extended model mesh, which includes the English Channel on the
eastern boundary. The northern boundary of the model is extended towards the
Scottish Isles of Tiree and Coll and includes coasts of the Northern Ireland.

To calibrate the extended model, various bed friction coefficients (cy) are used. Table 6.2
presents the comparison of the observed and computed M, tidal elevations at different stations
obtained using different bed friction values. From the table, it is seen that the model using a
bed friction coefficient, ¢, =0.0025 shows a good agreement with the observed data. At
several stations a larger bed friction coefficient (c, = 0.00375) shows better agreement with
the observations, however, a compromise in selecting the optimum bed coefficient is needed
as the whole system cannot be modelled by using a single bed friction coefficient value. Thus,
the extended model presented in this section uses ¢, = 0.0025.

A further validation is done against the M, currents. In Section 4.5.2 Tidal Currents, the
previous model results are compared against the observations presented in Owen (1980).
Similarly, the M, currents predicted by the extended model using a bed friction coefficient of
0.0025 are compared against the same dataset. The comparison of observed and calculated M,

tidal current magnitudes and phases in east and north directions are presented in Table 6.3.
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Table 6.4 provides a similar comparison between the observed and modelled M, tidal current

magnitude amplitudes and overall directions.

Amplitude (m) Phase (°)
Station
Obs. | cp(1) | cp(2) | ¢(3) | c;(4) | Obs. | c1) | cp(2) | ¢f3) | cx(4)
Milford 222 | 236 | 223 | 214 | 207 | 173 166 174 | 179 183
Haven

Swansea 3.19 3.50 3.21 3.00 2.83 173 162 174 182 188

Port Talbot | 3.13 3.52 3.23 3.02 2.84 173 162 174 182 187

Barry 3.82 4.37 3.97 3.65 3.37 185 167 183 195 203

Flat Holm 3.90 4.57 4.14 3.80 3.50 190 168 185 197 206

Steep Holm | 3.87 4.52 4.10 3.77 3.48 186 166 183 195 205

Cardiff 4.01 4.64 4.20 3.85 3.55 191 169 187 199 208

Avonmouth | 4.22 5.04 4.54 4.14 3.78 201 173 195 209 221

St. Thomas |\ o5 | 474 | 428 | 3.92 | 361 | 194 | 168 186 | 199 | 209
Head
Hinkley
Point 380 | 445 | 405 | 372 | 344 | 185 | 164 | 180 | 192 | 201

Minehead 3.59 4.05 3.73 3.47 3.25 183 161 176 187 195

Ilifracombe | 3.04 3.29 3.05 2.89 2.74 162 153 165 172 177

Appledore | 2.57 2.84 2.61 245 2.33 165 158 170 177 183

Lundy 2.67 2.76 2.59 2.47 2.37 160 153 163 169 173

Newquay 2.24 2.45 2.29 2.19 2.11 142 138 146 150 154

Table 6.2 Comparison of the observed M, tidal elevations against model results using various
bed friction coefficients; cf(l) =0.00125; cf(2) =0.0025; cf(3) =0.00375; and cf(4) =0.005.

The simulation results that are closest to the observations are highlighted in grey.
For the North Lundy station, Table 6.3 shows that the estimated M, current magnitude in
east-west direction is in excellent agreement. The north-south component is, however,

overestimated by approximately 30%. The overall M, current magnitude at NL station is
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approximately 3% in error with the observations (Table 6.4). Table 6.3 shows that the M,
current phase results show a small discrepancy (~ 7%) in the east-west direction when
compared to the observations. However, Table 6.4 shows that the current direction estimated
by the model is only 2% in error with the observations. Overall, the model predictions are in

good agreement with the observations at NL station.

Observation Model Results
. East-West North-South East-West North-South
Station
Mag. o Mag. o Mag. o Mag. o
(m/s) Phase (°) (m/s) Phase (°) (m/s) Phase (°) (m/s) Phase (°)
North
Lundy 0.64 87 0.13 126 0.64 81 0.19 126
(NL)
Swansea
Bay 0.80 93 0.13 283 0.88 90 0.18 276
(SB)

Table 6.3 Comparison of observed and calculated M, tidal current magnitudes and phases in
east and north directions.

Observation Model Results
Station
Magnitude (m/s) Direction (°) Magnitude (m/s) Direction (°)
North Lundy (NL) 0.65 153 0.67 150
Swansea Bay
(SB) 0.81 298 0.90 290

Table 6.4 Comparison of observed and calculated M, tidal current magnitude amplitudes and
overall directions.

Considering the Swansea Bay station, the extended model overestimates the M, current
magnitudes in both directions. The computed error is 10% in the east-west direction (major
direction) and approximately 40% in the north-south direction (Table 6.3). Table 6.4 shows
that when the M, current amplitude is considered, the observed current is approximately 0.81
m/s and the model estimate is 0.90 m/s. Regarding the M, current phases, the model
underestimates the phases by ~3% in both directions (see Table 6.3). Overall, the M, currents
are underestimated by ~3% indicating a 16-minute delay (see Table 6.4). After calibrating and

validating the extended model, the M, response curve is created by exciting the model with
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various forcing frequencies. The M, elevations are recorded at 26 stations along the Bristol

Channel (Figure 6.4) and at 21 stations across the entrance of the Channel (Figure 6.5).
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Figure 6.4 — The observation stations (illustrated as blue diamonds) along the Bristol
Channel.
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Figure 6.5 — The observation stations (illustrated as blue diamonds) at the entrance of
the Bristol Channel.
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The response curves of several stations taken along the Bristol Channel are plotted in
Figure 6.6. Figure 6.7 shows a similar plot, which considers three stations across the entrance
of the Channel. In Figure 6.6, it is seen that the response curves follow a similar pattern at all
the stations considered, but differ in magnitude due to the location of the observation station.
It is seen that when forcing the model with w/wy;, = 2.5, the response at the inner Channel
(stations C4 and C7) decreases as the forcing frequency increases, whereas the response of the
outer Channel (CI11, C18 and C26) increases with increasing frequency. In Figure 6.7, the
response at the entrance of the Bristol Channel is plotted. In this figure, it is seen that at the
forcing frequencies of w/wy, = 2.5 — 3 there is a slight increase in the response, which
suggests a resonance occurring in the Celtic Sea at this frequency.

Both figures show a peak in response at approximately w/wy, = 1.1 — 1.2 which indicates
the quarter-wave length resonance of the system with a period of approximately 10.3 — 11.3
hours. This result is in good agreement with the previous research conducted on estimating
the Celtic Sea resonant period. A second peak is observed in the system at w/wy, = 1.8 - 2,
which may be due to the half-wave resonance. However, when the model is excited with a
lower frequency (w/wy, = 0.6), a sudden drop occurs in the response curve. Bearing in mind
the fact that, the tidal system is highly complex, there is no certain explanation why the
response of the Bristol Channel drops at w/wy, = 0.6. One possible explanation could be
related to the quarter-wave length resonance has moved from the Bristol Channel towards the
Irish Sea at this frequency.

Overall Figure 6.6 and Figure 6.7 suggest that the response of the Bristol Channel increases
as the driving frequency increases. This result indicates that the Bristol Channel is shorter
than the quarter-wavelength in the natural case thus reducing the tidal wavelength (increasing
the forcing frequency), corresponds to greater response in the system. Considering the
response of the system using the natural forcing frequency (w/wy, = 1.0), it is seen that the
Bristol Channel response stands on the left-hand side of the response curve plotted in Figure
6.6, which suggests that the basin length of the Bristol Channel is shorter than the quarter-

wavelength required for resonance.
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Figure 6.6 — The response curves of several stations along the Bristol Channel: C4 and
C7 represent the inner Channel response, C11 and C18 represent the mid-Channel
response and C26 represents the response at the entrance of the Channel.
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Figure 6.7 — The response curves of several stations at the entrance of the Bristol
Chanel.

Figure 6.8 shows the amplification of the response along the Bristol Channel by

normalising the response of the Channel by the elevation at the entrance of the Channel

(indicated by the blue line). The figure also shows the amplification within the inner Channel

(red line) and outer Channel (green line). Figure 6.8 suggests that the Bristol Channel cannot
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simply be modelled as a single degree-of-freedom system. The observed response of the
Bristol Channel to the tidal forcing seems to be the result of a series of coupled resonances;
some of which are due to the response of the Bristol Channel to the forcing at its mouth, and
some are related to the response of the Celtic Sea to the forcing at the edge of the continental
shelf. The outer part of the Channel exhibits an apparent resonance at about w/wy;, = 3.4,

whilst the inner section shows a sharper resonance at around w/wy;, = 1.6.
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Figure 6.8 — Amplification of the response observed the Bristol Channel

To evaluate the importance of the location of the model boundaries on the model results,
Figure 6.9 presents a comparison of the preliminary results obtained from the original model
(DG-ADCIRC-WD) and the extended model at high forcing frequencies. The figure shows
that the amplitude of the response is somewhat dependent on the location of the model
boundaries (C11 and El1 response comparisons). The normalised response of the Bristol
Channel (C11/E11 in Figure 6.9) is also found to be sensitive to the mesh. This is mainly
related to the location of the forcing applied in the model, where the phases of the harmonic
constituent cannot be properly defined. Both models have three open boundaries where the
forcing tidal elevations are prescribed. The original model shares one common open boundary
with the extended model, which is located beyond the European continental shelf. In the

original model, the other forcing boundaries are located at the entrance of the English Channel
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and across the North Channel respectively. Using the natural forcing frequency (w/wy, = 1),
the tidal waves entering the domain in the original model are propagating freely. However,
when the wavelength is shortened the forcing conditions at the two subsidiary boundaries
(English Channel and North Channel) become inconsistent with the overall system response.

By moving these boundaries further away from the region of interest their influence on the

model results can be diminished.
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Figure 6.9 — Comparison of the amplitudes of the M, tides at stations C11 and E11
Solid lines represent the results taken from the extended model, dashed lines are the
results from the original model.

Further analysis is required to investigate the importance of the location of continental shelf
on the observed response of the system. As part of the future work, a larger model considering
the entire UK coasts, which also includes the European continental shelf and the North Sea, is

proposed to be constructed to analyse the importance of the model boundaries on the model

results.

6.2. Literature Review on Deploying Tidal Stream Turbines at the
Bristol Channel

As explained in Chapter 1, constructing a barrage across the Severn Estuary requires high

capital costs and would alter the environment adversely. In this respect, tidal stream turbines
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are suggested to utilise the tides in the area. Regarding the deployment of a large tidal turbine
array across the Bristol Channel, Giles et al. (2010) present the preliminary results from the
Severn Tidal Fence Consortium (STFC), which was part of the UK Government’s Severn
Embryonic Technologies Scheme (SETS). The STFC considers two locations to install tidal
arrays. One is between Lavernock Point (Wales) and Brean Down (England), which is close
to the proposed Severn Barrage location, and the other is between Aberthaw (Wales) and
Minehead (England). The research is conducted for the latter location (Aberthaw-Minehead).
The proposed array configuration consists of two rows of 19 km arrays that are connected in
series. The distance between the two arrays is 1 km. There is also a navigation gap of 650 m
in the middle of the tidal fences. The installed capacity of the arrays is 390 MW and the
annual energy generation is estimated to be 0.9 TWh/yr. The analysis is based on a one-
dimensional hydraulic model that is extended to the entire width of the Channel. This
approach enables calculation of the cross channel flow profile. The study reports the
advantages of installing a second row of turbines in the system, which increases the power
capture and decreases the flow velocity, observed in the navigational gap. However, the result
contradicts the results presented in this chapter regarding the performance of arrays connected
in series (see Section 6.3.2). The parametric study results show that additional rows contribute
in extracting available power by increasing the total drag applied to the flow by the tidal farm,
however with a diminishing return on each additional rows due to the reduced flow passing
through the arrays.

Research regarding the operation of tidal turbine arrays in the Bristol Channel primarily
investigates the environmental impact of the array deployment within the Channel (Neil ez al.,
2009; Ahmadian et al., 2012; Kadiri et al, 2012; Ahmadian and Falconer, 2012). The
resource assessment, however, is often investigated as a secondary objective.

Neill ef al. (2009) present a one-dimensional morphological model applied to the Bristol
Channel to investigate the sediment transport and bed change within the system in the
presence of tidal turbines extracting a small amount of energy. Their results show that
extracting energy from sites where strong tidal asymmetry is observed, the bed topography
changes significantly due to increased level of sediment transportation. Ahmadian et al.

(2012) use a two-dimensional hydrodynamic model of the Bristol Channel to investigate the
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far-field hydro-environmental impact of operating tidal turbine arrays. The turbines are
represented as external forces applied to the momentum equations, which involves calculating
the thrust and drag applied to turbines. The study considers a single array configuration that
partially blocks the Channel. The maximum available power is estimated to be 245.5 MW,
however the main focus of the paper lies in estimating the change in the environment. Kadiri
et al. (2012) consider the change in the water quality in presence of different tidal energy
schemes including a conceptual tidal array. Ahmadian and Falconer (2012) investigate the
importance of array layout and configuration on the power output and estimate the
environmental impact of operating tidal arrays in the Bristol Channel. The study considers a
two-dimensional hydrodynamic model that is modified to represent the tidal turbines as
momentum sinks in the solution. The model results indicate that the blockage of the turbines
plays an important role in altering the flow field. In case of a highly blocked flow, the current
velocities both upstream and downstream of the arrays are reduced and the bypass flow
velocities are increased. In terms of the power availability, Ahmadian and Falconer (2012)
show that there is a difference between the available power associated with the undisturbed
kinetic energy flux within the turbine array location and the estimated available power by the
model. For the array configurations considered in the study, the maximum available power
range is between 100 to 140 MW. Considering the array configurations, their results show
that blocking a larger area using a lower blockage ratio would produce more power than a
highly blocked but relatively shorter array. It should be noted that this conclusion is in
contradiction with the findings of Nishino and Willden (2012b). In their study, Nishino and
Willden (2012b) considered an array that partially blocks a channel. The study shows
decreasing the spacing of the turbines in an array increases the power extracted by the array
due to the local blockage effect. However, if the spacing is reduced too much, due to array-
scale choking effect, the power output decreases.

The following section provides a parametric study of the Bristol Channel region to
investigate the importance of: a. turbine operating conditions, b. array locations, and c. array
configurations. The turbine operating conditions are included implicitly in the analysis of

available power for various array locations and array configurations.
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6.3. Parametric Study: Deployment of Tidal Stream Devices in the
Bristol Channel

This section considers a parametric study conducted to evaluate the maximum available
power that can be generated in the Bristol Channel by deploying various tidal turbine array
configurations. The applied methodology to compute the maximum available and extracted
power values in this section is explained in Chapter 5. Sections 6.3.1 and 6.3.2 explain the

significance of array location and array connectivity on the available power.

6.3.1. Location

High tidal ranges occurring in the Bristol Channel are mainly due to the funnelling effect as
well as the resonance between the Atlantic Ocean boundary and the Bristol Channel.

Adopting the naturally occurring kinetic energy flux methodology in the Bristol Channel,
there are three regions indicating favourable places for tidal array deployment. The first two
are the area between Lundy Island and Hartland headland; and the Ilfracombe headland.
Given that a detailed investigation of a headland site as a tidal energy resource has already
been undertaken for the Anglesey Skerries, these regions are considered to be secondary tidal
resource development sites and so will not be considered for further investigation in this

chapter.
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Figure 6.10 — Array locations considered in the Bristol Channel
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The third favourable area is between Minehead and Aberthaw, which is the narrowest part
of the Channel with fast currents (see e.g. Figure 6.1 for M, tidal currents). The computed
velocities reach 1.5 m/s and the average depth is approximately 30 m. The locations for the
tidal arrays considered are given in Figure 6.10. The array placed at the narrowest section of
the Channel is BCLO, which is taken as the base test. The rest of the arrays are deployed
sequentially from the far west of the Channel where fast flows occur towards to the east. Each
array is approximately 14 km long and they are 5 km apart from each other except BCL3,
BCLO and BCL4 arrays. BCLO array is located in between BCL3 and BCL4 arrays.

A parametric study has been conducted for the aforementioned tidal arrays for various wake
velocity coefficients (o.4) with fixed blockage ratios. In this work four different o4 values have
been considered, which are 0.35, 0.40, 0.50 and 0.70. Table 6.5 summarises the maximum
available power that can be generated for different blockage ratios at the computed optimum

wake velocity coefficients.

Array Blockage Optimum oy Paviabt Pexvacea Slz)tf)g)etrzfreera
(MW) (MW) AN
0.1 0.35 13.3 21.4 0.314
BCL1 0.3 0.35 61.4 115.7 0.483
0.5 0.40 163.7 315.7 0.773
0.1 0.35 14 22.6 0.339
BCL2 0.3 0.35 64.8 122.3 0.523
0.5 0.40 176.2 343.1 0.853
0.1 0.35 18 29.1 0.477
BCL3 0.3 0.36 83.9 156.1 0.741
0.5 0.40 233.9 456.9 1.240
0.1 0.35 17.1 27.6 0.424
BCLO 0.3 0.35 80.9 152.8 0.669
0.5 0.38 2322 471.7 1.152
0.1 0.35 16.4 26.4 0.417
BCL4 0.3 0.35 77.1 145.5 0.654
0.5 0.38 220.1 443.5 1.120
0.1 0.37 10.4 16.3 0.264
BCL5 0.3 0.35 49.8 94 0.421
0.5 0.38 142.3 288.8 0.721

Table 6.5 - Power values for different blockage ratios at optimum wake velocity coefficients.
The maximum power outputs for each blockage ratio studied are highlighted in grey.
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Considering the maximum available power values, it is seen that BCL3 performs better for
all cases. The optimum o4 values are increased slightly as the blockage is increased, although
they do not exceed 0.40. However, once the arrays are deployed further in the west towards
Swansea Bay or in the east towards the Severn Estuary, the available power values decrease
significantly. From this result, it is possible to deduce that BCL3, BCLO and BCL4 arrays are
located in the Channel where highest velocities occur.

Another interesting result from the parametric study is that the available power increases
significantly with increasing blockage ratios. For instance, if we consider BCLO array, the
maximum available power is 17.1 MW for a blockage ratio of 0.1. Increasing the blockage by
a factor of 3 on the other hand, results in an increase of 4.7 times that of 17.1 MW. A similar
trend is observed for each test case considered here.

The power per turbine swept area parameter also shows that BCL3 is the best performing
array. Considering that the average water depth within the area of the arrays is not changing
significantly, the change in the power per swept area parameter is mainly due to the distance

of the array towards the head of the Channel, where fast currents occur.

6.3.2. Array Connectivity

This section discusses the effects of connecting arrays in series or in parallel on the power
availability. For brevity, this section considers three array locations, which were studied in the
previous section. Considering BCL3, BCLO and BCL4, in order to investigate the effects of
parallel connectivity, each of these arrays are divided into two sub-array sections. The arrays
closer to the English coasts are considered to be located in Region 1 (R1-), whereas the ones
closer to the Welsh coasts are deployed in Region 2 (R2-). Figure 6.11 shows the altered array
configurations. Each sub-array is approximately 7 km in length. The distance between arrays

1s 2.5 km in the east-west direction.
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Figure 6.11 — Locations of individual arrays in the Bristol Channel selected for
investigating the effects of array connectivity (series and parallel).

In order to compare the maximum available power extracted from the possible
combinations, it is important to calculate the power values for the individual arrays. Table 6.6
summarises the maximum P, averaged over the simulation period (i.e. 3 days) for the
separate arrays obtained for the optimum oy values.

Table 6.6 shows that the maximum available power values do not change significantly
between the two regions, although arrays located in Region 1 (Figure 6.12) perform
approximately 20% better than arrays in Region 2 (Figure 6.13). The table also shows the
power per swept area (PpSA) parameter computed for each array using different blockage
ratios. From the table, it is observed that the PpSA is very similar between regions 1 and 2,
where region 2 is often delivering slightly more power. The only exception is seen in array
site BCL4. At BCL4 tidal array site, the turbine areas for Region 1 and Region 2 are very
close to each other. As the flow is faster towards Region 1, the turbines extract more power

when compared to R2-BCLA4.
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Arra Blockage Optimum a. Pavaitabe Sli;)e\:)v etrzi):era Average
y g P 4 (MW) (kvlzz o) Depth (m)

0.1 0.35 9.6 0.469

R1-BCL3 0.3 0.37 41.9 0.683 28.4
0.5 0.44 101.8 0.996
0.1 0.35 8.3 0.478

R2-BCL3 0.3 0.37 359 0.690 24.1
0.5 0.45 84.4 0.973
0.1 0.35 8.7 0.404

R1-BCLO 0.3 0.37 38.9 0.602 299
0.5 0.42 95.7 0.889
0.1 0.35 8.1 0.420

R2-BCLO 0.3 0.37 35.7 0.617 26.8
0.5 0.43 86.8 0.900
0.1 0.35 8.6 0.430

R1-BCL4 0.3 0.37 38.2 0.636 27.8
0.5 0.43 94.4 0.943
0.1 0.35 7.6 0.391

R2-BCL4 0.3 0.37 32.9 0.564 27.0
0.5 0.44 79.5 0.818

Table 6.6 - Maximum available power extracted from individual array configurations. Power
per swept turbine area is also given for each blockage ratio. The maximum power outputs for
each blockage ratio studied are highlighted in grey.
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Figure 6.12 — Maximum available power as a function of blockage ratio for the arrays
located in Region 1.
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Figure 6.13 — Maximum available power as a function of blockage ratio for the arrays
located in Region 2.

Parallel Configuration

This section discusses the performance of arrays when deployed in parallel. Table 6.7
shows a brief comparison for BCL3, BCLO and BCL4 arrays, which correspond to the parallel
configuration of arrays installed in isolation. From the table, it is evident that extending the
length of an array (as in parallel configuration), the power gain is increased with increasing
blockage ratio. For the high blockage case (B = 0.5), it is seen that the available power output
is increased by 25% for Location 3, 27% for Location O (base test) and 34% for Location 4.
The placement of the arrays is an important factor in exploiting the energy of fast currents.
Overall, in terms of available power, the arrays located in Location 4 (L4) are performing
worse compared to the other arrays, as the currents are slowed down due to the increase in the
cross-section length of the Channel. For all blockage ratios considered, the turbine array
located in Location (L3) is the best performing array (see Pawiusie in Table 6.7). The
economic gain factor shows that occupying a larger cross-section (parallel connection) of the
Channel increase the available power due to the increased array drag applied to the flow. The

BCLA4 parallel array shows the greatest gain in available energy.
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comay | Blockage EfMW) C‘)“frlzgidmg Blockage | ' futete | Economic
R1-BCL3 0.1 17.9 0.1 18 1.006

+ 0.3 77.8 BCL3 0.3 83.9 1.078
R2-BCL3 0.5 186.2 0.5 233.9 1.256
RI1-BCLO 0.1 16.8 0.1 17.1 1.018

+ 0.3 74.6 BCLO 0.3 80.9 1.084
R2-BCLO 0.5 182.5 0.5 232.2 1.272
R1-BCL4 0.1 16.2 0.1 16.4 1.012

+ 0.3 71.1 BCL4 0.3 77.1 1.084
R2-BCL4 0.5 163.9 0.5 220.1 1.343

Table 6.7 Comparison between arithmetic sums of arrays deployed in isolation and
connecting them in parallel for different blockage ratios. The maximum power outputs for
each blockage ratio studied are highlighted in grey.

As explained in Vennell (2012) increasing the total thrust applied by the array reduces the
flow along the entire channel and hence reduces the available power to the turbines. The rate
of this reduction in the flow influences the amount of power that can be extracted by the
turbines. In this case, it is believed that the flow speed is reduced more rapidly when the
arrays are placed in the narrower parts of the Bristol Channel (BCL3 and BCLO arrays), and is
reduced more gradually when placed closer to the mouth of the Channel (BCL4 array).

To analyse the effect of extending the array length on the power extracted by the turbines, a
further problem is studied. Considering the BCL3 array, the array length is increased
gradually from 700 m to 14000 m starting from the English coast towards the Welsh coasts.

For this analysis, the model is forced with both M, and S, tides to characterise the resource
more realistically. The analysis is conducted for a high blockage case (B = 0.5) for optimum
a, value of 0.4. The model is run for 9.6 days including 2 days of ramping period. The total
available power obtained for each array length is then averaged over the spring cycle. Figure
6.14 depicts the increase in available power over the array length and Figure 6.15 shows the
power per swept turbine area values for associated total swept area of the turbines. In Figure
6.14, the mean available power is increased almost more than linearly for the first quarter of
the array (700 < Lgrrqy < 3600 m), which is a manifestation of the fast flow characteristics
until the centre of the Channel is reached that contributes in the amount of available power

output. From L4y = 3600 m, adding more turbines to the row increases the available power
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almost linearly. In terms of power per swept area (Figure 6.15), this would indicate a
reduction in the power extracted by the turbine. By extending the length of the array, the total
drag applied to the flow is increased at the expense of reducing the flow passing through the
array. This in turn affects the power available to the turbines, which results in a slight

reduction in the amount of power delivered by each turbine (see Figure 6.15).
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Figure 6.14 — Mean available power extracted by the turbines over a number of
different array lengths across the Bristol Channel.
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Figure 6.15 — Time averaged power per swept area as a function of total swept area of
the turbines for a high blockage case (B=0.5).
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Figure 6.14 also shows that including S, tidal constituent in the simulations increases the
maximum average available power by 25%. This increment in available power by S
constituent is also seen in the power per swept area plotted in Figure 6.15. In Figure 6.15,
there is a loss in power per swept area parameter when the array is extended from 720 m to
1440 m. The exact reason for this loss in still unknown, however it is assumed that at this
point, as the local bathymetric depth is too shallow (hgperage = 20 m), the energy loss due to
bed friction overweighs the thrust applied to the flow by the array, which reduces the
available power to the turbines. However, Figure 6.14 and Figure 6.15 both show that
connecting the arrays in parallel is advantageous in terms of extracting the available power
and it is better to encourage parallel configurations in the Bristol Channel region.

Series Configuration

For arrays connected in series, the maximum available power is reduced, mostly when the
turbines apply a high drag to the flow (B =0.5). For a low blockage case (B =0.1), the
economic gain factor (explained in Chapter 5) shows there is no significant energy loss due to
the interaction of the turbine arrays. However, as the blockage is increased, and hence the
total drag applied to the flow is increased, a reduction in the available power is observed. The
economic gain factor presented in Table 6.8 shows that when B = 0.5, for a two-row array
(R1-BCL30), the associated energy loss is approximately 20%, and it is about 30% for a
three-row array (R1-BCL304). When two-row arrays are considered, it is observed that
deployment of the arrays further apart from each other results in a slight recovery in available
power. An example of this behaviour is given by R1-BCL30 (series combination of R1-BCL3
and RI-BCL0O) and RI-BCL34 (series combination of R1-BCL3 and RI1-BCL4) array
configurations. For R1-BCL30, the distance between the arrays is 2.5 km and the maximum
available power is 161.7 MW for a blockage ratio of 0.5 (see Table 6.8). As the distance
between the arrays is doubled as in R1-BCL34 array configuration, there is a 10.7 MW
increment in the available power. However, it is seen that there is always a reduction in the
available power when the arrays are deployed in series (Vennell, 2011). As explained by
Vennell (2011), the arrays deployed in series interact with each other. The interaction occurs,

as tuning of any array in the series configuration will increase the total thrust applied to the
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flow, which results in a reduction in the flow passing through the arrays. Hence, the amount

of power that is available to all turbines is decreased.

Array Blockage Optimum ay P(aﬁ'\l{,gle Zfﬁ‘%a)ble ECOGI;?II?IC
0.1 0.35 18 18.3 0.984
R1-BCL30 0.3 0.39 74.2 80.8 0.918
0.5 0.47 161.7 197.5 0.818
0.1 0.35 17.9 18.2 0.984
R1-BCL34 0.3 0.38 75.9 80.1 0.948
0.5 0.46 172.4 196.2 0.879
0.1 0.36 26 26.9 0.967
R1-BCL304 0.3 0.40 103.4 119 0.869
0.5 0.50 214.1 291.9 0.734
0.1 0.36 16 16.4 0.976
R2-BCL30 0.3 0.39 64.6 71.6 0.903
0.5 0.49 135.8 171.2 0.793
0.1 0.35 15.6 15.9 0.981
R2-BCL34 0.3 0.39 64.8 68.8 0.941
0.5 0.48 141.6 163.9 0.864
0.1 0.35 23.1 24 0.963
R2-BCL304 0.3 0.41 89.1 104.5 0.853
0.5 0.52 176.1 250.7 0.702

Table 6.8 - Power values for different blockage ratios at optimum wake velocity coefficients
for array connections in series.

When high thrust is applied to the flow (i.e. B = 0.5), the reduction in the available power is
at a maximum (see Table 6.8). In this respect, the optimum «, values are increased in order to
compensate possible flow diversion, which limits the available power to the arrays. These

findings are consistent with the Anglesey Skerries analysis.

6.4. Effects of Tidal Turbine Arrays on the Local Flow Field

The change in the local velocity flow field of the Bristol Channel system will be discussed
in this section. The analysis conducted herein coincides with the analysis presented in the
Anglesey Skerries (see Section 5.4.).

The naturally occurring flow in the Bristol Channel is almost rectilinear, flowing towards
the head of the Channel during a flood tide, and out again in an ebb tide. Figure 6.16

illustrates the natural velocity flow field in the Bristol Channel during an ebb tide.
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Figure 6.16 — Natural velocity flow field of the Bristol Channel. The arrow indicates
the flow direction.

Installation of tidal turbine devices will inevitably alter the flow field. The analysis
conducted in Chapter 5 shows that the flow bypasses the turbine arrays at the ends of the
arrays, however the bypass flow is asymmetric and changes with respect to the array
configurations. To analyse the change in the flow field, two array configurations are
considered in the Bristol Channel for a high blockage case (B = 0.5). The local flow fields
during an ebb tide due to a parallel (BCL3) and a series array operation (R1-BCL304) are
illustrated in Figure 6.17 and Figure 6.18 respectively. Both figures indicate an accelerated
flow around the edges of the turbine arrays. This result is consistent with the Anglesey
Skerries analysis and indicates that the flow diverts due to the thrust applied to the flow by the

arrays.
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Figure 6.17 — Local velocity flow field of the Bristol Channel when BCL3 parallel
array is operating. The arrow indicates the flow direction.
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Figure 6.18 — The local velocity flow field when R1-BCL3, R1-BCLO and R1-BCL4
arrays are installed in the Bristol Channel. The arrow indicates the flow direction.

The changes in the flow fields are illustrated in Figure 6.19 and Figure 6.20 respectively for

the parallel and series array deployments.
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Figure 6.19 — Change in the velocity flow field when parallel BCL3 array is installed
in the Bristol Channel.
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Figure 6.20 — Change in the velocity flow field when R1-BCL3, R1-BCLO and R1-
BCLA4 arrays are installed in series in the Bristol Channel.

The bypass flow speed increases by approximately 1 m/s on both sides of the parallel array

(Figure 6.19). The flow speed decreases by approximately 0.3 m/s on the downstream of the

array due to energy extraction. Regarding the series configuration, Figure 6.20 shows that the

bypass flow speed increases by ~1 m/s towards to the right hand side of the arrays

(considering the direction of the ebb tide). The flow passing the turbine arras slows down as
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expected. Especially for a series array deployment, the flow diversion indicates that the

available power is restricted with respect to the thrust applied on the flow.

6.5. Conclusions

The circulation in the Bristol Channel is driven by the tidal movements. The semi-diurnal
tides observed in the Bristol Channel are one of the largest in the world with a mean tidal
range of 12.2 m at spring tides. There are two main mechanisms that play a role in the
amplification of tides in the area. One of these is acknowledged as the quarter-wave length
resonance of the Channel with the Atlantic tidal wave; and the other is the funnelling of the
waves at the upper reaches of the Bristol Channel due to its wedge-shaped geometry and
shallow bathymetry. This chapter introduced a preliminary study to further investigate the
resonance occurring in the Bristol Channel.

The response curve is computed by exciting the model using a range of artificially altered
M, forcing frequencies. The original model (DG-ADCIRC-WD) encountered numerical
instabilities due to the interaction of ingoing and reflected waves at the open boundaries when
forcing the model with low forcing frequencies (w/wy, < 1). Therefore, the study has been
conducted by using a larger model, which includes the English Channel and extends beyond
the North Channel towards the Scottish Isles of Tiree and Coll including the north-west coasts
of the Northern Ireland.

The study shows that the quarter-wavelength resonant period of the Bristol Channel is
between 10.3 — 11.3 hours, which is close to the semi-diurnal tidal band. This result agrees
well with the previous studies that focus on the resonance occurring in the Celtic Sea. The
resonance curve obtained in the study presented in Section 6.1.2 suggests that there is a
couple resonance occurring in the Bristol Channel, one is induced from the outer Channel
(Celtic Sea) and the other is the resonant response of the Bristol Channel itself.

A parametric study is also conducted to analyse the importance of the turbine operating
conditions, array locations and connectivity on the available power output. It is seen that
BCL3, BCLO and BCL4 arrays, which are located between Minehead and west of Barry
(Aberthaw-Wales), operate more effectively when compared to the other array configurations.

It is believed that this is mainly due to the local fast flows increasing the available power of
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the system. Regarding the connectivity of the arrays, it is seen that extending the length of the
array (parallel configuration) is more effective in terms of extracting available energy than
connecting arrays in series, especially for high blockage cases. The closure problem
introduced in Section 6.3.2 supports this conclusion. For a high blockage case, the upper
bound of the mean available power is approximately 240 MW for BCL3 parallel array
configuration. This value is reduced to 214 MW when the most effective series configuration
is considered (R1-BCL304 for B = 0.5). The additional rows of turbines increase the available
power, however a reduction in the overall available power occurs due to the altered flow
regime in the entire Channel.

When the change in the flow field is considered, as the proposed tidal arrays act as an
additional resistance, the flow diverts at the ends of the arrays (see Section 6.4). The example
case studies discussed in Section 6.4 consider a very high blockage (B = 0.5), which means a
high thrust is applied to the flow. In this case, the flow is reduced due to the increased array
thrust. The flow tends to divert around the edges of the array (i.e. bypassing the arrays).
Regarding the reduction in the flow passing through the arrays, the power that is available to
the arrays is decreased. These results are coherent with the analysis conducted for the

Anglesey Skerries introduced in Chapter 5.

189



CHAPTER 7.INTERACTION OF TIDAL STREAM ENERGY SITES

Chapter 7

Interaction of Tidal Stream Energy Sites

This chapter investigates energy and flow interactions that could occur between two or
more tidal farms deployed in the vicinity of each other at selected sites off Anglesey and in
the Bristol Channel. The interactions are determined using the discontinuous Galerkin
ADCIRC finite element shallow water model (Kubatko et al., 2006a) with linear momentum
actuator disk theory (following Houlsby ef al., 2008) used to evaluate the head loss due to the
turbines which is treated within ADCIRC as a line momentum sink (Serhadlioglu et al., 2013;
Draper et al., 2013). In evaluating the head loss, three parameters are utilised: the blockage
ratio, a wake velocity coefficient and the upstream flow conditions prescribed by the Froude
number. This approach acts essentially as a link between device-scale analysis and basin-scale
analysis, and has already been used in Chapter 5 and Chapter 6 to study the effects of tidal
array deployments in different tidal basins. This chapter extends the analysis to consider
interactions between tidal farms when they are deployed within the same tidal basin. Section
7.1 summarises the different scales involved in tidal energy analysis. Section 7.2 presents the
results obtained for different configurations of tidal farm sited off the coast of Anglesey, and
interprets the interactions in terms of the maximum available power and changes to the tidal
hydrodynamics of the basin. Section 7.3 presents a similar analysis conducted for tidal farms
in the Bristol Channel. Section 7.4 presents a combined analysis of operating the arrays
proposed at the Anglesey and the Bristol Channel sites. Section 7.5 concludes the discussions

and lists the major findings

7.1. Introduction

Estimation of the maximum power available to tidal arrays involves analyses at different
scales. Detailed experimental measurements and 3-D CFD computational analyses of the
fluid-structure interaction of one or more turbines at device-scale are being undertaken (see
e.g. Mycek et al., 2013; Myers et al., 2011). Provided the CFD mesh resolution resolves

properly the wake downstream of the tidal turbines, such models can be used to simulate the
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dynamically changing localised flow field as the flow passes through and around the turbine
during the tidal cycle (Vogel et al., 2013). Once validated against experimental data, device-
scale analysis is very useful in individual turbine design. However, although accurate, device-
scale modelling is computationally very expensive, and it is not yet feasible to extend the
approach to tidal farms at basin-scale. Instead, array-scale analysis is required for multiple
devices in order to estimate the optimum extraction of tidal stream power noting energy,
economic, and environmental constraints (see e.g. Vogel et al., 2013). So far, it is explained
that the turbines act as an additional resistance to the flow, which ultimately changes the flow
regime and hence has an adverse effect on the available power. At basin-scale, the presence of
tidal farms causes a feedback effect between the total mass flux passing through the arrays
and the tidal hydrodynamics of the basin system. This effect may be estimated by means of a
two-dimensional depth-averaged shallow water model where it is assumed the tides are long
waves, and the domain is predominantly horizontal (Draper et al., 2010). In basin-scale
models, the tidal arrays can be represented by means of an additional localised drag force (see
e.g. Sutherland et al., 2007). However, use of an enhanced drag force can lead to errors in
predicting the available power to the turbines (Vogel et al., 2013; Draper, 2011), and hinders
the analysis of array interactions within a given site. Herein, the approach taken to basin-scale
resource estimation (and assessment of tidal farm interactions) is based on linear momentum
actuator disk theory (Houlsby et al., 2008) whereby the energy extracted by the turbines is
estimated using the momentum equations and the resulting head loss represented as a
momentum sink in the shallow water equations (Draper et al., 2010; Adcock et al., 2013).

The remainder of this chapter examines the effects of placing more than one tidal farm at
different tidal sites: off Anglesey (a headland), in the Bristol Channel (an oscillating bay), and
simultaneously both off Anglesey and in the Bristol Channel.

Figure 7.1 shows contours of the undisturbed kinetic energy flux densities off Anglesey,
where candidate sites for tidal turbine farms would appear to be off the western headland at
Holyhead and between the northwest headland and the Skerries island and beyond. Figure 7.2
presents the undisturbed kinetic energy flux densities for the Bristol Channel, where locations
favourable for tidal farm deployment appear to be near Lundy island, Ilfracombe, and along

the main channel.
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Figure 7.1 — Undisturbed kinetic energy density map for the coastal waters off
Anglesey
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Figure 7.2 — Undisturbed kinetic energy density map for the Bristol Channel

Table 7.1 lists the estimated values of kinetic energy flux density at the various candidate
locations. Table 7.2 lists the case studies that were selected to investigate deployment of tidal

arrays at different locations in the vicinity of Anglesey and in the Bristol Channel.
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Undisturbed kinetic
Site Location Coordinates energy flux density,
pxe (W/m?)

53°18’10”N

Holyh HH 720
olyhead (HH) 4°45°58"W
Skerries — Offshore 53°26°37”°N

Angl 680
netesey (SO) 4°39°23"W
53°24°52”N

kerries - Strait 1460
Skerries - Strait (SS) 4935 147 W
51°5°26”N

1

Lundy (LU) 49357797 W 75
51°14°43”N

Bristol Ch 1 M1fi IL 300
ristol Channe racombe (IL) 4914742 W
51°17°46”N

Channel (BC) 3930°10"W 500

Table 7.1 Locations where high tidal currents are observed off Anglesey and in the Bristol
Channel.
Region Case Study Area

Holyhead and Skerries (Offshore)
Holyhead and Skerries (Strait)
Skerries (Offshore) and Skerries (Strait)
Holyhead, Skerries (Offshore) and Skerries (Strait)
Lundy and Ilfracombe

Anglesey

Lundy and Channel

Bristol Channel
Ilfracombe and Channel

Lundy, Ilfracombe and Channel

Table 7.2 Case study locations and proposed array configurations.

The analysis follows the same approach as taken in Chapters 5 and 6. Here, it is intended to
examine the extent of the disturbance to the local hydrodynamics caused by the presence of
the turbine arrays. In each simulation, the effect of the turbine array is represented using linear
momentum actuator disk theory for a high blockage ratio (B = 0.5) and the computed
optimum wake velocity coefficient. The analysis conducted in this chapter considers a spring
tide. The forcing harmonics are the dominant semidiurnal M, and S, tides.

The model parameters include the Coriolis force and a constant eddy viscosity term of 3
kg/(s.m) used as in Adcock et al (2013). The bed friction coefficient used in the simulations is
¢, = 0.0025. Sections 7.2 and 7.3 present the results obtained for turbine array deployment in

the Anglesey headland region and the Bristol Channel respectively. Section 7.4 considers both
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sites together, the aim being to assess whether any significant hydrodynamic interactions

could occur as a result of simultaneous deployments at both sites.

7.2. Anglesey

7.2.1. Individual Arrays

Chapter 5 has introduced a parametric study focusing solely on a tidal farm array
configuration near the Anglesey Skerries. The present section investigates potential
interactions between tidal farm sites located in close vicinity to each other off the Anglesey
headland. Figure 7.3 illustrates the locations of the selected tidal farm sites. Following the
methodology explained in Chapter 5, a parametric study has been conducted in order to
compute the optimum wake velocity coefficient for a high blockage case. Using a fixed
blockage ratio (B = 0.5) and varying the prescribed wake velocity coefficient (o,), the
optimum wake velocity coefficient is computed by fitting a cubic spline to the averaged

available power values obtained from each simulation.

T T
53.6F N
535t Skerries (SO)
\o Strait (SS
N
53.4¢
~ Holyhead (HH)
= 533 L
=
53.2
53.1+
53¢
1 1 L L
5 4.9 4.8 4.7 4.6 4.5 4.4 43 4.2

Lon(®)
Figure 7.3 — Locations of selected tidal farms off Anglesey headland
Table 7.3 summarises the computed optimum (a,) values and the corresponding maximum
available and extracted power values that are averaged over a spring tide period for each
region considered.
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Location Length Optimum Maximum available | Maximum extracted
(km) (ay) power (MW) power (MW)
Holyhead (HH) 4.9 0.48 168.3 275.9
Skerries - Offshore (SO) 9.1 0.46 385.8 658.1
Skerries - Strait (SS) 1.8 0.55 86 127.7

Table 7.3 Optimum wake velocity coefficients of the arrays located at different sites off
Anglesey. The maximum available and extracted power values are also given.

The change in the local hydrodynamics is estimated by considering the semidiurnal M, and
S, harmonics. Figure 7.4 shows selected stations where changes in harmonic constituents are
computed. Stations S1, S2 and S3 are chosen to evaluate changes to the far field owing to the
energy extraction from the different sites, whereas S4 is selected to compare changes to the
hydrodynamics near the coast of Anglesey headland. The remaining observation points are

selected in order to examine the effects upstream and downstream of each tidal farm.

53.7F ¢ 53

1
-52 -5 48 -4.6 44 42 -4
Lon(®)

Figure 7.4 — Locations of the stations off Anglesey, selected for comparison
Table 7.4 and Table 7.5 summarise the harmonic analysis results for the M, and S, tidal
elevations respectively. Table 7.4 shows that the M, elevation amplitude changes in the
vicinity of the arrays are within 1% for the Holyhead (HH) and Skerries-Strait (SS) cases.
This change is slightly higher (2.5 - 3 %) for the Skerries-Offshore (SO) case owing to the
higher thrust applied to the flow because of the length of the array. The M, phases do not alter

significantly due to the presence of the arrays. The maximum change is observed in the
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Skerries-Offshore (SO) case, in which high water occurs approximately 5 min earlier (~ 2.6°)
than natural, upstream of the array, whereas it is delayed around 2 min at the downstream
location. It should be noted that the upstream and downstream locations relative to the arrays

are determined with respect to the direction of the flood tide.

. Amplitude (m) Phase (°)
Station
Natural HH SO SS Natural HH SO SS
S1 1.44 1.44 1.48 1.44 284 283 283 284
S2 1.88 1.88 1.93 1.88 310 310 309 310
S3 2.54 2.54 2.58 2.54 319 320 319 320
S4 1.60 1.60 1.64 1.59 281 280 281 281
S5 1.70 1.71 1.74 1.70 290 289 289 290
S6 1.77 1.77 1.81 1.77 294 295 294 294
S7 2.02 2.03 2.07 2.03 303 304 301 303
S8 2.08 2.08 2.13 2.08 306 306 307 306
S9 2.04 2.04 2.08 2.03 300 300 299 299
S10 2.12 2.13 2.17 2.14 305 305 305 305

Table 7.4 Amplitude and phase of the M, tidal elevations at different observation stations off
Anglesey under natural conditions and in the presence of different array configurations. The
station readings at the upstream and downstream of the arrays are highlighted in grey.

. Amplitude (m) Phase (°)
Station
Natural HH SO SS Natural HH SO SS
S1 0.52 0.52 0.53 0.52 313 313 313 313
S2 0.58 0.57 0.58 0.57 340 340 339 340
S3 0.73 0.72 0.73 0.72 354 355 354 355
S4 0.57 0.57 0.57 0.56 311 311 311 311
S5 0.57 0.58 0.58 0.57 320 318 319 320
S6 0.58 0.57 0.59 0.58 324 325 324 324
S7 0.63 0.63 0.64 0.63 334 335 331 334
S8 0.63 0.63 0.63 0.63 337 338 339 337
S9 0.63 0.63 0.63 0.63 331 331 331 330
S10 0.64 0.64 0.64 0.64 337 337 337 338

Table 7.5 Amplitude and phase of the S, tidal elevations at different observation stations off
Anglesey under natural conditions and in the presence of different array configurations. The
station readings at the upstream and downstream of the arrays are highlighted in grey.

The change in the semidiurnal solar harmonic (S,), due to the presence of arrays, is
insignificant. Table 7.5 summarises the predicted S, elevation amplitudes and phases at

different observation stations. The amplitudes differ by approximately 0.01 m. Across the
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turbine arrays, the phases change by 5° at the Skerries-Offshore (SO) case. However, for
other case studies the average difference is approximately 2°.

Table 7.6, Table 7.7, Table 7.8 and Table 7.9 present the change in the M, and S, tidal
currents due to the presence of the individual tidal arrays. From Table 7.6, it can be seen that
the M, tidal current magnitudes are not changed greatly at the offshore stations S1, S2 and S3.
However, in the vicinity of the arrays, the velocity magnitudes decrease considerably. For the
Holyhead (HH) array, the M, velocity magnitude decreases by 13% upstream and 9% on the
downstream of the array. The estimated velocity magnitude changes for the Skerries-Offshore
(SO) array is 16% upstream and 11% downstream. The maximum difference is observed for
the Skerries-Strait (SS) array. The upstream M, velocity magnitude is altered by ~25%

upstream and by ~20% downstream of the array.

Station Unag (m/s) Pmas (°)

Natural HH SO SS Natural HH SO SS
S1 0.82 0.82 0.81 0.82 228 228 228 228
S2 0.96 0.97 0.98 0.97 239 240 241 240
S3 0.82 0.82 0.81 0.82 240 241 240 241
S4 0.39 0.38 0.40 0.39 229 226 229 230
S5 1.47 1.28 1.44 1.46 226 219 226 226
S6 1.28 1.16 1.22 1.26 227 217 225 227
S7 1.48 1.47 1.25 1.50 230 230 221 230
S8 1.47 1.47 1.31 1.49 232 232 223 232
S9 2.17 2.16 2.28 1.65 206 206 213 204
S10 2.02 2.01 2.05 1.60 217 217 219 214

Table 7.6 Amplitude and phase of the M, tidal current at different observation stations in the
Irish Sea off Anglesey under natural conditions and in the presence of different array
configurations. The station readings at the upstream and downstream of the arrays are

highlighted in grey.

The M, velocity phase lags show that for Skerries-Offshore (SO) and Holyhead (HH)
arrays, fastest currents occur approximately 20 min earlier than natural case. This change is
less significant at the Skerries-Strait (SS) array, where the currents reach their maximum
speed 5 min earlier than the natural case. The Skerries-Offshore (SO) array affects the tides
reaching the strait between Anglesey Skerries and the headland. From Table 7.6, the M, phase

lag difference observed in the stations S9 and S10 indicate that the fastest currents are
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delayed. This delay is approximately 15 min at the station S9. However at S10, the fastest

currents are delayed by 5 min.

i Eccentricity Inclination (°)
Station

Nat HH SO SS Nat HH SO SS
S1 0.097 0.124 0.098 0.098 83 84 83 83
S2 -0.101 -0.107 -0.091 -0.100 44 44 44 44
S3 -0.032 -0.031 -0.039 -0.033 3 3 2 3
S4 0.117 0.115 0.101 0.119 116 115 118 116
S5 0.038 0.011 0.037 0.037 105 106 105 105
S6 0.080 0.108 0.088 0.090 76 73 76 77
S7 -0.040 -0.059 -0.079 -0.048 38 37 39 38
S8 -0.030 -0.041 -0.013 -0.033 28 27 26 28
S9 -0.082 -0.083 -0.069 -0.099 51 51 51 54
S10 -0.001 -0.010 0.002 0.021 31 31 31 28

Table 7.7 Eccentricity and inclination of the M, currents at different observation stations in
the Irish Sea off Anglesey under normal conditions and in the presence of different array
configurations. The station readings at the upstream and downstream of the arrays are
highlighted in grey.

The eccentricity and inclination (Table 7.7) values indicate the impact on the tidal ellipses,
which express a rectilinear flow when eccentricity is equal to 0 and a circular flow when
equal to 1. For far-field observation stations, considering that the semi-major axis values do
not change significantly, the observed change in eccentricity relates to the change in semi-
minor axis. Noting the results obtained for these far-field stations, it appears the presence of
HH array has an impact on the tidal ellipse structure in the incoming tide from the western
Irish Sea. The presence of the Skerries-Offshore (SO) array has a similar impact on the tidal
ellipse structure observed in the western Irish Sea. The case study concerning the operation of
the Skerries-Strait (SS) array indicates that the ellipse structure is changing in the Anglesey
Skerries offshore site as well as in the strait. This result implies that the change in the
hydrodynamics is limited within the vicinity of the array and is also influenced by the coastal
characteristics of the site.

A similar analysis has been conducted for S, tidal currents. Table 7.8 shows the maximum
current magnitudes and phase lags at different observation stations around Irish Sea, which
are computed for conditions when there is no array operating (Natural) and when there are

arrays present (HH, SO and SS). The table shows that the far-field stations are not affected by
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the existence of the arrays. However, the current magnitudes decrease both upstream and
downstream of the arrays. The change is about 20% at the HH and SO arrays, and 30% at the
SS array. The reason for this considerable difference is primarily due to flow diversion. The
phase lags indicate a maximum of 30 minutes delay for the S, tidal currents to reach their

maximum at the vicinity of the arrays.

Station Unnas (/s) Pmag (°)

Nat HH SO SS Nat HH SO SS
S1 0.24 0.24 0.24 0.24 264 264 264 264
S2 0.28 0.28 0.28 0.28 278 280 281 280
S3 0.25 0.24 0.24 0.24 280 280 279 280
S4 0.12 0.11 0.12 0.12 261 257 260 261
S5 0.48 0.36 0.47 0.47 259 251 257 259
S6 0.38 0.33 0.38 0.38 264 248 257 263
S7 0.45 0.44 0.35 0.45 266 266 254 266
S8 0.45 0.44 0.37 0.45 268 268 256 268
S9 0.61 0.60 0.60 0.41 234 232 242 231
S10 0.59 0.57 0.57 0.42 248 247 251 244

Table 7.8 Amplitude and phase of the S, tidal current at different observation stations in the
Irish Sea off Anglesey under natural conditions and in the presence of different array
configurations. The station readings at the upstream and downstream of the arrays are

highlighted in grey.
i Eccentricity Inclination (°)
Station

Natural HH SO SS Natural HH SO SS
S1 0.126 0.175 0.133 0.130 82 82 82 82
S2 -0.054 -0.069 -0.053 -0.060 42 42 43 42
S3 -0.030 -0.024 -0.039 -0.026 2 2 1 2
S4 0.161 0.125 0.146 0.166 115 115 116 114
S5 0.063 0.035 0.053 0.064 103 105 104 104
S6 0.112 0.164 0.106 0.119 79 73 78 80
S7 -0.019 -0.077 -0.071 -0.048 37 37 39 38
S8 0.006 -0.033 -0.003 -0.013 27 27 26 27
S9 -0.083 -0.093 -0.057 -0.119 47 48 48 52
S10 0.064 0.028 0.019 0.053 29 31 32 29

Table 7.9 Eccentricity and inclination of the S, currents at different observation stations in the
Irish Sea off Anglesey under natural conditions and in the presence of various array

configurations. The station readings at the upstream and downstream of the arrays are

highlighted in grey.
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Table 7.9 lists the eccentricity and inclination values for S, tidal current ellipses. According
to Table 7.9, the existence of the SS array mainly affects the local flow towards offshore of
Anglesey Skerries (again due to flow diversion). A similar behaviour is observed when the
SO array operates. In this case, the far-field observation stations do not show any significant
changes in the current eccentricities. However, operating HH array affects the overall flow
regime. When the effect of all individual arrays is concerned, it is observed that for station S8,
the presence of arrays changes the direction of the S, tidal ellipse from anti-clockwise to
clockwise. Table 7.9 also shows that operating the tidal arrays individually do not cause any

significant effect on the current inclinations.

7.2.2. Analysis of Multiple Array Deployments

This section considers the effect of installing multiple turbine arrays within the Anglesey
basin. The array configurations studied in this section are:

1. Holyhead and Skerries-Offshore (HH + SO),

2. Holyhead and Skerries-Strait (HH + SS),

3. Skerries-Offshore and Skerries-Strait (SO + SS) and,

4. Holyhead, Skerries-Offshore and Skerries-Strait (HH + SO + SS).

Regarding the power that is available to the arrays, Chapter 5 and Chapter 6 previously
concluded that arrays connected in parallel interact constructively, and those in series interact
destructively. For a spring tide, a similar analysis has been conducted to evaluate the total
available power from the site for each array configuration. The simulations use the optimum
wake velocity coefficients presented in Table 7.3. The local blockage ratio is set to 0.5 and the
model is forced with the dominant semi-diurnal M, and S, constituents. Table 7.10 shows the
simulated available power output (P,.;) and the arithmetic sum of the available power
outputs (XP,) for each array combination. From Table 7.10, it is evident that when
Holyhead (HH) array is operating along with other arrays, there is no significant change in the
power extracted by the either turbine arrays. However, operation of Skerries-Offshore (SO)
array together with the Skerries-Strait (SS) array corresponds to operating arrays connected in
parallel, thus increasing the local blockage, which increases the available power. The
arithmetic sum of the available power of SO and SS arrays that operate in isolation is 471.8

MW, whereas the simulated available power is 515.4 MW. There is a 44.2 MW (8.5%)
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increase of the available power in this configuration due to parallel operation. For Case Study
4, when all the arrays are operating together, the enhancement over the sum of the individual
arrays is only 28.1 MW, as compared to the 44.1 MW increase when SS and SO are operated
together. The decrement of 16.1 MW is attributed to the destructive interference of the HH
array acting in series with the other two arrays. Interestingly, this decrement is significantly
higher than that observed when combining HH + SS or HH + SO. This is attributed
(qualitatively) to the fact that it is only when SS and SO are both operated that there is any

effective barrier in series with HH.

Case Study Array Combinations Pyait MW) Y Poyait (MW)
1 HH + SO 5533 554.1
2 HH + SS 254 254.3
3 SO + SS 5154 471.8
4 HH + SO + SS 668.4 640.1

Table 7.10 Comparison of the estimated (P,,,;) and calculated (ZP,,,;) available power output
for each test case studied for Anglesey region.

The local hydrodynamics of the system is examined by focusing on the M, tidal harmonic
constituent. Figure 7.5 illustrates the change in the M, elevation amplitudes case by case.
Here, Case 1 considers the joint operation of the Holyhead (HH) and Skerries-Offshore (SO)
arrays; Figure 7.5(a) shows that the M tidal amplitudes are increased by an average of 1.5 cm
at the upstream of the HH array (regarding the direction of the flood tide). This is expected as
the tidal devices are acting as an additional resistance to the flow, which causes the flow to
build up in front of the devices. Due to the energy extraction, there is a head drop observed
across the array. The total head drop across the array is approximately for the operation of HH
array. As for the SO array, the flow tends to divert towards the northern edge of the array. The
diversion of the flow reduces the mass flux entering the array closer to the Skerries, thus
reducing the M tidal elevations over that region.

Figure 7.5(b) shows the M, elevation amplitude change for the Holyhead (HH) and
Skerries-Strait (SS) arrays. The Holyhead (HH) array behaves in a similar manner as in Figure

7.5(a). For the SS array, it is evident that the amplitudes are decreased at the upstream side
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(regarding the direction of the flood tide) of the array due to the flow diversion. During the
ebb tide, the amplitudes are increased in front of the array owing to the increased resistance.
The head drop across the SS array is approximately 2 cm in average. Figure 7.5(c) and Figure
7.5(d) reveal that the arrays act individually and do not interact significantly as far as M,
elevation amplitudes are concerned. The arrays behave in a similar manner for each case

study.
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Figure 7.5 — M, amplitude change from natural conditions off Anglesey due to the
presence of different array configurations

Table 7.6 shows that significant changes occur in the M, current amplitudes in the vicinity
of the arrays. Figure 7.6 illustrates the changes in the M, current amplitudes, which are

calculated for each case study. Bearing in mind that the tides are bidirectional, reductions in
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the current amplitudes at both sides of the arrays are to be expected. For each case study,
Figure 7.6 illustrates that the by-pass flow increases at the ends of the arrays. Due to the
irregular bathymetry, the velocity magnitudes exhibit strong variations near the arrays.

Figure 7.6(a) shows that the presence of the HH + SO arrays cause the flow to divert both
further offshore and towards the strait between the Skerries and the Anglesey headland.
Figure 7.6(b) illustrates the array configuration for HH and SS. It is seen that the flow is
diverted primarily further offshore, increasing the M, velocity magnitude at the Anglesey
Skerries site by 0.1 m/s. Figure 7.6(c) shows that SO + SS increases the by-pass flow
approximately by 0.5 m/s at the north end of the SO array. This increment decreases radially
as the bathymetry of the site changes. The flow velocity is decreased more at the shallower
ends of the arrays. Lastly, Figure 7.6(d) illustrates the M, velocity magnitude change for
when all the arrays are operating together. The presence of HH array in this configuration
contributes negatively as it enhances the flow diversion before the flow reaches the SO + SS
arrays. However, as the arrays are far away from each other, the disturbance to the flow
caused by HH array is relatively small. The analyses conducted in this section confirm that

the presence of tidal array in a partially blocked flow enhances the bypass flow.
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Figure 7.6 — M, current speed change from natural conditions off Anglesey due to the
presence of different array configurations.
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7.3. Bristol Channel

7.3.1. Individual Arrays

This section considers individual array deployment in the Bristol Channel and presents
results from a very similar analysis as that conducted for off the Anglesey. Figure 7.7 depicts
the following selected sites for turbine arrays in the Bristol Channel:

1. Lundy Array: Flow passing between an island and a headland,

2. Ilfracombe Array: Flow passing a headland and,

3. Channel Array: Flow in an oscillating bay.

A set of simulations has been prepared for each array in order to determine its optimum
wake velocity coefficients (o) that maximises the available power. The simulations consider
a fixed blockage ratio (B = 0.5) where the a, values are varied. The model is forced with the
dominant semi-diurnal tidal constituents M, and S,. The time-varying power output is
averaged over a spring tide. The averaged available power values are then fitted to a spline to

calculate the maximum available power (Adcock et al., 2013).

52.5

52

51

50.5

Figure 7.7 — Locations of selected tidal turbine arrays in the Bristol Channel.
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Table 7.11 lists the optimum wake velocity coefficients and corresponding maximum

available power values for the selected tidal turbine arrays in the Bristol Channel.

Maximum available Maximum
Location Length (km) | Optimum a, extracted power
power (MW)
MW)
Lundy (LU) 13.2 0.40 162.7 315
[lfracombe (IL) 4 0.47 47.8 80.4
Channel (CH) 14.4 0.44 308.4 549.8

Table 7.11 Optimum wake velocity coefficients for tidal turbine arrays located at different
sites in the Bristol Channel. Maximum available and extracted power values are also given.

Several comparison stations are chosen (see Figure 7.8) in order to evaluate changes to the
tidal system at locations in the Celtic Sea, and the outer and inner Bristol Channel. As
explained in Chapter 6, the Bristol Channel system is well known for its resonance
characteristics. The purpose of this section is to understand how the system responds in the
case of deployment of arrays at different sites in the Bristol Channel.

Table 7.12 and Table 7.13 present the M, and S, tidal elevation amplitudes and phase lags
computed at the stations in case of natural conditions (no tidal array deployments) and in
cases of various array installed at different sites listed in Table 7.11. The results show that M,
and S, tidal elevation amplitudes are not affected significantly when arrays located on Lundy
(LU) or Ilfracombe (IL) operate. The deployment of Channel (CH) array, however, causes a
reduction in the semi-diurnal M, and S, tidal elevations. The observed change in the outer
Channel (Figure 7.8.a) and mid-Channel regions (Figure 7.8.b) are approximately 3 to 5 cm
for M, tidal constituent (Table 7.12). The CH array is located at the inner Channel and the
results show that across the array, the M, tidal elevations are decreased by 8 cm. Within the
Severn Estuary, the M, elevations are approximately 10 cm less than the natural case.
Similarly, Table 7.13 shows that the S, tidal elevations are reduced by 5 cm throughout the

Severn when the CH array is operating.
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The M, phase lags (Table 7.12) indicate insignificant changes within the flow field while
either Lundy (LU) array or the Ilfracombe (IL) array is operating. The maximum phase
difference is observed when the Channel (CH) array is operating. However, the change in the
phase lag is only 3°, which implies that high tides are delayed by approximately 6 min

immediately east of the array.

i Amplitude (m) Phase (°)
Station

Natural LU 1L CH Natural LU 1L CH
0OCl1 1.61 1.60 1.61 1.58 155 155 155 155
0C2 1.62 1.62 1.62 1.59 165 165 165 165
0C3 1.91 1.91 1.91 1.89 150 150 150 150
0C4 2.14 2.13 2.14 2.11 162 162 162 162
MC1 2.72 2.71 2.72 2.68 173 174 173 173
MC2 2.92 2.91 2.92 2.87 171 171 171 171
MC3 2.64 2.65 2.64 2.61 162 161 162 162
MC4 2.65 2.65 2.65 2.62 163 164 162 163
MCS5 2.96 2.95 2.96 2.92 166 167 166 167
MC6 2.99 2.98 2.99 2.95 167 168 168 167
IC1 3.64 3.63 3.64 3.56 180 181 181 180
IC2 3.66 3.65 3.67 3.58 181 181 181 184
IC3 4.08 4.08 4.09 3.98 187 187 187 189
IC4 4.40 4.41 4.43 4.31 192 193 193 194

Table 7.12 Amplitude and phase of the M, tidal elevations at observation stations in the
Bristol Channel and Celtic Sea under natural conditions and in the presence of different array
configurations. The station readings at the upstream and downstream of the arrays are
highlighted in grey.

Table 7.13 shows that the Celtic Sea — Bristol Channel system behaves in a similar manner
regarding the S, tidal phase lags. The high tides are delayed by 8 minutes east of the Channel
(CH) array. However, there are no significant effects observed in the presence of LU and IL
arrays. The change in the currents is examined by considering the M, and S, tidal
constituents. Table 7.14 lists the M, current magnitude and phase lags computed at the
observation stations for natural case study as well as in the presence of the arrays. Table 7.15

presents the corresponding M, current eccentricities and inclinations.
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i Amplitude (m) Phase (°)
Station
Nat LU 1L CH Nat LU 1L CH
0C1 0.51 0.51 0.51 0.51 205 204 205 204
0ocC2 0.54 0.54 0.54 0.54 216 216 216 216
0C3 0.62 0.63 0.63 0.62 198 198 198 197
0C4 0.71 0.72 0.72 0.71 211 211 211 211
MCI1 0.89 0.89 0.90 0.89 222 223 222 222
MC2 0.95 0.95 0.95 0.94 220 221 221 220
MC3 0.88 0.89 0.88 0.87 211 210 211 210
MC4 0.88 0.87 0.88 0.88 211 213 211 211
MCS5 0.97 0.96 0.97 0.96 216 217 216 216
MC6 0.97 0.97 0.97 0.97 217 218 218 217
IC1 1.10 1.09 1.10 1.08 234 235 235 233
IC2 1.11 1.10 1.10 1.05 235 236 236 239
IC3 1.18 1.18 1.19 1.13 244 245 245 247
IC4 1.24 1.24 1.25 1.19 252 253 253 255

Table 7.13 Amplitude and phase of the S, tidal elevations at observation stations in the Bristol
Channel and Celtic Sea under natural conditions and in the presence of different array
configurations. The station readings at the upstream and downstream of the arrays are

highlighted in grey.

Table 7.14 indicates that the Lundy (LU) array causes a slight reduction in the M, velocity
magnitudes at stations OC1 and OC3 but a small increase at stations OC2 and OC4. The
stations just before and after the LU array (MC3 and MC4) show that, due to the energy
extraction, the M, velocity magnitudes are decreased by approximately 4%. It is also seen that
the M, current velocities are delayed approximately by 2 minutes within the inner Channel.
The inner Channel (Severn Estuary) site is not affected greatly due to the presence of the LU
array. The M, phase lags are similar to that of the natural case for the outer stations when LU
is operating. However, when the current reaches the LU array, the MC3 and MC4 station
readings show that the maximum velocities occur approximately 15 minutes earlier than
natural. The stations located far east of the LU array indicate that the maximum velocities are
observed at similar times to that of the natural case. Operating LU array shows local effect on
the M, current velocities.

Operation of the Ilfracombe (IL) array causes minor changes in M, velocity magnitudes
until the flow reaches the array. Stations upstream and downstream of the IL array (MCS5 and

MC6) show that the M, velocity magnitude reduces by 11%. The stations located at the inner
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Channel region show that the velocity magnitudes are slightly increased when compared to
the naturally occurring velocities. The M, phase lags indicate that the maximum currents are
observed 12-14 min earlier than the natural case at stations MC5 and MC6 that are located
either side of the IL array. However, there is no other change observed at other stations by

means of the times when fast currents occur.

Station Unag (ms) Pmas (°)
Natural LU IL CH Natural LU IL CH
0OCl1 0.3118 0.3108 0.3110 0.3147 153 153 153 155
0C2 0.4950 0.4967 0.4968 0.5033 202 203 203 202
0C3 0.3781 0.3762 0.3770 0.3734 114 114 114 115
0C4 0.4994 0.5008 0.4993 0.4920 90 90 90 90
MC1 0.5976 0.5999 0.6010 0.5805 83 85 84 83
MC2 0.8703 0.8690 0.8791 0.8385 94 94 95 95
MC3 0.8401 0.8086 0.8389 0.8185 101 93 101 102
MC4 0.8434 0.8056 0.8431 0.8221 101 93 101 102
MC5 1.2418 1.2291 1.0968 1.2258 90 89 84 90
MC6 1.1469 1.1395 1.0120 1.1255 92 91 85 93
IC1 1.4932 1.4960 1.5004 1.3353 282 282 282 281
IC2 1.4366 1.4378 1.4420 1.2946 282 282 282 281
IC3 1.1471 1.1438 1.1472 1.1008 103 103 103 104
IC4 1.1518 1.1551 1.1589 1.1111 114 114 114 115

Table 7.14 Amplitude and phase of the computed M, tidal current at different observation

stations in the Bristol Channel and Celtic Sea under natural conditions and in presence of

different array configuration. The station readings at the upstream and downstream of the
arrays are highlighted in grey.

Comparing the results obtained when the Channel (CH) array is operating to the naturally
occurring M, tidal currents, it is seen that the system responds differently to the previous
arrays discussed. Bearing in mind that the M, elevations also decrease at the Severn Estuary
when the CH array is operating, it is believed that the system is moving away from resonant
frequency. The reduction in the M; velocity magnitudes is approximately 10% at the upstream
and downstream of the array (station IC1 and IC2). Maximum M, currents occur at the same
times in the tidal cycle as for the undisturbed flow conditions. Although, there is a significant
impact on the response of the Bristol Channel system by operating the CH array, this does not

affect the timing of the fastest currents.
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i Eccentricity Inclination (°)
Station
Nat LU 1L CH Nat LU 1L CH
0C1 0.3461 0.3457 0.3462 0.3332 40 40 40 41
0C2 0.2934 0.2917 0.2918 0.2805 80 80 80 80
0C3 0.2333 0.2357 0.2338 0.2429 34 34 34 35
0C4 0.5635 0.5732 0.5631 0.5871 6 6 6 6
MCI1 0.0901 0.0787 0.0884 0.0924 14 15 15 15
MC2 0.0613 0.0458 0.0586 0.0636 12 12 12 12
MC3 0.0943 0.0826 0.0950 0.0965 33 33 34 34
MC4 0.0956 0.0774 0.0965 0.0970 33 33 34 34
MCS5 0.0137 0.0075 -0.0205 0.0073 31 31 31 32
MC6 0.0124 0.0074 0.0140 0.0138 23 22 22 24
IC1 0.0108 0.0114 0.0112 0.0278 174 174 174 175
IC2 0.0111 0.0118 0.0115 0.0200 173 173 173 173
IC3 -0.0151 | -0.0147 | -0.0146 | -0.0134 8 8 8 8
IC4 0.0388 0.0373 0.0374 0.0360 59 59 59 59

Table 7.15 Eccentricity and inclination of predicted M, currents at different observation

stations in the Celtic Sea and Bristol Channel under natural conditions and in presence of

various array configurations. The station readings at the upstream and downstream of the
arrays are highlighted in grey.

Table 7.15 shows the M, current ellipse parameters at the observation stations for different
cases. From the table, it is seen that installing the LU array alters the ellipse structure very
mildly at the Celtic Sea front. The eccentricity is decreased at stations located in the mid-
Channel region. The flow is still rectilinear. The ellipse structure is changed at the immediate
upstream and downstream of the LU array. When the IL array is in operation, the system
responds in a similar manner as in described for the LU array. The eccentricity changes
significantly at MCS5, which is located at the upstream of the array (with respect to the
direction of the flood tide) indicating that the M, ellipse is changing direction from anti-
clockwise to clockwise. However, towards the east of the array, the ellipse structure does not
change significantly. When the CH array is in operation, the change in the eccentricity varies
throughout the Celtic Sea — Bristol Channel system. There is a slight decrease in eccentricity
observed at the outer Channel stations OC1 and OC2, whereas the eccentricity tends to
increase slightly until the flow reaches the Ilfracombe headland. The eccentricity is doubled at
the inner Channel stations IC1 and IC2, which are located at the upstream and downstream of

the array.
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Table 7.16 and Table 7.17 present the S, tidal current characteristics of magnitude, phase

lag, eccentricity and inclination.

Station Unag (m's) Pmas (°)
Nat LU 1L CH Nat LU IL CH
0OCl1 0.1416 0.1396 0.1399 0.1394 188 187 187 188
0C2 0.1761 0.1729 0.1732 0.1739 229 230 230 229
0C3 0.1545 0.1540 0.1543 0.1529 162 161 161 161
0C4 0.1771 0.1781 0.1772 0.1746 151 152 151 151
MC1 0.1780 0.1768 0.1782 0.1708 136 140 138 136
MC2 0.2750 0.2732 0.2785 0.2617 149 150 151 150
MC3 0.2967 0.2878 0.2963 0.2887 154 142 154 154
MC4 0.2960 0.2847 0.2956 0.2877 154 143 154 155
MCS5 0.4095 0.4034 0.3400 0.4014 138 138 132 138
MC6 0.3734 0.3674 0.3036 0.3636 140 141 133 142
IC1 0.4507 0.4513 0.4533 0.3896 338 339 339 339
IC2 0.4368 0.4352 0.4373 0.3676 338 339 339 340
IC3 0.3265 0.3229 0.3243 0.3056 162 163 162 164
IC4 0.3432 0.3426 0.3438 0.3274 173 175 175 176

Table 7.16 Amplitude and phase of the S, tidal current at different observation stations in the
Bristol Channel and Celtic Sea under natural conditions and in presence of different array
configuration. The station readings at the upstream and downstream of the arrays are
highlighted in grey.

Table 7.16 shows that operating tidal arrays cause a small reduction in the S, velocity
magnitudes at the outer Channel stations. Similarly to M, tidal current analysis, S, velocity
magnitudes are decreased at the observation stations in the vicinity of the arrays. Maximum
change in the velocity magnitudes is observed when Ilfracombe (IL) array is operating. The S,
velocity magnitudes are reduced by approximately 18%. This is again because the flow is
partially blocked which forces it to divert around the edges of the array and, also reduces the
mass flux passing through the array. Operating the Channel (CH) array reduces the S, velocity
magnitudes across the Celtic Sea and Bristol Channel area. The maximum reduction is
approximately 15%, which is observed at stations located upstream and downstream of the
array. The S, velocity phase changes are similar to the M, velocity phase changes. The
maximum S, tidal currents are observed approximately 20 min earlier than the natural case

when Lundy (LU) array is operating. As far as the Ilfracombe (IL) array is concerned, the
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maximum S, currents occur 12 min prior to the natural case. The effect of Channel (CH) array

to the S, phase lags is insignificant.

i Eccentricity Inclination (°)
Station
Nat LU 1L CH Nat LU 1L CH
0OCl1 0.2014 0.2020 0.2023 0.2009 35 34 34 35
0ocC2 0.3488 0.3553 0.3561 0.3457 71 71 71 71
0C3 0.1579 0.1567 0.1549 0.1585 36 36 36 37
0C4 0.5321 0.5412 0.5296 0.5442 23 24 23 24
MCI1 0.0897 0.0771 0.0983 0.1062 18 19 18 19
MC2 0.0298 -0.0015 0.0237 0.0316 15 14 15 15
MC3 0.0739 0.0632 0.0832 0.0831 35 35 36 36
MC4 0.0798 0.0777 0.0881 0.0867 36 35 36 36
MCS5 -0.0294 | -0.0304 | -0.0400 | -0.0087 31 31 32 32
MC6 -0.0174 | -0.0205 -00075 -0.0012 23 23 23 24
IC1 0.0184 0.0067 0.0058 0.0413 175 175 175 175
IC2 0.0143 0.0028 0.0028 0.0383 174 173 173 173
IC3 0.0292 0.0257 0.0267 0.0306 8 8 8 8
IC4 0.0276 0.0213 0.0225 0.0194 59 59 59 60

Table 7.17 Eccentricity and inclination of the computed S, tidal current at different

observation stations in the Bristol Channel and Celtic Sea under natural conditions and in the
presence of various array configurations. The station readings at the upstream and
downstream of the arrays are highlighted in grey.

Table 7.17 presents the characteristic parameters of the S, tidal currents. Table 7.17 shows
that the effect of deployment of arrays seen at the outer Channel site is small when the S, tidal
current ellipse structure is concerned. When the LU array is operating, the eccentricity of S,
currents decreases at the stations in the vicinity of the array location, as well as the stations
located in the Severn Estuary. The ellipse size is reduced throughout the Bristol Channel area.
Similarly, the eccentricity decreases within the Bristol Channel site when Ilfracombe (IL)
array is operating. As discussed earlier on M, current analysis, the eccentricity of S, current
ellipses increase when Chanel array (CH) is in operation.

In terms of change in inclination, the operation of arrays shows no significant change to this
parameter. This implies that the angle between the semi-major axis relative to the horizontal

velocity axis does not change due to the energy extraction.
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7.3.2. Analysis of Multiple Array Deployments

This section considers the effect of installing multiple arrays within the Bristol Channel

site. The array configurations studied in this section are:

1. Lundy and Ilfracombe (LU + IL),

2. Lundy and Channel (LU + CH),

3. Ilfracombe and Channel (IL + CH) and,

4. Lundy, Ilfracombe and Channel (LU + IL + CH).

The simulations are designed by operating each array using the optimum wake velocity

coefficients. Table 7.18 compares the maximum available power outputs that are averaged

over a spring tide for each case study with the arithmetic sum of the individual maximum

power available to the arrays in isolation. From Table 7.18, it is seen that the Lundy (LU) and

Ilfracombe (IL) arrays do not interact with each other significantly in terms of available

power. However, operating the Channel (CH) array in combination with other arrays,

improves the performance of the CH array. This unexpected result (given that the CH array is

in series with the other sites) is mainly due to the slight rise in the head at the upstream of the

CH array caused by operation of other arrays. As the mass flux passing through the CH array

is increased, the available power to that array is increased as well.

Case Study Array Combinations Pavait (MW) Y Povair (MW)
1 LU +1IL 213.6 210.5
2 LU+ CH 503.9 4743
3 IL + CH 391.3 3594
4 LU+ IL + CH 546.7 522.1

Table 7.18 Comparison between the estimated (P,..;) and calculated (XP,,,;) available power
output averaged over a spring period for each multiple array case in the Bristol Channel.

The change in the flow field is evaluated in terms of the M, tidal elevations and M, tidal

current magnitudes. Figure 7.9 shows the change in M, tidal elevations when multiple arrays

are operating using the configurations presented in Table 7.18. Case study 1 considers the

joint deployment of Lundy and Ilfracombe arrays. Figure 7.9(a) illustrates that the M, surface

elevations are increased by 5 cm towards the Celtic Sea. However, the elevations are
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decreased by an average of 1.5 cm at the Channel side of the basin. The abrupt changes in
elevation observed in Swansea Bay are an artefact of the wetting and drying algorithm in the
numerical model, and so are treated as spurious.

It was found in Section 6.3.1 that the presence of the CH array leads to a considerable
change to the M, elevation from Minehead towards the tip of the Bristol Channel. The array
effectively decreases the length of the Bristol Channel basin, and so it is assumed that the
response of the system shifts away from the resonance frequency. This implies a reduction in
observed water surface elevations. Joint operation of the LU and CH arrays (Figure 7.9.b) also
results in a similar reduction in observed water surface elevations at the downstream entrance
to the Bristol Channel. However, the LU + CH configuration causes a small increase (~1 cm)
in M; elevation immediately in front of the CH array. Figure 7.9 (c) and Figure 7.9 (d) show
that the system responds in a similar manner in the Bristol Channel site as CH array is being
operated. However, the figures also show that inclusion of either IL or LU array (or even a
combination of both arrays) do not cause a significant hydrodynamic interaction with the CH

array.
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Figure 7.9 — M, amplitude change in presence of different array configurations

Figure 7.10 plots the system response to the presence of different array configurations with
respect to the M, tidal current changes. From the figure, it is seen that the flow accelerates at
the edges of the arrays due to the flow diversion. Figure 7.10(a) illustrates the combination of

Lundy (LU) and Ilfracombe (IL) arrays. From this figure, it is seen that the flow is diverted to
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the north of Lundy Island as the LU array is operating. The presence of IL array also
contributes into this diversion. Figure 7.10(b) shows the array configuration of Lundy (LU)
and Channel (CH) arrays. From the figure, there is not a direct interaction between arrays by
means of change in the M, current velocities. For both arrays, the by-pass flow is accelerated
due to the thrust applied by the turbines. Comparing Figure 7.10(a) and Figure 7.10(b), it is
seen that LU and IL arrays do interact in terms of the velocities as the fast flow is further
delivered towards the Welsh coasts. Figure 7.10(c) presents the results obtained for operating
[lfracombe (IL) array with the Channel (CH) array. Even though the arrays are closer to each
other when compared to the array combination discussed in Figure 7.10(b), there is no evident
hydrodynamic interaction observed. Figure 7.10(d) shows the change in M, velocity
magnitudes when all three arrays are operating together. This figure also confirms that the by-
pass flow is accelerated at the ends of the arrays, but there is no significant interaction

between the arrays in terms of tidal hydrodynamics of the system.
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Figure 7.10 — M, current change in presence of different array configurations

7.4. Anglesey and the Bristol Chanel
Previous sections consider the analyses regarding the power available to the turbines and

the hydrodynamic effect of extracting energy from the tidal stream off Anglesey and in the
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Bristol Channel. These sites are geographically close to each other, thus there may be
hydrodynamic interactions in the case of operating tidal farms at both these sites.

In order to investigate longer distance interaction effects, an additional test case has been
prepared which considers operating all of the 6 arrays together. The model parameters are the
same as in the previous analyses. The arrays are defined by the computed optimum wake
velocity coefficients. This test case also considers a high blockage ratio to be applied to the
flow (B = 0.5). Table 7.19 summarises the arrays and the optimum wake velocity coefficients
used in the simulation. Table 7.19 also shows the power available to the three arrays deployed
at each of the main sites averaged over a spring tidal period. Table 7.19 illustrates that the
simulated total available power is trivially different from the sum of the three arrays operated
at Anglesey and in the Bristol Channel independently: in other words the analysis indicates no

significant long distance interaction between tidal farms.

Individual Simulated
. P,,ni1 MW P, Simulated
Array Optimum @y | Array Payay ?gf L; grray) zéMa\;]\;l)Ll Poyair (MW)
(MW) cases
Holyhead 0.48 168.3
Skerries-
Offshore 0.46 385.8 668.4
Skerries-Strait 0.55 86.0
1162.2 12129
Lundy 0.40 162.7
Ilfracombe 0.47 47.8 546.7
Channel 0.40 311.6

Table 7.19 Summary of the power available to the turbine arrays located off Anglesey and in
the Bristol Channel.

Considering the change in the tidal dynamics of the system, the M, tidal elevations show a
similar change when compared to the results presented in the previous sections. As for the M,
currents (see Figure 7.11), the far-field velocities change approximately by 0.05 — 0.1 m/s.
However, this change does not affect the sites directly. Thus, it is concluded that there is no

significant hydrodynamic interaction between Anglesey and the Bristol Channel sites.
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Figure 7.11 — Change in the M; tidal current within the Irish Sea, Celtic Sea and the
Bristol Channel in case of operating all arrays considered.

7.5. Conclusions

This chapter examines the basin-scale environmental changes that occur when large arrays
of tidal stream turbines are operating in selected tidal basins. For the analysis, two sites are
chosen; the Anglesey headland and the Bristol Channel. A combined analysis of these sites is
also conducted to evaluate the possible hydrodynamic interaction between proposed tidal
array sites.

The presence of tidal turbines causes a reduction in the flow through the turbine array
relative to the case wherein there were no turbines present. It is seen that, if the turbine array
extend across an entire channel (see e.g. the Bristol Channel analysis) then the thrust applied
to the flow causes reduced flow velocities primarily in the vicinity of the array. In the case of
a partially blocked flow as studied in the Anglesey Skerries case, there will be a fast bypass
flow around the ends of the turbine array. This in turn, results in a reduced mass flux passing
through the turbine arrays, which limits the available power to the turbines.

The changes to the tidal dynamics are geographically contained to the near vicinity of the
turbine array. Hence, there is virtually no hydrodynamic interaction between the turbine

arrays installed at the Anglesey and the Bristol Channel.
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Overall, at peak available energy extraction, there would be a measurable change in the
tidal dynamics, which may lead to a significant environmental impact. Assessing this impact
is beyond the scope of this thesis. However, taking these effects into account is important
when designing a tidal turbine farm, as there may need to be a compromise between the

change to the tidal dynamics of the site and the amount of power to be generated.
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Chapter 8

Conclusions and Recommendations

Tidal stream power offers considerable promise as a renewable energy resource, given
increasing worldwide energy demand and environmental concerns regarding fossil fuels. This
thesis has considered a resource assessment of selected tidal sites around the UK in order to
estimate an upper limit to the available power at each site and simulate the consequent
hydrodynamic changes due to the presence of tidal turbines. Following the approach taken by
Draper et al. (2010) and Draper (2011), a line sink of momentum was embedded in a selected
numerical solver in order to represent the effects of tidal turbine fences. The momentum sink
across the turbines was determined as a head drop using Linear Momentum Actuator Disk
Theory (LMADT) extended to include wake mixing effects (Houlsby et al. 2008).
Incorporation of the head loss from LMADT into the numerical model by inserting a
momentum sink is more accurate than alternative techniques based on increased bed stress in
estimating the power potential of a site. Moreover, the LMADT solution enabled a distinction
to be made between the power available to the turbine devices and the total power that is
extracted from the current, which includes the mixing losses. This method was applied to
assess the tidal stream power potential at selected sites near the Anglesey Skerries and in the
Bristol Channel. The following sections summarise the main conclusions derived from the
modelling techniques and results. Section 8.4 proposes topics for future research. Finally,

Section 8.5 provides a brief summary of the work conducted in this thesis.

8.1. Numerical Model
The two-dimensional Shallow Water Equations (SWEs) were used to model the ocean
tides. The selected numerical solver (DG-ADCIRC) used discontinuous Galerkin Finite
Element Method (DG-FEM) to solve the SWEs. A series of idealised tests was employed to
verify DG-ADCIRC code, including uniform flow in an open channel, laminar flow past a

sidewall expansion, Coriolis advection of a Gaussian hump, and still water in a basin with
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non-uniform fixed bed topography. The DG-ADCIRC hydrodynamic solver provided
satisfactory results when compared against analytical solutions.

The DG-ADCIRC hydrodynamic solver was then modified to incorporate a line sink of
momentum due to the presence of the conceptual tidal turbine arrays. The associated
momentum sink was computed using a sub-grid model based on Linear Momentum Actuator
Disk Theory (LMADT). As mentioned above, LMADT was used to approximate the local
flow-field in the presence of tidal turbines, and provided an accurate representation of the
flow velocity at the turbines for evaluating the available power. For prescribed turbine
operating conditions (known blockage ratio and wake velocity coefficient) and the upstream
flow conditions, LMADT provided the head drop and flow velocity across the turbines. The
derivation of LMADT for open channel flow with a free surface and downstream mixing
allowed the efficiency of the turbines to be described as the ratio of the extracted power by the
turbines to the total power removed from the tidal stream. A variety of turbine operating
conditions were examined as a part of the parametric study. It should be noted that use of a
high blockage ratio with an optimum wake velocity coefficient leads to higher power
extraction from the stream. However, this has a limit. Increasing the blockage ratio while
using an optimum wake velocity coefficient results in critical bypass flow. In this case, the
solution of the quartic equation in B4 (equation 3.9) becomes physically inadmissible. Due to
the excessive energy extraction, the head drop across the turbine becomes too large resulting
in very low downstream depths. This implies that the energy can only be conserved in the
bypass flow, which eventually becomes critical (Draper, 2011). Provided this situation does
not arise, it is reasonable to represent tidal turbines using LMADT as a head loss momentum
sink in the numerical model.

This study aimed to estimate the maximum power that can be extracted by tidal turbine
arrays and assess the far-field effects of energy extraction in the designated areas around the
UK. In this respect, a calibrated numerical model has been developed, which is validated
against field measurements. The development of the model involved constructing two
unstructured finite element models, one with and one without the inter-tidal zones around the
Bristol Channel and the Welsh coasts. The numerical models consider the south-west coasts

of the UK including the Irish Sea and the Celtic Sea. The southern open boundary extended
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beyond the European continental shelf in order to model accurately the quarter-wavelength
resonance occurring in the Bristol Channel. The models were forced using the dominant semi-
diurnal M, and S, tidal components.

The inter-tidal zones around the Bristol Channel and the Welsh coasts were omitted in the
simpler model (DG-ADCIRC), whereas these regions were included in the more complex
model (DG-ADCIRC-WD). The aim of constructing two models was to assess the impact of
including the inter-tidal zones in the domain — which required a wetting and drying treatment
within the simulation — on the model accuracy. The model validation study was undertaken
for both models using field data. The DG-ARCIRC model predictions were found to agree
well with the observations, especially with respect to water surface elevation time series and
harmonic analysis results. Less good agreement was obtained between predicted and
measured currents. There are several reasons for the discrepancies. Firstly, a relatively large
bed friction coefficient was used in the DG-ARCIRC model to obtain a stable solution. This
in turn resulted in predictions of slower currents. Secondly, comparisons with current
measurements are intrinsically more difficult because of uncertainties related to the
observations. The current measurements were derived from recordings of the direction and
magnitude of the currents, and so even a small error in direction would have caused a large
error in the magnitude of the velocity components.

The DG-ARCIRC-WD model included the intertidal zones, which used a wetting and
drying treatment to handle the moving boundary problem. It was found that the DG-ARCIRC-
WD model reproduced more accurately the tidal hydrodynamics observed in the Bristol
Channel. Use of a smaller bed friction coefficient in the computation provided closer

agreement between predictions and measurements of water elevations and currents.

8.2. Power Assessment

This thesis aimed to assess an upper limit for the tidal stream resources of the Anglesey
Skerries and the Bristol Channel. Both analyses indicated that parallel configurations perform
better then arrays deployed in series. With this in mind, the parametric studies conducted on
the Anglesey Skerries and the Bristol Channel showed that the maximum mean available
power values are 301.2 MW and 233.9 MW respectively for the array configurations

considered. These upper limits consider only the power that is extracted from the M, tides.
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The parametric studies showed that the amount of power that can be extracted by the
turbines is limited due to the geometry of the tidal basin, the location of the turbine arrays, the
array configurations, the turbine operating conditions and more importantly the hydrodynamic
disturbance within the tidal system. The results demonstrate that locations with high natural
kinetic energy fluxes are sensible options for tidal array deployments. In terms of operating
conditions, it was found that increasing the blockage increases the available power given that
an optimum wake velocity coefficient is used. However, with a high induction factor, setting
the blockage too high would choke the flow, which inevitably means that no power can be
extracted from the current. Increasing the blockage results in increasing the thrust applied to
the flow, which causes the flow to bypass the array. Regarding the array configuration, it was
found that extending the length of the array (parallel) is more advantageous than deploying
multiple arrays in series, especially when working with high blockage ratios.

The geometry of the tidal basin is also important. The analysis conducted on the Anglesey
Skerries, which is a headland site, showed that the available power is restricted mainly by the
bypass flow. The model simulations also indicated that more power can be extracted by
turbine arrays when placed closer to the Skerries. The bypass flow is dependent on the array
configuration and is higher on the ocean side when the arrays are deployed in series. The
Bristol Channel analysis showed that the best performing arrays of those considered were
located between Aberthaw and Wales. The closure problem indicated how the available
energy improves by extending the length of the array, which agrees well with Draper et al.

(2013), Vennell (2012) and Vennell (2011).

8.3. Local Hydrodynamics

To examine and quantify the disturbance caused by turbine arrays to the local
hydrodynamics, this thesis considered the change in the M, tides (see Chapter 7). In both
tidal site studies, it was found that neither the amplitude nor the phase of the M, constituent
changed significantly, even at maximum power extraction. For the Anglesey Skerries
headland site, the hydrodynamic changes were mainly confined to the vicinity of the tidal
array. In the Bristol Channel analysis, it was, however, observed that the M, elevation
amplitude decreased by approximately 10 cm throughout the region between the arrays and

the mouth of the Channel. The Bristol Channel site is particularly sensitive to tidal resonance,
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and so is very susceptible to perturbation. Deployment of tidal arrays would inevitably lead to
interference with the natural resonance of the system.

Chapter 7 presented a unique analysis of the large-scale hydrodynamic changes that can
occur when all the proposed arrays in the Anglesey and the Bristol Channel are operating. The
analysis revealed that no significant far-field effects resulted from the simultaneous operation

of multiple arrays located at the various tidal sites considered.

8.4. Future Research

8.4.1. Comparisons with the Increased Bed-Friction Approach

Several approaches are presently used in practice to represent the hydrodynamic effect of
tidal array deployments in two-dimensional shallow water solvers. A commonly used method
is to smear the drag applied by the turbines over an area within the computational domain by
increasing the bed friction coefficients of given nodes. The main advantages of this approach
are that it requires no modifications to the source code and is easy to implement in the
selected numerical code (DG-ADCIRC). However, as Draper et a/ (2010) discuss, the drag
coefficient included in the model is not associated with a particular turbine design and does
not include the effect of array configuration (i.e. parallel or series) in the flow domain. The
method provides a theoretical amount of power that can be extracted from the stream, which
includes the energy that is lost through wake mixing. Vogel et a/ (2013) also discuss these
disadvantages of the method and identify that the power that can be usefully extracted from a
site is dependent on the flow velocity at the turbines and the total mass flux entering the flow.
In this respect, Vogel et al highlight that the accurate flow velocities at the turbines cannot be
captured by smearing the drag over an element.

An approximation to the local flow field is possible by employing an analytical solution
such as the linear momentum actuator disk theory discussed in this thesis. This approach is
embedded to the two-dimensional depth-averaged model following Draper (2011) by
incorporating a line sink of momentum in the computations. The main advantage of this
method is that it enables a distinction to be made between the power that is solely extracted by
the turbines to the total power that is removed from the tidal stream. Using this method
provides more accurate assumptions on the local flow velocity at the turbines, which in turn
ensures accuracy in the power output estimations. Representing turbines as a discontinuity in
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the computations enables to capture the flow diversion due to the additional resistance applied
to the flow by the turbine arrays, which effectively includes the effects of deploying tidal
arrays to the far-field hydrodynamics. However, as discussed previously, LMADT sub-grid
model does not account for vertical velocity changes due to the power extraction, thus the
effect turbines to the flow field are not represented accurately. Additionally, the method does
not account for electrical and mechanical losses, which results in overestimations in drawing
an upper bound for the available power at a site.

It should also be noted that it is still unknown which method performs better in terms of
accurately estimating the power that is available to the turbines. To address this issue, Draper
et al (2013) conducted a study to evaluate the performance of using a line sink of momentum
approach in modelling the flow conditions around a tidal fence placed at an idealised
headland by comparing their numerical results with large-scale laboratory experimental
results. Comparisons between the two sets of results show that the numerical model using a
line-sink of momentum approach estimate the thrust applied by the turbine fence reasonably
accurately, although this study was limited to a single row of turbines.

The line sink of momentum approach embedded in the DG-ADCIRC assumes that the
upstream flow conditions, the blockage ratio and also the thrust applied to the flow are
known. The thrust is calculated within the code by using the prescribed wake velocity
coefficient, which enables the resultant equation set to be in the order of a cubic. It is possible
to include a subroutine in the DG-ADCIRC code to evaluate the upstream and downstream
flow conditions as a user-defined drag coefficient approach to extract a similar amount of
power from the tidal current. However, LMADT solution is still needed to evaluate the ratio

of the power that is extracted solely by the turbines.

8.4.2. Response Curve of the Severn Estuary/Bristol Channel System

The Severn Estuary/Bristol Channel system is a dynamically complex system, which is
well known for its quarter-wavelength resonance. The analysis conducted on the Bristol
Channel in Chapter 6 aimed to explain this observed resonant response in the system,
however, the complexity of the system merits further investigation. This further analysis

could address the following points:
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* Explaining the importance of the model boundaries on the observed response of the
system,

* Investigating the possibility of a coupled Celtic Sea — Bristol Channel resonance
observed within the system and,

* Understanding the global effects of extracting energy from the Bristol Channel.

8.4.3. Environmental Impact of Energy Extraction

At peak available energy extraction, there is a measureable change in the tidal dynamics,
which could lead to significant environmental impacts. It is important that the decision to
deploy tidal turbines includes environmental impact assessment in addition to economic and
social assessments. Draper et al. (2013) and Kadiri et al. (2012) have pointed out that the
geometry of the basin plays a major role in tidal hydrodynamics that affect the regional
environment. For an idealised headland, Draper ef al. (2013) state that inserting tidal arrays
would increase the mean bed shear stress, which inevitably increases the transport of
suspended sediments and pollutants. The water quality would also be affected by the
increased amounts of suspended sediments and pollutants. As suggested by Ahmadian and
Falconer (2012) further studies are needed to evaluate the environmental effect of tidal array
deployments.

The numerical solver used in this study (DG-ADCIRC) is coupled with a sediment
transport model, thus it is feasible to investigate the sedimentation in a tidal system. However,
care must be taken to conduct an analysis using both the sediment transportation and a line
sink of momentum routines, as there may be instabilities related to coding structures. In order
to evaluate the change in the water quality, the DG-ADCIRC source code must be modified to
include a water quality model coupled within the hydrodynamic solver. To the author’s

knowledge, no attempt has been made so far to include this feature in the DG-ADCIRC code.

8.4.4. Severn Tidal Barrage Analysis
This thesis aimed to draw an upper limit to the maximum available power that may be
extracted from the fast tidal currents occurring at the Bristol Channel and the Anglesey
Skerries sites. However, historically the Bristol Channel was considered as a site to construct
a tidal barrage. According to the DECC (2010) report, the UK Government still considers this

scheme to be viable in the future. Although, previous studies determined the tidal range
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resource of the Bristol Channel, it is unclear how much power can be generated by a Severn
tidal barrage in accordance with tidal arrays deployed in the Bristol Channel. Research
undertaken by Xia et al. (2012) considers the magnitude of the annual energy output of a
proposed barrage across the Severn Estuary. In the analysis, Xia ef al. used a theoretical and a
numerical method separately to compute the annual tidal energy output from a barrage. The
numerical model was modified to include a routine to estimate this power output from the
barrage. A similar modification is required in the DG-ADCIRC code to represent a tidal
barrage in the computations. The DG-ADCIRC code originally has the capability to model
internal barriers, such as levees, or raised roads, within the computational domain (Dawson et
al., 2011). In the model, the effects of these structures to the local flow field are included by
manipulating the numerical flux terms. To account for a tidal barrage, the subroutine
associated with the internal barrier calculations need to be altered to account for the operating
mode of the barrage. The modification to the original DG-ADCIRC source code is expected
to be minimal to incorporate the effect of tidal barrages in the computations. With this
modification, it will be possible to analyse the performance of a proposed tidal array when a

tidal barrage is operating simultaneously at this designated tidal site.

8.5. Summary

This study considered evaluating the maximum amount of power that can be generated
from tidal currents, while assessing the far-field effects of such energy extraction. A two-
dimensional hydrodynamic solver, DG-ADCIRC, which is based on a discontinuous Galerkin
finite element method, has been employed to conduct the analyses. The DG-ADCIRC has
been verified against several benchmark tests. The DG-ADCIRC solver is then modified to
include a line sink of momentum to incorporate the effects of deploying conceptual tidal
turbine arrays in a basin. The tidal turbines were parameterised using a sub-grid model using
Linear Momentum Actuator Disk Theory (LMADT). A validated and calibrated numerical
model of the south-west coasts of the UK including the Irish Sea and the Celtic Sea has been
constructed to model the naturally occurring tides. The constructed model has then been used
to conduct parametric studies to evaluate the importance of tidal array locations,
configurations and operating conditions on the available power at the Anglesey Skerries and

the Bristol Channel. It is found that connecting the arrays in parallel (i.e. extending the length
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of the turbine array) is more advantageous than series array deployments, especially when
using a high blockage ratio.

For Anglesey Skerries site, it was found that the turbines closer to the Skerries is more
effective in delivering power. The analysis also showed that, especially when high thrust is
applied to the flow, connecting the arrays in parallel rather than in series is more effective.
The ASA1+ASA?2 parallel array configuration delivers a maximum average available power
of 301.2 MW for a high blockage case. However, for a four-row series connection
(ASA2+ASB2+ASC2+ASD?2) the available power is only 257 MW.

For Bristol Channel site, a similar parametric study has been conducted. Consistent with the
Anglesey Skerries outcomes, it is found that parallel arrays perform better in the Bristol
Channel area when compared to series array deployments. Using a high blockage case, the
maximum averaged available power delivered by the parallel BCL3 array is 233.9 MW,
whereas this value is only 214.1 MW for the series R1-BCL304 array connection.

The study also examined the potential tidal farm interactions by deploying several tidal
arrays at both Anglesey Skerries and the Bristol Channel. The study concluded that energy
extraction from the currents affects the flow field in the vicinity of the turbines significantly,

however, at a larger scale these effects are ceased.
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Appendix 1

Linear Momentum Actuator Disk Theory Applied on

an Open-Channel Flow

Linear momentum actuator disk theory (LMADT) is an extension to actuator disk theory
(ADT), proposed by Froude (1889), which provides a one-dimensional analysis of the steady
flow field around a ship propeller. ADT approximates the propeller as an infinitely thin disk
that shows no resistance to air passing through it, under incompressible flow assumptions
(Horlock, 1978). In the analysis, the thrust on a real propeller is replaced by the uniform
normal pressure distribution on the actuator disk (Van Kuik, 2007). Lanchester (1915) and
Betz (1920) independently applied actuator disk theory to assess the performance of wind
turbines, and defined an upper limit of kinetic energy that can be converted to usable power
(Bergey, 1979). In their studies, Lanchester and Betz showed that the power available to the
turbine cannot exceed 16/27 of the total upstream kinetic energy flux passing through the
actuator disk. This upper limit is called the Lanchester-Betz limit, and it has been used to
design wind turbines over many years. The derivation of the limit can be obtained through
mass and momentum conservation laws, and by applying the Bernoulli relations to the fluid
passing through the turbine (see Figure 1). The momentum change is used to evaluate the
thrust applied on the disk. The turbine power is then estimated by multiplying the calculated
thrust by the velocity at the disk. The Lanchester-Betz limit is obtained by dividing the
turbine power by the power of the unconstrained uniform flow passing through the turbine
area (Gorban et al., 2001). However, in reality, the efficiency of the designed turbines cannot
reach the Lanchester-Betz limit, mainly due to wake formation, mechanical inefficiencies, and

aerodynamic drag (Draper, 2011).
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Figure 1 - Flow field around a wind turbine represented as a stream tube (Burton et
al.,2001).

The successful utilization of wind as a renewable energy source has encouraged engineers
to apply LMADT to the analogous design of tidal turbines. However, standard LMADT
assumes unbounded flow conditions, and hence is not applicable to tidal turbine design in a
straightforward way. Bryden et al. (2007) explain that the standard Betz model is derived
assuming that the flow is incompressible and unconstrained, meaning that the boundaries are
sufficiently far away from the turbines. However, in open channel flow, the flow is
constrained by the seabed and the free surface, which influences the behaviour of the
downstream flow. Furthermore, the operating fluid (water) must be treated as heavy, as there
are important gravitational effects, which do not feature in the original analysis.

Application of LMADT to open channel flow has been documented in many studies
involving both analytical and numerical models, which were summarised in Chapter 1
(Karsten et al., 2013; Vogel, 2012; Draper, 2011; Whelan ef al., 2009; Garrett and Cummins,
2005). Of these studies, Whelan et al. (2009) introduced a variable free surface in their model,
which considers finite upstream Froude numbers. A similar approach was undertaken by
Houlsby et al. (2008) in order to include downstream mixing, as the flow is not uniform after
passing through the turbine. Houlsby et al. (2008) approximated open channel flow by a
combination of both volume (Garrett and Cummins, 2005), and pressure-constrained model,
which is valid under the following assumptions (Draper, 2011):

* Uniform upstream flow of constant velocity u, depth 4, in a channel of width b,

* Actuator disks represent turbines with blockage ratio (B = A/hb) that accounts for
the effective cross-section of the channel 4b,

* The flow is inviscid, and

* Pressures in the upstream and mixing regions are hydrostatic (see Figure 2).
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Figure 2 - An actuator disk placed in an open channel flow with a free water surface
(figure taken from Draper et al., 2010).

The analysis conducted by Houlsby et al. has two parts. In the first part, expressions for
thrust and power are derived using the Bernoulli equation in accordance with mass and
momentum conservation laws. In the second part, the contribution of downstream mixing is
investigated in determining the turbine efficiency.

The flow field is indicated as in Figure 2 for an open channel flow with a free surface
elevation. The flow field is divided into several stations for the analysis. At stations 1, 4, and
5, it is assumed that the pressure is hydrostatic. In the analysis, the upstream uniform flow is
denoted as u, the turbine velocities at stations 2 and 4 are u;, = a,u and uy = ayu
respectively, where «, is the turbine velocity coefficient and «, is the wake velocity
coefficient. Considering that the bypass flow velocity coefficient is B,, the bypass flow
velocity can then be computed by the relation, up, = Byu.

In Figure 2, T represents the thrust applied to the fluid by the turbine with a swept area of
A, and a blockage ratio of B and Ah is the associated head difference with respect to the
energy that is extracted from the flow (Draper et al., 2010; Houlsby et al., 2008).

The first part of the analysis begins with the determination of 7. In this respect, the
Bernouilli equation is firstly applied to the bypass flow between stations 1 and 4,

u2 u2 2
h+_: h4+ ﬁ4,
2g 2g

and secondly on each side of the turbine flow (stations 2 and 3),
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2 u2a2
h+—=hy +—2, 2
29
u?a? ula?
h3t + 2 - h4_ 2g4 3

Combining equations 2 and 3 provides a relation for the head drop across the turbine,
hyy — hge = u_z (B2 — a?) 4
2t 3t 2g 4 47"

The head drop can be related back to the thrust applied on the flow by the turbine by,

u? (B2 — a2) =
29 fii —ai) = pgBbh’

where p is the density of the fluid and g is the gravitational acceleration. The thrust applied to

the flow can also be obtained by the momentum equation applied across stations 1 and 4,
1
ngb(h2 — h?) =T = pu?bhBa,(ay — 1) + pu?bh(1 — Bay)(By — 1). 6
Substituting equation 5 into equation 6 to eliminate 7, the momentum equation becomes,

1 2 2 u’ 2 2
Z‘g(h _h4)—Bh?(ﬁ4 —af)

7
= u?hBay(a, — 1) + u?h(1 — Bay)(Bs — 1) .
Lastly, applying the continuity equation between stations 1 and 4 provides,
1-B
hy=Bh24h ﬂ, 8
2 Ba
which can be reorganised to give,
as(h(1 = B4) + Bu(h — hy)) 9
a, = .

Bh(ay — Ba)

Rearranging equation 9 by using equations 1, 7, and 8 provides the constant pressure-volume

boundary derivation of the LMADT (Houlsby et al., 2008),

133
2(Ba + aa) ~ B[gf G Prm

pi—1
4B

a, =

10
4+
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Equation 10 provides a relation of the flow velocities across the turbine, which accounts for
the effect of the bypass flow and can be solved once B and B, are prescribed, while defining
either a, or a,. Solution of equation 10 is of importance for calculating the thrust applied and
power extracted by the turbine. Considering that the bypass flow velocity will change with
respect to the variable upstream Froude (Fr) number, B, needs to be calculated for varying

upstream flow conditions. The relation for B, is,

Fr? . 2p3 2yp2 2
7[34 + 2a,FreB; — (2 — 2B + Fre)Bi — (day + 2a,Frc —4)B,

) 11
Fr
+<7+4a4—23a2—2>=0.

Equation 11 is quartic in bypass velocity coefficient 8,, and can be solved for defined
blockage ratio B, upstream Froude number Fr, and wake velocity coefficient a,. However,
when the bypass flow becomes critical, equation 11 becomes physically inadmissible (Draper,
2011; Whelan et al., 2009; Houlsby ef al., 2008).

When the roots are real, it is possible to calculate the thrust applied to the flow and the

associated power extracted by the turbines (Houlsby et al., 2008),

1 1
T = Epuszh([)’LL2 —a?) = EpuszhCT, 12
1 3 2_ 2y _ 1 3
P = a,uTl = - PU Bbha,(Bf — af) = 2 PU Bbh(Cp, 13

where Cr and Cp indicate the thrust and power coefficients respectively. In equation 12, the
thrust coefficient is defined as C; = 2 — aZ. Similarly the power coefficient in equation 13 is
defined as, Cp = a,Cr = a,(BZ — a?).

The second part of the analysis indicates the effect of downstream mixing in the efficiency
of power extraction. Taking into account the downstream mixing and applying momentum

conservation between stations 1 and 5 provides,

1 uh
= 2 (h- H—-T= —u). 14
3 pgb(h® — (h — Ah)*) — T = pbhu (h — u)

Substituting the thrust from equation 5 into equation 14, and rearranging gives,

1 /ARN\? 3 /AR\? CrBFr2\ Ah  C,BFr?
—(—) ——(—) +({1-Fri+ —— = 0. 15

2\ h 2\ h 2 h 2
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Equation 15 is a cubic expression, which defines the relative head drop (Ah/h = (h — hg)/h)
when the turbine operating conditions (B and «a,) are defined for prescribed flow conditions
(upstream Fr).

It is important to highlight one important result from the analysis made by Houlsby et al.
(2008) and Draper (2011), which is that the actuator disk is removing potential energy from
the flow rather than the kinetic energy, which is observed as a relative head difference across
the turbine. To conserve mass, at the downstream of the turbine, the velocity of the flow
accelerates to compensate for the head drop. This result is in contradiction with the classical
LMADT applied to the wind turbines, in which the turbines extract kinetic energy of the flow
thus causing a reduction in the immediate downstream flow velocity (Draper, 2011).

For zero-Froude number flow, equation 15 provides a relation in terms of relative head
drop, which determines the total amount of power that is extracted from the turbine. Under the
assumption of the inviscid flow, the turbine efficiency () is then defined as the ratio of the

power extracted by the turbine to the total power loss from the tidal stream (Draper, 2011),

P turbine

n 16

Pturbine + Pwake

The power extracted by the turbines (Pyy,pine) 1S given by equation 13, and the power lost in
the wake (Pyqre) 18 provided by Houlsby et al. (2008). Using these relations and substituting

them in equation 16 provides the turbine efficiency as,

n= Ptu;bfineh 1— FTZ 1 _%(%2) 17
A
=

One of the conclusions Draper (2011) derives from equation 17 is that the efficiency
converges to a, when the upstream Froude number converges to zero, noting that P = a,uT.
Draper (2011) notes that this result holds true for the volume-constrained flow analysis of
Garrett and Cummins (2007). Draper (2011) derives the efficiency for arbitrary Froude

number flows as,

(1 — AR/2h) — Fr2(Ah/R)™!

21— Fr2(1 — Ah/2h)(1 — AR/R)~? 18

n=a

241



APPENDIX 1.LINEAR MOMENTUM ACTUATOR DISK THEORY APPLIED
ON AN OPEN-CHANNEL FLOW

When the upstream Froude number and the associated head difference are very small, such

as the tidal flows, the efficiency reduces to (Draper, 2011),

Ah

77““2(1—%)- 19

Equation 19 indicates that the efficiency is maximised when a, converges to 1, while Ah/h
converges to zero. This implies no energy extraction, which in turn shows that the efficiency
of a turbine should not be taken as an optimisation parameter (Draper et al., 2013; Draper,
2011; Houlsby et al., 2008). However, for flow conditions when the Froude number and
downstream depth change are given, the efficiency increases with increasing turbine velocity
coefficient a,, which is in relation with the blockage ratio, B. This implies that with
increasing the blockage ratio, the power efficiency might be improved when the upstream
Froude number of the flow and downstream depth change are fixed, while keeping a, and B
in an optimum range so that the bypass flow will not become critical (Draper et al., 2013;
Draper et al., 2010). These results are the conclusions highlighted by Draper et al. (2010),
which are supported by several parameter studies for optimising these values to obtain high

efficiency for idealised cases.
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