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Abstract

Abstract

Despite thgyreatadvantages of tidal lagoons, such as predictable renewable energy generation
and flood risk reduction, tidal lagoons are expected to have an impact on the coastal and
riverine environment. The uncertainties regarding the environmental impacts can pgtential
affect the development and influence the design of tidal lagoons. Therefore, it is desirable to
fully assess their environmental impacts to evaluate the potential impacts associated with
lagoons, and to mitigate any adverse impacts by improving therectiisn design and
operation methods where necessaycomprehensive study regarding the environmental
impact of lagoons and their operation should be undertaken at the preliminary design stage and
beyond. Furthermore, it is important to explore the andative impacts and the interaction

of the conjunctive operation of the lagoons in different locations around the coast, which is
regarded as an integratpdtentialeffective tidal range energy scheme to provide continuous

power.

This research stydinvolves developing a refined twdimensional hydrodynamic model to
provide an accurate assessment of the hgdkaronmental impact and the interaction of tidal
lagoonsimprovements are made through simulations of island wakesh provides a similar
scenario to the flow patterns around obstacle, such as lagoons, in atik@ceovironment.
Innovative refinementsare also made to enhance the modelling accuracy of the -hydro
environmental process within and outside of a lagowh,ding full momentuntonservation
between the subdomains and the independent operation of the turbines and sluice gate blocks.
Three statef-the-art tidal lagoon proposals, namely: West Somerset Lagoon (WSL), Swansea
Bay Lagoon (SBL) andNorth Wales Tidal Lagoon (NWTL), are used as case studies in this

research to investigate their impacts agdro-environmental interactions.

The results show that the operation of the West Somerset Lagoon slightly reduces the tidal
range in the Bristol Chanhand Severn Estuary. The changes in tidal elevation cadnystub

WSL and NWTL resulted in a loss of intertidal mudflats of up to 26 iknthe Bristol Channel

and Severn Estuary, while the decrease in the peak water elevations reduces thdoashstal f
risk. The maximum velocity in the inner Bristol Channel increases by abou®@2%n/s with

the operation of WSL, which improves the water renewal capacity and increases the maximum
suspended sediment concentration in the Bristol Channel and &steany, and consequently
reduces the risk of hypernutrification and eutrophication. In contrast, the current designs for
the SBL and NWTL schemes as modelled in thisstudy showed a decrease in the water residence
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time by 4% and 45.7% in the lagoon areapeztively. The bed shear stress study and the
indicative morphological modelling demonstrated potential erosion in the turbine wake region,
influencing the general morphodynamics during lagoon operation. Furthermore, the presence
of WSL is likely to caussediment depositioat two sides of the lagoon impoundment, while

increasing slightly the risk of scouring the seabed in the inner Bristol Channel.

In the study of the conjunctive operation of WSL and NWTL, as well as WSL and SBL, the
interactions between the lagoons were investigated, but they were found to be minor. The
interactions between the lagoons are associated with the lagoon scale, |tidaliphase, et

al., therefore a general conclusion could not be obtained. However, the feasibility of relatively
continuous tidal power output is presented for the conjunctive operatiSbfand NWTL.
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Chapter 1 Introduction

Chapter lintroduction

1.1 ResearchBackground

Climate change and extreme weather events linked with the rise of global temperatures have
occurred around the world. It has besemonstrated that global temperature has risen more
than 1°C since the piiadustrial period (172A800)(Hawkins et al., 2017)and ths rise will
accelerate in the future on long timescales. Furthermore, the latest research has indicated that
meeting the established international goal set by the Paris Agreement of limiting temperature
change to well below 2 °C is already challengifgrsuing efforts towards limiting change to

1.5 °C would require a more rapid and deeper energy system decarbonisation action in the next
two decade§Gambhir et al., 2019)

There is substantial evidence that a key driver of global warming isidimg level of
atmospheric cadn dioxide (CQ), which could modulate the global temperature via the
60gr eenho (vVsser eed., 2@l dntedovernmental Panel on Climate Change (IPCC),
2012) Since the First Industrial Revolution, human activity has generated large volumes of
greenhouse gas lmpmbusting fossil fueldt is estimated thahe main sources of greenhouse
gas emissions (C are electricity generation (26%), industry (19%), forestry (17%) and
agriculture (14%jMetz et al., 2007)Therefore, using renewable energy to replassifftuels

is key to restricting the temperature rise to under the establishedUinitiéd Nations, 2012)

Besides the environmental benefits, renewable energy also has a nuradeamfages for
future development. First, the price competitiveness of renewable energy keeps growing: with
the development of more energificient equipment, better engineering work and gasign,

and the maturity of the market, the price of renewsaisl@apidly dropping. Second, renewable
energy provides lonterm certainty for its relatively long service life; last, national energy
security could be strengthened with a diversified portfolio of energy assets, avoiding influences

from market fluctuatns and political factors.

As the most populated country, China aims to reduce its carbon emissions per unit gross
domestic produc{GDP) by 60-65% by 2030 from the level of 2005; the target for the-non
fossil fuel share in total energy demand is 20% b30ABIDRC, 2016) In September 2020,

the Chinese Presideatn nounced the nationds plan to hit
neutrality by 206@McGrath, 2020)
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As one of thdeadingglobal promotersmreducing carbon emissions and deploying renewable
energy, the United Kingdom (UK) government has set a series ofiansbiargets for clean
energy systems. In June 2019, the bémmitted to reducing he UK®&s net emi s
greenhouse gases by 100% relative to 1990 levels by 2050, which is the first net zero emissions
commitment among major econ@sin the world (UK Government, 2019a)Prior to this

target, the UK was aiming to rederget greenhouse gasissions by at least 80% of their 1990
levels, also by 2050UK Government2019b) To achieve this target, the UK would need to

take quick action to develop renewable energy that is efficient, economically viable and
reliable. In the past decade, the proportion of renewable energy has keptlnsi@i7,
renewables made ufy 2% of domestic electricity productigBEIS, 2018c)with wind power
providing 50% of the utilisecenewable resourc€BEIS, 2018b)

Developed countries have led the way in developing, promoting and deploying renewable
energy, aiming at sustainable development and decarbonisation of their ecofiatdesn

et al., 2017)For example, in June 2018, the EU established a new binding renewable energy
target for 2030 of at least 32% of its total energy needs, while this target was 27% (E@014
2018) As one of the leaders in the EU, the Energiewende in Germany has declared that the
whole cauntry will abandon nuclear power and decrease green gas emissions by 80% by 2050
(Renn and Marshall, 2016; Morris and Jungjohann, 207Yyecent years, lowencome
countries have begun to express increased interest in and commitment to renewable energy
(Gielen ¢ al., 2019) The Indian government has increased its renewable energy target to 227
GW by 2027, from a previous target of 175 GW by 2022 set several yeafGiafgn et al.,

2019)

However, one of thenoticeablefeatures of currenty developedrenewable energys the
stochastic nature @f sourca,thatthe power outpus weatheidependentUgaili and Harijan,

2011) For example,asoal | ed o6wind droughtd was eaused
cyclonic weather system during Julyl30in the United Kingdom, which resulted in the overall

wind power capacity dropping to less than half the normal annual capacity percentage in 2017
(Vaughan, 2018)For national energy security, a diversified renewable gagneortfolio is

desirable to protect the country from disruptions and outages in any one sector.

One of the most unexploited and vast renewable energy resources for the UK is tidal energy.
Tidal energy could potentially produce up to 50 TWh/year in the dékkounting for 48% of
the total European tidal energy resource pote(Biatrows et al., 2009byvhich can supply up
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to 29% of the UK demanilative to 2013DECC, 2014; Todeschini, 201 FHurthermore, the
potential tidal energy development schemes in the UK are some of the few sites worldwide that
are close to electricity users and the transmission (&udrows et al., 2009b)Tidal range
energy, created by the rising and falling oksdis regarded as one of the renewable sources
that have the most prospective application potential. One significant advantage of tidal range
energy over many other forms of renewables, e.g. wind and solar, is its almost perfect
predictability over longiine horizonslt is also more predictable than other kinds of marine
energy such as wave energy which is partly a consequence of wind ¢Batgy, 2011,
Fraenkel, 1999)Therefore, incorporating power generated by tidal ranges into the power grid
should be less challenging than incorporating less qiedale sources.

A Tidal Range Scheme (TRS) is capable of generating predictable energy from tides by
utilizing a water head differen@etificially generated by impounding water throughout a tidal
cycle. Traditionally, tidal barrages have been the maindo€ tidal range schemes due to their
lower wall to basin size ratio, thereby reducing the civil engineering costs of the ggfiame

et al., 2010h)However, the environmental impact of the tidal barrage is regarded as its greatest
disadvantag€Rourke et al., 2010By blocking the entire estuary, the operation of a tidal
barrage can havadverseeffects on a large area of the ecosystem by modifying water
circulation, sediment behaviour, water quality, bird habitats and fish migratory passage
(Hooper and Austen, 2013; Burrows et al., 2009akhe alternative formgidal lagoons,

which share the same weleveloped construction and operation technigagshe tidal
barrageswhile havinglessenvironmental impacts, have attracted considerable atteAtson.

tidal lagoons generally do not bloclkajor estuaries to the same extent as barrdigegtend

to have reduced impacts on the estuarine environment, and potentially offer multifunctional
features, such as flood risk reduction and significant amenity or leisure opportunities etc.
(Hendry, 2016; Ageloudis and Falconer, 2017)

1.2 Hydro-environmentalmpacs of Tidal RangeScheme

Most of the suitable locations for proposed lagoons are sites in complex ecosystems, so even a
well-designed tidal lagoon would inevitably have an impact on the suirggienvironment.

For example, the La Rance barrage has been shown totheedfets such as enhanced
muddiness on the seabed and raised productivity of the fore@fidrg and Retiere, 2009)

Although a tidal lagoon is different from a tidal barragehelevel of blockagethese two
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forms of TRS generally share the same working principles and operation mode and thus
produce comparablenpacts. The operation of the lagoon will decrease the tidal range in the
water impoundment area, which consequently reduces the water volume entering or leaving
the planned lagoon area during each tidal cycle. Thestamentahydrodynamic changes

will thenprofoundly affectthe hydreenvironmental conditions in the broadest sense for the

surrounding region.

A tidal lagoon affects sea levels within and around the impounded area dusigmifisant

water volume storage, usually reducing the tidal ramdech can lead tahe shrinking of
intertidal habitats and a decrease in flood (isia et al., 2010h)For example, the proposed
SeverrBarrage could reduce the tidal range by 10% in theirddrdownstreantFrau, 1993)

and couldcontinue to affectidal elevationas far as 100 km seawafdarsons Brinckerhoff

Ltd, 2008b) The estimated potential loss of intertidal habitat area caused by the Severn Estuary
Barrage ranges from 14,4B8ctaregSustainable Development Commission, 208G&)0,000
hectaregParsons Brinckerhoff Ltd, 2008k stuaries and coasts with large tides usually form

an important component in the migration patterns of a wide variety of wading birds and
waterfowl. Any pronounced loss of intertidal habitats can significantly restrict feeding
opportunities for birds posievelopmentKirby, 2010; Adcock et al., @5). The specific
impact on bird populations depends on the remaining sitteedéeding area and the available
feeding time, along with the abundance of prey. This impact might be crucial as the loss of
feeding and breeding grounds associated with a tidal lagoon is detrimental to affected birds,
and competition at the remainingtertidal habitats increases the mortality (@&arton et al.,

2006; Gos<Custard et al., 2002)

The tidal flow pattern and residual flows will also be modified around the tidal lagoon, and
evenminor changes in velocity magnitude may haveticeable influene because thenergy

with theflow is proportional to the cube of the veloc{tfooper and Austen, 2013)he high

energywater flows exiting from the turbines and sluice gates may cause local scouring in the
outflow region(Wolf et al., 2009)In principle, alterations to the tide flow can significantly

affect the suspended sediment transport and movement of bottom sediments in the estuary,
thereby affecting the regionds geoladingthol og)
al., 2012; Gao et al., 2013; Ahmaditnal., 2014a; Xia et al., 2010c)

Water quality would baffected by many aspects of a TRS. For tidal barrages, a reduced tidal

flushing rate is expecteth the upstream are@Hooper and Austen, 2013Yollowed by
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increased concentrations of dissolved nutriefRarsms Brinckerhoff Ltd, 2008c)and
dissolved oxygen level&Kirby and Retiére, 2009and decreased salinifyolf et al., 2009)

A reduced tidal flushing rate also means a lower water renewal capacity, which would hinder
the dilution,transport and dispersal of nutrients ammhtaminants, probablfailing to meet

water quality standard&vans, 2017)Phytoplankton biomass and primary production would

be affected by the construction of the tidal lagoon; the increased dissolved nutrients would
consequently benefit phytoplankton growthile changing water turbity would also have an
impact onphytoplankton production by influencing photosynthékiaderwood, 2010)The
change in phytoplankton biomass and production would in turn affect the food supply for the
benthos and so influence the carrying capacity of intertidal areas for feeding shorebirds
(Warwick and Somerfield, 2010)

The tidal lagoon industry is still in a nascent stage, and there is a lack of environmental
regulatory guidance spéici to tidal lagoons. It igssentiafor developers to fully understand
theimpact of the scheme on teavironment where the tidal lagoon is deployed and eliminate
any doubt from influential stakeholders such as government bodies, regulators and
conservéonists to prevent further issues. However, the current modelling tools available to
forecast the potential results of a tidal lagoon on the hgdwironment have been found to
work less well than desiredhis is due tdhe lack ofexperimentatiataon one handandneeals

of developingbetterperforming modelson the other handas an environmental impact
assessment would need a full consideration of a range of potential impacts of the proposed

lagoons
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1.3 ResearctAim andObjectives

This research aims to enhance hyérovironmental modelling of tidal range structures, in
order to more accurately assess their impacts and their interactions. The main aims of this

research will be achieved by the following specific objectives:

1 To improve the representation of tidal lagoons in numerioabdels and apply the
improved model to the West Somerset Lagoon (WSL), North Wales Tidal Lagoon
(NWTL) and Swansea Bay Lagoon (SBL). Improvements include full momentum
conservation between theibdomains and the independent operation of blocks of

turbines and sluice gates.

1 To investigate the flow pattern around an obstacle in a mtatabenvironment to

improve the understanding of lagoon modelling.

1 To develop and validate twdimensional hydrdynamic models for Severn Estuary and
Bristol Channel (SEBC) and Continental Shelf (CS) to provide the baseline- hydro

environmental parameters.

1 Toexplore the effects of an open boundary location on the hydrodynamic impact of the

tidal lagoon.
1 To study the accumulative hydrodynamic impacts and the interaction of tidal lagoons.

1 Toinvestigate the hydrenvironmental impacts of tidal lagoons, including assessments
of the intertidal mudflats, water renewal capacity, sediment transpomigemiut
concentration and phytoplanktbromass.
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1.4 Novelty and Contribution

The novelty and contributions of this research are mainly concentrated in the following aspects:

1. Modelling tidal lagoons with muHblocks of turbines where every block is opedat
independently. Using individual operation schemes for each turbine block in the modelling and
optimisation of the lagoon has led to a closer match between the power output predicted by the
0D and 2D models.

2. Improved momentum conservation was included &sted in the model. This refinement is
particularly important for the design of lagoons and identifying the interaction of the jets and

lagoonstructure, andtudying morphological changes and water renewal capacity.

3. This thesis provides a comprehensive study on the lvmonmental impact of two new
proposed tidal lagoons in the UK, i.e., WSL and NWTL. For example, the investigation of
water renewal capacity evolution for the water outside of a tidal lagoon ansbdtial
distribution of the residence time inside the lagoon basin provides a comprehensive
understanding of the water renewal exchange
although some research has used the screening model to study thecenfiieTRSs on
phytoplankton biomass exchange etc., this study provides a more accurate prediction about
phytoplankton biomass exchange. This is because the quantitative change of water residence
time and the suspended particulate matter concentratiogehavere assessed based on the
residence time and the suspended sediment predicted changes carried out as a part of this

research.

4. The modelling of the lagoon was improved by modelling an island, as a natural obstruction,

and using the turbulence modeht showed the best performance for modelling the island.
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1.5 Thesis Structure

This thesis is organised into eight chapters as detailed as follows:
Chapter 1 introduces the research background and motivation for this research study.

Chapter 2 provideseoverview of previously published research related to this thesis, studying
the tidal range schemd@RS) both as a commercial industry and as an area of academic
research. The background of tidal energy is discussed, followed by a review of TRS
developmenaround the world. A comprehensive investigation is conducted for theo$tate

the-art numerical modelling method of TRS and its environmental impacts.

Chapter 3 describes the governing equations and associated numerical methods used in the
hydrodynamic model, TELEMAG2D. The developments andvalidations of two

hydrodynamic models, namely the SEBC and CS models, are also presented in this chapter.

Chapter 4nvestgaesthe island wake evolution in the madidal environment to provide the
necessary kowledge of flow structures around the tidal lagoon and improve hydrodynamic

modelling.

Chapter 5 explains the parameterisation methodology of the lagoon structure components and
their operation schemes, which are appliedhtee lagoon cases: West Sone¢rkagoon
(WSL), Swansea Bay Lagoon (SBL) aNdrth Wales Tidal Lagoon (NWTL).

Chapter 6 presents the hydrodynamics impacts of lagoons on the surrovatdirgincluding

the lagoon operation on the tidal harmonic constituents, tidal elevation andaatecmange.

This chapter hen explores the hydrenvironmental impact assessments of tidal lagoons,
including the intertidal mudflat area, renewal capacity of surrounding water, phytoplankton

biomass study and the suspended sediment transport study.

Chaper 7 investigates the effects of open boundary location on tfielthhydrodynamics of
tidal lagoon and the interaction between lagoons.

Chapter 8 presents the conclusions from this research and recommends the areas for future

research.
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Chapter A.iteratureReview

2.1 Tide Theory

Tide is defined as the oscillation of the sea level relative to the land. The physics and driving
force of tides have long been understethk tidegenerating forces encompass toetionof

the earth and the gravitational force of the Sun and the Noloarlier and Finkl, 2009 Most

tides oscillate twice a day, called semidiurnal tiadigrnaltides occur in some geographical
areas, involving one high and low tide daily. The tidal day for the semidiurmsaistidl.035

times as long as the solar day,,ieach tidal cycle typically takes an average of just over 12
hours. The period of a full cycle sEmidiurnal tides is over 14 days, with the highest water
level, or spring tide, occurring a few days aftéhei a new or a full moon; the lowest water
level appears at a neap tide, which occurs shortly after the first or last quarter moon. The spring
neap tide is controlled by the complex superimposed impact of the MadhSun system,

with the spring tide arurring when the Moon and the Sun align their gravitational forces; when
the Moon and Earth are aligned vertically relative to the Sun and Earth, the superimposed tidal

forces partially offset each other resulting in the neap tide, as shdviguire2.1.

Tide Earth Sun

New Moon

= @ =

Spring tide:
New moon

Sun

Full Moon

Spring tide:
Full moon Q‘-

Sun

Neap tides:
Quarter phases
of moon

9 First quarter

Figure2.1: Relationship between the position of the Moon and the tidal range.
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However, the distribubin of global tide shows a noticeable spatial difference. The tide is driven
by astronomical forces but is also significantly affected by the coastal geomorphology, coastal
water depth and ocean floor topography. For example, the tidal range in the opensoce
relatively small but will grow near the shore, especially in the region ofeechvsed seas and
estuariesbecause of the resonance and convergence effect of codBlilige, 1996) For
example, The tidal range in the Bay of Fundy, Canada, could reach 16.3 m during the spring
tide, which is the largest tidal range in the world; the second largest tidal range occurs in Bristol
Channel, UK, approaching 14.2(@reaves and lglesias, 2018)coast is classified based on

the tidal range as microtidal, mesotidal and mdictal if the tidd range is below 2 m,-2m

and exceeding 4 m, respectivéGharlier and Finkl, 2009)

The analysi®f observed tide recordmdthe harmonic analystsgas been used to makecurate
predictions oseawater level{Pugh, 1996)Harmonic constants can be calculated through the
analysis ofperiodic sedevel changalatacollected at a locatiomhetide predictionsan be
described mathematically as:

@0 OOET 0 % h (2.1)

whereZ is the free surface level at timeand®,] , %o are the amplitude, angular frequency

and phase of thiégh harmonic component, respectively. More harmonic components accounted
for in the Fourieranalysis result in more accurate water level predicti@®odson (1921)
identified 388 different harmonics components. However, seven or eight components are
sufficient in most cases. For examplable2.1 lists the main tidatonstituentsat the mouth

of the Severn Estuaf¥azquez and Iglesias, 2015)
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Table2.1: Tidal constituentst the mouth of the Severn Estu@yazquez and Iglesias, 2015)

i . Amplitude Phase
Constituent Description

(cm) (Degree)
0 Principal lunar semidiurnal 235.24 156.87
Y Principal solar semidiurnal 84.17 201.21
0 Larger lunar elliptical semidiurnal 44.79 138.48
0 Lunisolar semidiurnal 24.45 195.80
0 Lunar diurnal 6.77 127.34
0 Lunar diurnal 6.70 351.17
0 Solar diurnal 2.23 121.81
0 Larger lunar elliptical diurnal 1.95 305.66
5 Shallow water overtides of princip: 3.69 990,99

lunar

For any marine site, the time series of tide elevation could be decomposed into the tidal
harmonis usingharmonic analysisHowever, a portion of the tidal signal is beyond the range

of astronomical tide because of meteorological forcing and othetimear effects. The
meteorological tide includes the tide level oscillations caused by winds and atmospheric
alteration During stormshigh air pressure exerts a force on the surroundings and corresponds
to low sea level, while low atmospheric pressure can cause a rise in tidal level higher than the
normal astronomical tidal rangehich causesstorm surgg(Wadey et al., 2015)For this
reason, praéreatmentshould be carried out on the time series of tide glvefore harmonic
analysis to remove the nastronomical factoréThomson and Emery, 2014)

2.2 Tidal Energy

Tidal energy ighepower produced by the surge of sea waters during the rise and fall of tides,
or the energy froomoving tidal currents.The significant advantage éfdal energy is the
predictability overthe other types afenewableenergy, such awind energy or solar peer,

which allows the future energgenerating potential to be accurately assessed, regardless of

unexpected surges and other meteorological imgRousrke et al., 2010 here are two major

11
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categories of tidal energyidal streamenergyandtidal range energy, which correspond to

different methods oénergy harnessing, as seetrigure2.2.

| Marine Energy |

Tidal Energy Other: Wave Energy,
Temperature Gradients,
Salinity Gradients
Tidal Range Tidal Stream

e 2 N v v
(oo ) e
\\ iy Electric Bridge or Fence Turbines Turbines
e s

Multiple turbines structurally
linked

______

Figure2.2: Classification of tidal power technologi¢slliott et al., 2018)

However, conparedto the rapid growth of windurbine and solar energy applications, the

development of tidal energghemsis much slower because of the relatively high capital cost
of atidal energy projec{Hendry, 2016) Thus, tidal power is still approaching commercial

maturity. However, wth the fas$-growing commercial investments and exploratory

deploymentstheeconomic anénvironmental costsf tidal energy projectareexpected tde

mitigatedin the future

2.2.1 Tidal StreamDevices

A tidal stream generator takes advantage okKinetic energyof moving water tarive the
generataorin a similar way to wind turbines that use wind for power. Howetierten times
higherdynamic pressure in tidal flow and the unsteadiness flow im#rae environment lead

to thedifferent designsn the tidalturbineand windturbine(Adcock et al., 2021)Additionally,
locations where the flow is restricted, e.g. narrow channels, the tip of peninsulas, contain higher

energy density, which is beneficial for energy extracffacock et al., 2015)

The kinetic tide stream energy through a ciesstion perpendicular to the flow direction per

unit time is given by the following equation:

. . (2.2)

wherew is the magnitude of the flow velocity averaged over the sedithe surface area
of the crosssection,” is the density of seawater, ands the energytransformcoefficient
(Carballo et al., 2009)
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A tidal stream turbine operates with the same working principles as a wind turbine; thus, most
of the fundamental technology used in the early development phases of a tidal stream turbine
is derivedfrom the wind turbine industry. The tidal turbine blades are shaped with an aerofoll
crosssection(Roberts et al., 2016When the tidal flow passes aes the blade, a pressure

gradient across the two surfaces of the blade otouisve the generator

The successful deployment of tidal stream turbines is related to many factors, including local
tide velocity, turbulence, bathymetry, water column vioprofile and depth, seabed
mounting, shipping route and marine animals. Different from the tidal range energy schemes,
the tidal stream turbines do not block the whole passage of the tide flow. Thus, the
environmental influence from tidal stream turlsmeassumed to be easier to control, compared
with the tidal range energy structukHowever, the higher energy cost of tidal stream energy is

one of the key challenges for further development of TRSs, as shavable?.2.

Table2.2: Levelized cost estimates felectricity with different source\stariz et al., 2015; Poyry
Consultants, 2014)

Source Levelized ¢/oNMWh)s:
Ti deagoon 108 75
Ti dal stream 190
Of § h omiend 165
Wa v e 325
Nucl ear (pressuri:z 49. 96
Combined cycle g 43.17
Coal 36.-598. 76

Furthermore, it is understood that the profitability of ocean energy projects is heavily reliant
on the site conditions, e.g. the upstream tide velocity and the bathyBeityj, 2011; Greaves
and Iglesias, 2018and also technological advancements and maturity of the type of energy

project.
2.2.2 Tidal RangeStructuregTRS)

Tidal range energy refers to the gravitatiopatentialenergy that exhibits a large difference

in water height between the high tide and low (Blaker, 1991)To utilise this kind of energy,

a semienclbsed construction, like a tidal barrage or lagoon, is required in the region to establish
a water head difference between the two sides of the embankment as the tidal level rises and
falls outside of the impoundment area. Eventually, the artificial wated llifference forces

the tide to flow through the turbine tunnel and drive the turgereerator groups. The potential

13
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energy Yyield that is extracted from the tidal range schemgsojsortional to the plan

impoundment area and the square of the watet tiéirence

0 -" bW 2.3)

where” is the densityA is the area of the basig,is the acceleration due to gravity, amt
the water head differen¢@ousif and Taslim, 2011Equation(2.3) demonstrates that the key
to harnessing the tidal range energy is to contain large volumes of water with a large

impounding area and high tidal range

A barrage usually stretches across the est{@rgtainable Development Commission, 2007b)
while a tidal lagoon is an artificial coastalpoundment that is attached to the coastal line or
is completely offshore, as seerfigure2.3. The primary difference between them is whether
the estary is completely or partially blocked@idal range schemes have proven successful in
different countries(Waters and Aggidis, 2016aYhis could support the development of
coastally attached tidal or offshore tidal lagoons. Offshore tidal lagoon which is completely
seltcontained and independent of the shoreline, is thought by rbeeato have less
environmental impact&ousineau et al., 2012)

Land

LagoOn

Estuary Land

Figure2.3: Conceptuagraphs of a tidal barrage and a tidal lag¢#itiott et al., 2018)
2.2.3 Global TRS Development

The primary requirements in TRS development are adequate tidal range and suitable coastal
lines, which lead toa costeffectivesite Furthermore, mvironmental impact and easy power

grid absorption should also be considefHuus,not every site with sufficient tidal range is a
potentialy ideal location for TRS deploymentTo gain a generalpicture of the TRS
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development, the existing and poteni®S designs and the developing strategy in different

countries are discussed as follw

2.2.3.1United Kingdom

Despite no commercial development of TRS yet in the United Kingdom (t$kgsearch on
TRShas been at the forefront worldwide. The availatikal range energy in the UK that can
be harnessebly both tidal barrages and tidal lagoons is 121 T\&/{Estate Crown, 2012)
which accounts for 35.7% of the total electricity production in 2&BES, 2018a) Thus, the
UK has the potential tgenerate a reasonable proportion of renewaldetricity from tidal
range energy, as showmkigure2.4.

A
w¢> E

Duddon, Morecambe

Figure2.4: Summary of tidal range resourckthe UK (Sustainable Development Commission,
2007b)
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The Bristol Channel and Severn Estuary comprise the area most thoroughly investigated
regarding TRS developme(€harlier and Finkl, 2009)commonly referred to as the Severn
BarrageImplementinga tidal barrage in the Severn Estuary has been dkfoateany years,

with numerous feasibility studies. The Bondi Committee investigated six possible barrage
locations, proposing concrete powerhouse spans from Brean Down to Lavernock Point with a
length of 16km (Bondi, 1981) The ShootsBarrage (or Hooker Barrag&as published by
Parsons Brinckerhoff in 2006 and discussesnaller barrage located just below the Second
Severn Crossingn 1989, the Bondi Committées 1 9 8vdssupplorteahby the Severn Tidal
Power Group (STPG), but with an enlarged turbine installation. The STPG plan is the most
scrutinised Severn Barrage proposal and, thus, is usually regarded as the original Severn
Barrage(Falconer et al., 2009)he configuration of which is given Figure2.5. The barrage

would contain 216 40AW turbines, achieving a total of 8,640W during the peak flow and
providingpower ofl7 TWh/yea. This design is expected to have a long lifespan, ranging from

minimum 120 to 200 years with maintenatievern Tidal Power Group, 1989)

15.9km

Sty

| Shipping
12 Sluices, , LOocks g0 siuices _,
T

2.Suices) o
: +67

L 168 Turbines y 48 Turbines 74 Sluices
=S 1 | f

+21
+11 _—Elevated Road +15

ELEVATION

Contours show depth
to rockhead in metres
below Ordnance Datum

2 3 4km

PLAN

Figure2.5: Configuation of STPG Barragésevern Tidal Power Group, 1989)

Even with the predictable and huge source of sustainable energy from Severn Barrage, the
potential disadvantages include high costs of construction moduced energy and
environmental riskThe Severn Barrage proposals have then fallen out olifaand the
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attention of the public and academia has shifted towards the tidal lagoons for their smaller
hydro-environmental impact and larger output power peit area enclose@Waters and
Aggidis, 2016a) Tidal lagoons have been consel@iin the east side of the Irish sea and the
Bristol Channel, including the Swansea Bay Lagoon, Newport Lagoon, Cardiff Lagoon,
Newport Lagoon, Bridgewater lagoon, West Somerset lagoon and North Wales tidal lagoon

etc

2.2.3.2France

TheRanceTidal Power Station located on the estuary of the Rance River in Brittany, France,
is thefirst such project that has been successfully deployed in the.worl20 m long barrage
blocks the Rance river, capturing a2 basin aregRtimi et al., 2021) Twentyfour 10

MW Kaplan bulb turbines contribute to a total output of 240 MW and annwoauption
roughly 480 GWh(Andre, 1976) The turbines operate on a bidirectional cycle, producing
power on both the ebb and flood tides, and can ladsnosed as pumps to enhance the water
head differencéWaters and Aggidis, 2016afurthermore, the embankment also works as a
road linking the sides of the river, improving local transportation and introducing a valuable

tourist attraction.

Figure2.6: The Rance River Barrage, BrittgriFrrancgWikipedia, 2021)

The barrage has been in operation for more than 50 years without requiring significant repair

on the turbines(Charlier, 2007) and the electricity generatioremains stable meeting
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expectations. However, the environmental impaetge gaten progressively worse sindts
construction. The estuary was completely blocked for three years during construction
damagingthe local marine ecosystem. In operationirarg) water jet near the turbine and
sluice gates results in scour near the bar(@gearlier and Finkl2009)

The Rance River Barrage was regarded as a pathfinder in France to explore the future energy
policy. Although the barrage i s <corgentdder ed

towards nuclear power.

2.2.3.3Canada

With the largestidal range in the world of 16 m during spring ti@&emadi et al., 2011}jhe

Bay of Fundy is an attractive location for potential TRS projectstalite natural advantage
and praimity to the fastdeveloping New England market. In 1984, the Annapolis power plant
was constructed in this aréRelc and Fujita, 2002)This scheme hosts the largest Straflo
turbine in the world with unit power of 20 MW, producing 50 GWh of eleity per year with

ebb generatiofiTodeschini, 2017)In addition, the plant acts as a flood deteand provides

a vital transport linkWaters and Aggidis, 2016a)

Figure2.7: Annapolis stationpnthe Bay of Fundy in Nova Scotia, Canada (Brad, 2013)

After the implementation of the Annapolis power plant, interest in tidal lagoons in the Bay of
Fundy has risen. Delta Marine Consultants (DMC) have assessed the feasibility of constructing
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tidal lagoons in the upper Bay of Fundy in 2q@&lta Marine Consultants, 200Ayarious

plant layouts were investigated by DMC, and two types of lagoons were chosen for further
study, as shown irfrigure 2.8. One option is an offshore lagoon with an 1k long
embankment detached from the shore that enclosEsl 12ircular embankment; another is a
coastal lagoon, which has a i impoundment formed between the 1kg& long

embankment and the existing shoreli@@rnett and Cousineau, 2011; Cornett et al., 2013)

° P
® Turbine Turbine

D ® Sluice Gate |:| ®  Sluice Gate
Minas Basin Minas Basin

" Power House 0 i e s
+ Vavavad) VA% . P A~ %

0 1 2 4 6 8
[ - Kilometers

-—— Kilometers

a - Offshore lagoon b - Coastal lagoon

Figure2.8: Schematisation of offshore and coastal lagd@uisineau et al., 2012)

2.2.3.4South Korea

The SihwaTidal Barrageof South Koreds the latest large TRB the world although the

initial purpose of this project is not for renewable energy gener&tidi®94, the South Korea
government constructed Sihwa Lake as a land reclamation project. THe3&Rificial lake

has a 12.7 km long seawall at Gyeonggi Bay. The purpose of Sihwa Lake was to reclaim land
for the nearby metropolitan area, flooding defes and secure irrigation wai@ae et al.,

2010) However, water quality deteriorated greatly once the project finishadesilt of the

cut-off of tidal currentsand the pollution from nearby industs (Park, 2007)To improve the

water quality, authorities began in 1997 to periodically open the sluice gates to flush the basin
with circulating seawtr. However, seawater circulation through the sluice gates alone was
not sufficient.After a feasibility study, the government decided to build a tidal power plant at

the site, which was estimated to double the seawater circu{@ianet al., 2012)
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The Sihwa tidal barrage, constructed in 2004, is showkigare 2.9. Ten optimised bulb

turbines that only operate during the flood phase were installed with a total capacity of 254
MW. The Sihwa tidal barrage is considered a gse&cess The water quality has improved

by the enhanced seawater exchange rate; vast clean energy is generated, and tourism and the
environment have benefited. Therefore, the South Korea government is exploring the
possibility of additional tidal energylants with the most promising being the bays of Gerolim

and IncheorfKim et al., 2012)

/

Figure2.9: (a) Lake Sihwa DanfPark, 2007and(b) Lake SihwaTidal BarragePlant(Aggidis,
2010)
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2.2.3.5China

China has been highly active in the exploration of tidal range energy extraction technologies.
Since 1959, many tidal range plants have been constructed for research an(lLiestohigan,
2017) However, with the limited technologies, most tidal range plants were discarded owing

to the unreasonable locations and flawed turbine construction, as Jedidl.3.

Table2.3: The mainTRSsof the past in ChinéLi and Pan, 2017)

Basin Design annual i )
) Installed Operation Operation
Name Location storage ) energy output ) N
capacity (kW) time condition
(p Tmd) (p TTkWh)
Xungiao Linhai 6.1 2x30 22 1959 Discarded in 1963
Shashan  Wenling 4 1x40 72 1959 Discarded in 1984
Gaotang Xiangshan 30 1x50+2x75 50 1972 Discarded in 1980
Yuepu Xiangshan 40 4x75 60 1972 Discarded in 1981
Jigang Xiangshan - 1x30 - 1972 Discarded in 1975
Bingying  Xiangshan 15 2%x75 15 1976 Discarded in 1979
Haishan Yuhuan 26+2.6 2x75 38 1975 Run up to now
Jiangxia Wenling 514 1x600+5x700 720 1980 Run up to now

The most successful Chinese tidal range plant is the Jiangxia power $tegiorZ.10), which
was constructed last but is the largest. The Jiangxigepplant has six bulb turbines that

operate bdirectionally, with a total installed capacity of 4.1 MWang et al., 2011)

Figure2.10: Jiangxia Tidal Power PlafZhang et al., 2014)
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Although no other tidal range plant was constructed after the Jiangxia tidal barrage, China is
still making progress in the developmi@f tidal energy. After realising the importance of site
selection, a new investigation has been carried 426 potential sites were selected in the
preliminary stage, 242 of which were chosen gotential TRS construction with installed
capacities naging from 200 to 1000 kWShi et al., 2011)

2.2.4 Featureof TRS

In addition to the clean and renewable energy output, TRSs have other advantages compared
to other mature renewable energghnology like solar and wind energyne advantage of

TRSs is continuity and predictability. National energy security requires a steady and abundant
energy source. However, the most developed renewable energy is often intermittent and
unpredictable, cairgy fluctuations in the power grid. Wind and solar energy are more
dependent on the weather. As weather conditions are often homogenous over large areas of the
UK, Germany and other countries, heavy dependency on wind or solar power may lead to a
large varation in energy output. For example, from 26 May to 3 June 2018, the UK experienced
nine days with practically zero wind power generation, during which the power generated from
UK wind farms fell from more than 6,000 MW to less than 500 KM@rison, 2018) Different

from solar or wind energythe power output from TRSs relies on the continuous surge of sea
waters and the rise and fall of tides, so the power output is known before cons{ietibet

al., 2018)

Another noticeable advantage of tidal energy is its longevity of equipment and land space
conservation. TRSs have a potential lifespan of approximately ygars with turbine
replacement occurring every 40 yeéfelly et al., 2012)three to four times the lorygity of

wind and solar farms. The longer lifespan of tidal power also contributes to cost efficiency.
Compact space occupation is a significant benefit typically overlooked, especially in countries
facing a shortage of available land like the Netherlaamtd Singapore. Large wind farms
usually occupy hundreds of square meters, and solar farms take dozens of square meters. The

TRSsare in the ocearsaving land space.

Furthermore, the TRSs could combine with other functions, such as the tourism industry,
flooding control and freshwater storage. The initial proposal of the Swansea Bay lagoon
emphasised the value of tourism. Tderly proposal®f the Severn Barrage wedesigned

with a doubletrack railway across the barrage. The management of coastal erosion and flood

22



Chapter 2 LiteraturReview

risk is vital. In the UK, for instance, the central government has committed over £5bn to coastal
management since 2005. The mean sea level is risinglyoBighm per yeafWoodworth et

al., 2009)from climate change, which will bring about an increasedueaqy and intensity of
storms(Chini et al., 2010; Wadey et al., 201aH)d a corresponding increase in extreme storm
surge water levels. These factors will progressively degrade the standard of protectidly curren
afforded by existing coastal defend@uijs et al., 2007)Research indicates that the TRSs
could reduce the flood risk tfie impounded coastal arg@gmadian et al., 2014b; Ma et al.,
2019) For example, the North Wales Tidal Lagoon is considered able to provide flood defence
to the local community thatas suffered from flooding (Hendry, 2016). These additional
functions allow TRSs to be more than an energy generation project, also dispersing cost and

risk.

However, TRSs have sonmecognisedfaults that caused several TRS proposals to be
controversiglhindeing their developmentThe high construction cost is one main reason to
slow down the construction of TR®&/aters ad Aggidis, 2016h)For example, the proposed
Swansea Bay lagoon was estimated to cost £1.3bn ($1.67bn) in 2015 with a total capacity of
320MW, while the Roscoe Wind Farm cost roughly $1bn for an output of 781 MW, and the
Tengger Desert Solar Park coppeoximately $530m for a total installed capacity of 850 MW.

The high initial cost results in a relatively less competitive unit cost of power at the first 40
years(Parsons Brinkerhoff Ltd, 2008a)However, the cost comparison between these energy
schemes does not usually consider the different lifespans of the scenarios, ignoring the income
from the remaining 80 years of TRSs operation. Overall, the true limit of any TtR& ke

energy output does not sufficiently provide a return on the investment of the development and
running cost¢Neill et al., 2018)

Moreover, due to the existence of minimum generation head of bulb turbine and the periodic
changes of sea level, intermittent power production is inevitable in a TRS. The intermittency
varies from the variations of the tides during a day and through tlaieas as a part of the
springneap cycle which is observed fortnightly. This will increase grid congestion
management costs and the exacerbating balancing chal(®regkket al., 2016; Adcock et al.,
2015; Mackie et al., 2020The intemittency operation of TRSs drthe periodic variation
output of electricity should baken into consideration in the design stage

Another key concern of TRS construction is the potential effentthe environment from
modifying thetidal elevation flow structure, sediment transport, water quality and habitats
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(Hooper and Austen, 2013Yhe TRS could cause the loss of intertidal mudflats and salt
marshegWolf et al., 2009)where nationally and internationally protected areas for some bird
species may exist. The altered flow structure laoitiom stress would introduce uncertainties

to the local benthic communities. TRS operation would also impact the water renewal capacity,

which consequently affects the transport and dispersion of dissolved pollutants and nutrients.

2.3 NumericalModellingof TRS

Numerical modelling is a rapidly developing sedtwat hasa crucial role in all stages of TRS
developmen(Greaves and Iglesias, 2018he primary advantage of this technique is the low
cost comparison with the physical model testing; furthermore, numerical modelling can begin
earlier, at the stage of resource assessment and feasibility evallmatammtrast physical
modelling can introduce uncertainties and is often limited to a scaled size of the experimental

device based on the laws of dynamic similafRayne, 2008)

The complexity of the TRS development can involve a wide range of numerical modelling
techniques related to the diffateaspects. The simplified preliminary modelling of TRS can
identify the overall performance and provide an early project assessment. The hydrodynamic
simulations of the water flow, such as currents and tides, and their interaction with the TRS are
essentl in the modelling process; the environmental impact modelling carried out from the
preliminary stage of the TRS design mitigates the detrimental influence by optimising the
constructionPrandle, 1984)

2.3.1 PreliminaryAssessmen¥lodek

The optimal TRS design is sispecific because of the unique nature of each coastal
environment. Therefore, the evaluation of the TRS before development relies on the models
that simulate, predict and optimise TRS operafMasjia-Olivares et al., 2020; Angeloudis et

al., 2019) At this stage, preliminary assessmemidelssuch as zerdimensional QD) and
onedimensional I1D) models are commonly uset@ihe zeredimensional QD) model, also
known as flatestuary or twetank model, has been extensively applied to synthesise TRS
operation for preliminary assessments and optimisation analsesows et al., 2009b;
Aggidis and Benzon, 2013; Meji@livares et al., 2020)
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Given the inputof tide conditions and the numerical representation of dbwestituent
performance of hydraulic structures, predictions of the TRS configuration and operation space
are feasible, providing an informed resource assesg@egeloudis and Falconer, 201The

key advantage of such a simple model is the high computational efficiency, making the
optimisation of the TRS design and operation relatively straightfor(@atdock et al., 2015)

In recent year€)D modelling tools have been utilised in TRS design to optimise the operation
(Angeloudis et al., 2018; Aggidis aBitnzon, 2013; Xue et al., 2019b)

Many candidate TRSs are located on estuaries, thudioransional (1D ) model can be used

to capture the variations in water level across the TRS and along the €8ieogk et al.,

2015) 1D models could provide more physical information than 0D models, includiag
elevationchanges as a result of the lagoon construction, TRS location optimisation and power
output predictionHowever, studies using 1D models show that they are grosslyidamesoif to

model large scale TRSs. Therefore, 1D models are only recommended for the preliminary

assessment of TRSs due to their computatieffi@iency (Angeloudis et al., 2019)

Although 0D and1D modek aredeemed sufficient in predicting the performance of a small
scale TRYYates et al., 2013a; Burrows et al., 2009b; Neill et al., 201#8)lecting tidal level
oscillations ad the interference of TRS on regional tide floan result irpoor accuracy in the
0D model for some cas€¥ates et al., 2013band the limitatios of 1D model on large scale
TRS (Neill et al., 2018)Such drawbacks in tHgD/1D approach havked to the development
and applicatiors of multi-dimensional 2D, 3D) hydrodynamic model§Lewis et al., 2017;
Angeloudis et al., 2020 herefore, &D or even3D numerical moded may be necessary to

studythe complexities of the regionaydrodynamics surrounding the TRS
2.3.2 TRS StructureModeling

Hydrodynamic modellingof TRS structureplays a significant role from an engineering
perspective that can provide valuable understanding about the resource evaluation, interactions
between the tiddlow and the proposed TRS, and minimisation of any potential detrimental
impact through design optimisatigNeill et al., 2018)

In recent yearsa variety of modelling tools have been apptiedhodel the hydrodynamidsr
TRSs,including EFDCZhou et al., 2014a; Bray etal., 201BElft3D( Lo g et al ., 201
2017) ADCIRC (Burrows et al., 2009b; ®and Adcock, 2020)TELEMAC (Carroll et al.,

2009; Cousineau et al., 2012hetis (Angeloudis et al., 2020and some ihouse software
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used byAhmadian et al. (2010aXia et al. (2010c)Most hydrodynamic models for regional
TRS study ar@D, while full 3D modelling of TRS is typically limited to laboratescale
flows. For example, sontf#adescalemodels, such as the ftlD RANS simulation and large
eddy simulation(ES), have also been applied to the study of flow structure in a TRS turbine
tunnel, focusing on the performance of the bulb turPiMghelm et al., 2016Ahn et al., 2020)

and the hydrodynamics of the flow through the turl§iilen et al., 2017a)These bladecale
models found that the flow passing through a turbine is noticeably influenced by the sudden
expansion and contraction cressction area at the turbindehand outlet, respective(Ahn

et al., 2017b; Wilhelm et al., 2016)he flow patternn locations near the turbines and sluice
gates is undoubtedly 3(Wilhelm et al., 2016; Ahn et al., 202@nd is highly noruniformity

both vertically and horizontallgAhn et al., 2017b)However, previous experimental research
indicates the8D flow pattern will extend to a distance of 20D frdhe exit of the turbine,
where D is the diameter of the turbine throat ddedfcoate et al., 2011¥wirl generated by

the stators and rotorwill affect the jet mixing and circulation within-&uct dameters
downstream of TRSwhich will subsequentlyresult in crosstream circulation further
downstream(Jeffcoate et al., 2017Resuls also foundthat the bed shear stresses were
magnified by swirl, which suggest that the bed shear stress might be considerably
underestimated in the near field of TRSa®D model(Jeffcoate et al., 2013)

Log et iadicatedtha?a3Cln®dlel could increase the accuracy of the predicted velocity
field in the vicinity of TR5, particularly in terms of the vertical velocity distribution, compared
to a2D model. However, there is no significant advantage in usiB@ enodel beyond the
point where jets have fully dissipated in a matidal basin. Thus, for the investigationflaw
behaviour beyond the immediate néiatd of TRS turbines, th&D model is generally
sufficient for most of TRS modelling applicatiofiseill et al., 2018)

In the regionakcale hydodynamic modelpladescalebehaviour in the flow is not directly
modelled. Typically, the performance characteristics of bulb turbines are simply represented
by design charts or t he Hihahart(Adeocktetwal, 20050lse s p e c i
flow through hydraulic structures, including the discharge of turbines and sluice gates in a TRS
hydrodynamic model, is calculated by tHél chart and added as a source/sink term or an
internalboundary condition in the model.

In early studies, turbines were modelled simply by solely considering theb@lasse through
the impoundment waflAhmadian et al., 2010a; Xia et,a2010a) However, recent research
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has indicated that the accurate representation of the lagoon boundary and momentum
conservation of flow through the turbines can significantly impact the wake hydrodynamic
characteristics. This approach is criticastndying the hydrenvironmental impact within the

nearfield outside of a lagoon or barrageAngel oudi s et al .  ,For2016b;
examplethe deteriorated water quality in the Sihwa Lake has been improved with the operation

of Sihwatidal power plant, by increasing the tidal currents and higkawater circulation

through tidal barragenhich indicates the importance of accuateredicing the water flow

through the turbine@ark, 2007)

Therefore, he momentum fluxes through the turbines require specific model itgpatsure
momentum conservation, based on the characteristics of the str{i@dmaers, 2002Early

studies modelling the momentum flux through the turbines have involved refining the cross
sectional areaf the grid cell wall normal to the turbine efflux, thereby ensuring the velocity
expected from the turbine cell interface leads to mean momentum consefiatieioudis et

al., 2016b) The latest momentum conservation approach, adapted dyy et al . (2
represented the momentum of the discharged water as an additional external force in the
momentum equation, accurately predicting the velocity of the discharged jets, as confirmed by

the measurements.

24 Environmentalmpacs of TRS

WhenTRSs extract tidal energy from the marine environptéetimpact of this anthropogenic
activity is bound range from beneficial to harmful, from the physical to the bioloyieady
estuaries are in a protected statusan pf a conservation area for the international Ramsar
Convention and the EU Habitats and Birds Directives, e.g. the Severn, Mersey, Morecambe
Bay, Dee and Solway FirttINCC, 2019). Ay abrupt intervention may have considerable
consequences for biota these established stable abiotic conditions. Thus, any forms of
construction need to consider conservation issues and existing legi§fdbdret al., 2009)

especially the EU Habitats and Birds Directives.

The unique nature and complexity of coastal and estuarine ecosystems make it difficult to apply
the findings from one TRS to anoth@&ethick et al., 2009For example, although La Rance
Barrage provides a mode for installation and operation of the TRS, the available reogerie

from La Rance Barrage that can guide the specific barrage proposals for the UK is limited
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because La Rance is a stesghed ria and cannot be directly compared with sedhiiael@n

coastal plain estuaries, such as the Seft¢ooper and Austen, 2013)

Thus, a complete investigation regarding the environmental impact of TRS operation should
be undertaken from the prelinairy design stage. The environmental impact study of a TRS
should include both the hydrodynamic and hyenwironmental impact: the source and
principle of the specific influence, the affected aspect and consequences, and the component

availability and stats within the total natural resource.
2.4.1 Hydrodynamid mpacs of Individual TRS

One of the most weltudied TRS is Severn Bage Scheme Although variations in

predictions exist among tiydrodynamical impact research of the Severn Basthgegeneral
hydrodynamic impact predictions are similar. In the studies, the operation of the Severn
Barrage decreases thigh watelevel by up tdl m in the neafield downstream of the barrage
(Sustainable Development Commission, 200%md a furthemhigh waterlevel reduction

appearsn the upstream region, ranging from-2% m(Falconer et al., 2®), 0.51.5 m(Xia

etal., 2010g)approximately 1nf Ahmadi an et al asshovn@Figlre2;11, Log, 2
and up to 4.8 m during a storm surge evefMa, 2020) The different watr level change

upstream of Severn Barragee the results of different operation head anodlelsettings
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Figure2.11: Maximum water elevation changes due to$legern Barrage operatiof Lo g, . 201 9)

The immediate effect of the sea surface level change is the alteration of thelaltarea. A
critical attribute of the tidal mudflats over the Severn estuary i®vsand concave cross
sectional profile, offering restricted feeding opportunities for bikigoy, 2010) The rising

low water level upstream of a tidal barrage will permanently submerge a considerable portion
of the intertidal mudflat area. The estimated loss of area ranges from lHed428s
(Sustainable Development Commission, 20@@&0,000hectars (Parsons Brinckerhoff Ltd,
2008b) in the upstream of Severn Barrage. Although the exact ecological impact of the
potential loss of intertidal habitat depends on the specific biota living in the affected regions
(Hooper and Austen, 2013}ertain negative impacts are expected. A ntaincernof the
Severn Barrages the loss of birds habitat;m Severn Esftary (Clark, 2006) The most

influential conservation legislation for the proposed Severn Barrage is the EU Directives on
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Birds and Habitat¢Sustainable Development Commission, 2007%)ich aims to protect

birds agst biodiversity loss by conservingagk habitats.

The Severn Barrage will also affect the tide velocity magnitude significaetiyctionof tidal
current speedin the upstream area wasxpected(Burrows et al., 2009a; Sustainable
Development Commission, 2007# reduction of 7680% in the maximum discharge at the
M4 bridge would occur with the operation of Severn Barrage, resulting ird@%6decrease

of the predicted maximum velociti€Xia et al., 2010h)It was argued that the altered flow
pattern in the ilpoundment basin could not only increase the stratification and reduce flushing
rates (Burrows et al., 209a) but also block the connectivity of fish migration and larval
dispersalBulleri and Chapman, 2010)

As the most studied tidal lagoon, Swansea Bag bao n 6 s hydr odynamic in
understoodNegligible influence of SBL on the hydrodynamic characteristics in the Bristol
Channel was found owing to its relatively small si{¥a and Adcock, 2020; Waters and

Aggidis, 2016b) The changesn the surrounding tide level and velocity were distributed in
Swansea Bay, as shownhkigure2.12. In the lagoon basin, the highwater level decreased by
approximately 0.65 m, while the low water level increased by roughly 0(2&geloudis and
Falconey2017) a large counterotating vortex was generated in the eastside of the water jets
induced by the turbines during the flood generatidno § e t , whith.occup2d2r® of

the plan mpoundment are@ngeloudis et al., 2016bYThe ndiceable size of the recirculation

zone combined with the low velocity in the centroid increased the likelihood of the

accumulation of scalar quantities, e.g. pollution and sediment.
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maximum water levelfAngeloudis and Falconer, 2017)

There are many other TRSs located in Bristol Channel and Severn Estuary that have been
studied, including Fleming LagodiXia et al., 2010c; Falconer et al., 200€@prdiff Lagoon,
Newport Lagoon(Angeloudis and Falconer, 201 Bridgewater bay lagoo(Bray, 2017)

Clwyd tidal lagoor(Angelouds et al., 2016a; Ahmadian et al., 2010Bb)her TRSs are located

in Mersey Estuary, UKCarroll et al., 2009) and in the Bay of Fundy, Cana@ornett et al.,

2013; Cousieau et al., 2012)The general hydrodynamic impact is similar among all TRS
operatios. The tidal range in the surrounding area decreases when the tidal range energy is
extracted by TRS. The increased low water level and decreased high water ldwel in t
impoundment basin may have a knawxk effect on the loss of intertidal area and reduce the
flood risk in the upstream (or the basin) of the TRS. The influenced flow structure might cause

a reset of the geomorphology and benthic environment.
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2.4.2 Combined Hydrodynamid mpacts oMultiple TRSs

Up to now the existing TRS and the wealtudiedTRS are allbperatedndividually, without
conjunctiveoperation with other TRSs or other renewable energy projecisever, with
appropriate natural conditisn e.g., complementary tidal phases, and with an optimised
operation scheme, a TRS system is consid@&rédvegreatpotentialin providing continuous
power andeasierpower grid absorptioiiNeill et al., 2018; Mackie et al., 202(owever,
combinedhydrodynamic impactwill also be expectedrom TRS systemwhich could affect

the environment and the electricity generation perfoeaof the individual lagoon. This

becomes particularly apparent if joint TRSs are located in the same channel or estuary.

Angeloudis and Haoner (2017modelled the joint operation of Swansea Bay Lagoon, Cardiff
Lagoon and Newport Lagoon and assessed the combined environmental impact. A cumulative
hydrodynamic impact can be observed in the proximity of Swansea bay lagoon and in the
SeverrEstuary Consequently, the power output is influenced. For instance, the annual energy
output of the Swansea Bay Lagoon is expected to be reduced by approximaBhd &ter

the construction of the Cardiff Lagoon, and this power will be reduced lilgeart®30.4% if

both Cardiff Lagoon and Newport Lagoon operdtbe eastern Irish Sea has also drawn
attention for TRS development, having the next highest tidal range in the UK after the Severn
Estuary. Wolf et al. (2009)ntroduced tidal barrages on the top five major estuaries along the
west coast of the UK, including the Severn, Dee, Mersey, Morecambe Bay and Solway
estuaries. An insignificant fdreld impact was observed, except the potential 10% increase in
tidal rarge along the east coast of Ireland, increasing the coastal flood risk. In the Bay of Fundy,
Cornett and Cousineau (20Ihpdelled the joint operation of three offshore lagoons and three
coastal lagoas It was found that considerably larger hydrodynamic change was induced by
multiple lagoons. These six lagoons would induce approximatelyarbibcrease in thiigh

waterlevel of the Boston tides, while one coastal lagoon would causecanlirtrease

The modelling of joint tidal lagoons operatisiill lacks sufficient research, especially of tidal
lagoonswith complementary tidal phases, which can partially offset the power output
variability. Considering the potential benefit, the conjunctive ojp@maof multiple TRSs
system deserves further study fromsource optimization and environmental impact

assessmerfCornett et al., 2013)
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2.4.3 Other Eavironmentalmpacs of TRS

Others environmental impact study of a TR&re usually carried out following the
hydrodynamic modelling because the basic information of flow, e.g. flow structure and water
depth, are the fundamental inputs to any further environmental impact arfalgsjger and
Austen, 2013) Many coastal hydrenvironmental modelling tools follow the causal chain
approach, which models caustect relationships in a series of steplse approach is used to
investigate how hydrodynamics change affects the chain reaction of water renewal capacity,
sediment transport, water quality and the potential implications on ecological inf{Sgiieei

et al., 2011)

The water quality alteration, especially within the impoundment of a TRS is attracting
considerable attention. The physical impacts of a TRS on water levels, tidal currents and water
volume exchange will also affect water qualitMost studies have showmat the TRS
operation reduces the local tidal flushing i&teoper and Austen, 2013h the Rance Estuary,

the water viume exchanged with the ocean dropped by 30% after the construction of the Rance
Barrage(Kirby and Retiére, 2009Xia et al. (2010bpredicted a 45% reduction in flow rate

into the Severn Estuary after the construction of the Severn Barraget¢neratiorflow rate
resulting in approximately a 60% decreased water exchanged v{Rraredle, 2009)For a

TRS, the water exchange volume, and the recirculation zone formed by the water jet through
the turbines and sluice gates, could impact the dispersion of dissolved nutrients, salinity,
contaminants and particulate organic mat(btatta et al., 2018; Monsen et al., 2002)

One potential implication of water renalxcapacity is the alteration of upstream salinity. The
study of the Rance Estuary shows that the upstream salinity increased after the closure of the
Rance Barragé&irby and Retiére, 2009)The changes in salinity as a result of the proposed
Severn Barrage is debatable mainly because of the uncertainty of the evolution of the flushing
rate in the estuarfWVolf et al., 2009; Kirby and Retiere, 2009he operation of Swansea Bay
Lagoon (SBL) was also studied and found the salinity in the lagoon basin would be increased
to a certain degree, while salyutside SBL is closely related to the local river discharge and
distribution(Evans, 2017)Overall, the changes of salinity in Swansea Bay are not noticeable
and may not have an adverse impRetdford (1987predicted that the operation of the Severn
Barrage would increag@e nutrient concentrations in the Severn Estuary because of reduced
tidal flushing and increased residence time. The researchKeatmi et al. (2014ashowed

that the phytoplankton primary productivity increasesiceably in the Severn Barrage
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scenario, which was believed to be due to the increased water residence time behind the
barrage. Morever, a TRS may directly introduce contaminants into the surrounding water
system with the antifouling coatings from the haudlic structures or the chemical leakage from
gearbox(The Robert Gordon University, 2002)

However, there are some studies tHatdy show that the water quality benefits from the
operation of a TRS. The goal of the Lake Sihwa lagoon is, without a doubt, to improve the
polluted freshwater reservoir by increasing seawater circulation, and the reduced heavy metals
and toxic organicontamination proved this feasibilifiim et al., 2017; Bae et al., 2010)he
presence of Swansea Bay Lagoon was predicted to enhance the water exchange rate in the
adjacent Swansea Bay, generally reducing the nitrogen concentrattbha\ang little effect

on dissolved oxygen leve{gvans, 2017)

Theoperation offRSsalsohasknockon impacts osedimentary processes du¢ttedecrease

in tidal forcing (Kadiri et al., 2012)). Understanding the influence of TRS on sediment
transport process is vital in many research, including the regional benthic ecology,
biogeochemistry, marine geology and leegm TRS basin water stom@ay et al., 2007; Kim

et al., 2021)After the construction ad TRS, equilibrium in the new sediment regime will not

be achieved quickly; however, an enhanced sediment transport will appear for months or even
years after barrage construction (Burrows et al., 20B8j}. in the long run, significant
suspended sedimeontcursdue to the reduction of current spd&im et al., 2017; Kirby and
Retiére,2009) A shortterm insitu observational study afediment transport processes of
Sihwabarrageshoved aheavily unbalanced sediment fluxesring the operation of Sihwa
barrage that much higher suspended sediment concentration occurs duriniyritiree
generating comparing with sluicingvhich resultsn 78.28 tons m of suspended sediment

transport into embankment area over 18 days oper@ionet al, 2021)

Research shosdthat the sediment transport and the geomorphology in the vicinity of TRSs
are dominated by the artificial discharge through TRSms et al.,, 2017) Variations in

velocity magnitude induce changes in sand transport fln@ water jeatthe exit of turbines

and sluice gates might causeour and erosigrihe recirculation zone appears with the water

jet leadng to sediment depositiajAngeloudis et al., 2016bJhe study on the Mersey Estuary
Barrage showed that the jet flow through the turbine and sluice gates caused strong erosion and
deposition in the vicinity of the embankment, and increased the erosion risk in the narrows

(Carroll et al., 2009)Research showed that the Severn Barrage waaud a significant effect
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on sedimentary flux by reducing the tidal force significantly on the seabed outside the vicinity

of the barrage. This has the potential to decrease the suspended sediment concentrations in the
upstream region by 83¥Ahmadian et al., 2010aJ he reduction in suspended sediment levels
might, in turn, reduce the bacteria level adsorbed te¢ldénents and decrease the turbidity,

which will then strengthen the light penetration through the water column as well as bacteria
decay rategGao et al., 2013; Ahmadian et al., 2014a; Xia et al., 20Faathermore, the

reduced bed shear stress will permit a greatediviersity in the benthic habitat owing to the

higher solar radiatio{Wolf et al., 2009)

Ahmadian et al. (2010agnd Gao et al. (2013)sed different irfhouse models to predict the
change of suspended sediment and faecal bacteria concentrations with the construction of
Seven Barrage. In their models, the bacterial level was dynamically linked with the
resuspension or deposition of sediment concentra@amroll et al. 2009) presented the
morphodynamic impacts of Mersey Estuary Tidal Barrage by coupling a hydrodynamic model
(TELEMAC-2D) with the sediment transport model (Sisyphe) and the wave propagation model
(Tomawac).

There was also research conducted on the ecalomfluence of TRS operationg&vans
(2017)combi ned t he Del ft3D modelOPHMISERMadEllng t e k ¢
system to predict the impacts of Swansea Bay Lagoon on urban drainage and pollutant
dispersionKadiri et al. (2014aabstracted the available information from the previous Severn
Barrage study and then applied the data into a steiatly model to predict the nutrient
concentrations and phytoplankton biomaBaker et al. (2020gxamined the impact of a
proposed Severn tidal barrage on 14 species via the linking of a hydrodynamic model (Thetis)

to species distribution models.

Overall,most ofthe existing hydraenvironmental modelling reaech on TRS operation only
covers one or two indicators of hydemvironmental change. The existing modelling tools
cannot provide a clear case for or against TRS, so a better model for detaiog is

required.
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2.5 Summary

For every TRS proposal, eénenmental impacts assessment should be carried out by the
developer for planning and governmental consent. This is to evaluate the environmental
impacts associated with the introduction of the scheme and to alleviate thesedwmpacts

by improving tke construction design and considering mitigating measures. The fundamental
changes introduced by a TRS will have profound effects on the environment in its broadest
sense. It is a relatively straightforward path to quantitatively predict the tidal raaggesh

and other basic hydrodynamic influences. However, the assessment of the potential alteration

in water quality and then on through the ecosystem isbgasred(Elliott et al., 2019)

Although previous studies have been conducted to understamapiiet of TRS operation on

the regional environment, most of the research was focused on basic effects of TRSs, such as
tidal elevationand tide current Few indepth and comprehensivenvironmental impact
assessments have been performed for the TRSageweht, owing to the limitedtudytools

and lack of development plans. Therefore, it is clear that more research for environmental
impact assessments of TRS is required to improve the understanding and assessment of
hydrodynamics, and environmenégaldd ecological implications of potential impacts in a given
area. Extensive quantitative analysis should be conducted on the most direct and noticeable
hydro-environmental changes caused by TRS operation, e.g. intertidal mudflat area, water

renewal capagit sediment transport and phytoplankton growth, etc.

This review has also identified a lack of research about the conjunctive opefahenTRSs,
which is regarded as a potential advantageous TRSs option. Characterising the interactions

between RSs is essential for the devetentof multiple schemes.

The power output prediction and environmental impact assessment of a TRS are all
underpinned by its modelling, which requires a robust numerical model to provide reliable and
accurate predictions. Special attention has to be given to local hydrodynamats éériving

from the TRS operation, i.e., the accelerated flow caused by turbines. Certain studies have
identified thecritical function of momentum transfer in regard to the accelerated flow.
However, the review of the existing numerical TRS modelsshasvn that the majority of
previous studies ignored the conservation of momentum through the hydraulic structures, let
alone the environmental impact investigation of TRS with the consideration of momentum

conservation. Moreover, almost all research haganded the operation of TRS as one unit
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and overlooked the tide difference between turbine blocks. Thus, a refined TRS hydrodynamic
modelling development is required with additional consideration being given to momentum

conservation and the differencedinoes between different blocks of turbines
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Chapter 3HydrodynamicdModel Development

This chapter focuses on developing and calibrating hydrodynamic models used for natural
hydrodynamic condition study aridrther implementation of TRS. Based on the location of

the TRSs and the objectives in this research, two hydrodynamic models were developed and
validated: the Severn Estuary and Bristol Channel (SEBC) model and Continental Shelf (CS)
model. Furthermore,he relevant governing equations and background of the numerical
modelling associated wifhiRS studyarepresentedHowever, aSELEMAC is a widely used
hydrodynamic modelthereis a great manyof literaturethat covers the derivationf Saint

Venant equationsand numerical solution ofthe hydrodynamic model Thus, only the

information deemed essential for this rese@chcludedto avoid repetition.

This chapters organised as followsSection 31 providesthe general overviews of thelevant
governing equationand otherassociated numerical approaches provided in the TELEMAC
model. Section 2.presents thenodel domain and the model setup of SEBC mdded model
performanceas then validated against available measurements ofdldaation and current
magnitudes and directionsurthermorea mesh convergemdest is carriesut to validatethe
dependencyf themodel predictionSection 33 offers the development and validation of the
CS modelwith the differences between SEBCda@S model highlighted specifically.

3.1 NumericalModeling

Different hydreenvironmental models, including EFDC, Delft3D, Teler2&nTelemae3D

MIKE, FVCOM, OpenFOAM, and ikhouse DIVAST etc(Carroll et al., 2009; Rahimi et al.,
2014; Log et al ., 2019; Guerra et al ., 2017
Zhou et al., 2014d)ad been used for tidal energy modelling. Each model has advantages and
disadvantages. Unstructured TELEMAC developed by EDF and widely used globally, was
selected for this project for the following reasons: (1) wide rangepbicapons including in
simulating tidal range schemégRtimi et al., 2021L) (2) unstructurd nature of the model
enables achieving higtesolution mesh in the vicinity of the TRS where more information is
required and lowesolution where farther from the schemes and less sensitive; (3) The open
access code provides the possibility of furtheveltgpment as described in before; (4)
TELEMAC is highly scalable and efficient on Higterformance Computers (HPC) enables

running computationally extensive simulations.
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Since the water column at the modelling sites in this study is considered to beixasll m
(Uncles and Radford, 1980; Evans et al., 1980 the main focus of this study is preliminary
on the faffield environmental assessment rather tevertical profile of wateflow near the
structure. Th&D model was sufficient to meet the accuracy requirement while maintaining a

high computatioal efficiency( Log et al ., 2019; Bray et al

The TELEMAGMASCARET is an integrated opesource modelling tool for use in the field

of free-surface flows \(ww.opentelemac.o)g The model was originally developed by EDF

R&D and has been used in a wide range of applications and by many organisatiddiidn a

to the TELEMAG2D and TELEMAG3D modules for hydrodynamic modelling, the
TELEMAC system contains multiple modules which are used to represent various physical
processes, including: MASCARET for simulating etimensional flow; GAIA/SISYPHE for
sedment transport and morphodynamics modelling; TOMAWAC for wave propagation in the
coastal zone; WAQTEL for water quality modelling; NESTOR for modelling sediment
dredging; and ARTEMIS for wave agitation in harbours. These modules are powerful tools
that canenable potential future research.

3.1.1 Hydrodynamics

TELEMAC-2D usesthe SaintVenant equationfor hydrodynamicswhich arein the depth
averaged form of nonhydrostatic NaviefStokes equations, including continuity and
momentum along the x anddiredions Theyare provided below for completenesgile
further detailan be founan Hervouet (2007)

— Y,

(3.2)
10 T 0 T 0 W p o~
T_C) T ® T ® (%;oo _Q on (3.2
ToO T ) T V] W p o~
T_C) T o T ® (%;w 0 on (3.3)

whereh is the depth of water below datuihis the free surface elevation relative to datugn;
v are the deptaveraged velocity components in theandy directions;t is time; g is the
acceleration due to gravity, is the momentundiffusion coefficiert, also referredo as the
coefficient of turbulent viscosity or the eddy viscosily is the source ternO, "O are the
source/sink terms representing external fostehaswind shear, the CorioliBorce bottom

friction, source of momentunand others.
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3.11.1 Source/Sink terms

Source and sink terms can be added into the contingugtien or momentum equation to
allow external input of mass or momentum. In scenarios that water intake or discharge exist in
the model, or rainfall, evaporation and infiltrations that need to take into consideration, then
the right side of Equatio(B.1) is set to the value which represents the intake or release of a
water bodWwWo¥hewneaenbéts O06Sourced or O06Sinkad,
on a unit area. The unit 8f is m/s, with a positive value signifies an injection amgative

value signifies an extraction.

The introduction of a water source or sink will affect ibeal flow structure, so a component
vector with an equal values for"Y andv Y is added to the source terms of the momentum
Equations(3.2) ard (3.3), where6 andu is the flow velocity components #te source or

sink point. In order to include the momentum terms in the external foucesstermsO and™O,
momentum terms are included in an expressiomof 6 —and 0 U —. However, the

momentum terms are zewhen the velocity at the source is the same as that dbthaé

current.

Friction on the bottom surface is also included in the source/sink terms in TELEMAC, which
is one of the major sources of energy loss in environmental flow. The frexfioatiors are
mostly empirical, so numerical models need to be calibrated to estimatelevant friction
coefficient. The drag force due to the friction of flow exerted on the bed is parallel to the flow
directionand is expressed by the classical quadratic fricmumation(Dorfmann, 2017)The
friction stresdJin each direction can be calculated as:

T -"6 M6 U,
t s v, (34)
wheret andt are thefriction stressin the x andy directions, andis the dimensionless
quadratic friction coefficient. The calculation of bottom frictleim SaintVenant equations

equal to— & . The® is the vector normal to the bottomhich is the reciprocal of the cosine

of the steepest slop& £ |i . The coefficien® is usually replaced by other waitudied

friction equationsOne of the popular used is the law of Chézy, which provides the Chézy

coefficient 0 — (dimension: nt'?/s). Taken thédriction stresst, Chézy coefficien€ and
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vector® into the expression of bottom frictidh then the Chézy law is achieved, expressed

as:

O —mé U,
O —Wmé U,

(3.5)

where"O and’O are bottom friction in th& andy directions. It should be noted that the Chézy
coefficient is not a constant; dimensional analysis and experimental investigations indicate that
it is a function of the bottom roughness and water depth. The introduction of the empirical law

of Manning and Strickler could solve the problem of the-camstant Chézy coefficient.

The empirical frictionequationof Strickler is related to the Chézy law via the Strickler

coefficientK. The Chézy coefficient is expressedias Kh'® whereK (m'¥/s) is the Strickler

coefficient.

Then the Stricklerdés | aw is achieved and exp
O ———W6 U,
n > - (3.6)
@) E— Mo L.

T

The Strickler coefficient is independent of the water depth and is only a function of bottom

roughness.

The manning formula is a simple varigat of

inverse oK, as:

O ——Mé6 U,
. (3.7
O ——W6 0.
The source and sink terms also conthm €oriolis forceas the following:
O i QEO6 Q¢
o1tk © (38)

O g iQEF QY
wherg is the angular velocity of the Earth, equal to 7.292d#l/s, and_ is the latitude.
The Coriolis force is necessary wheelarge water body is modelled. It should be ndted in
TELEMAC, the Coriolis coefficient would be calated automatically when the model uses
the spherical coordinategtherwise, it is set as a constant average value throughout the
computational domain. Thuisjs necessary to use spherical coordisdd model a large water
bodyusing TELEMAC system
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3.11.2 Treatment of Tidal Flats and Dry Zones

A threshold of water depth is usually adopted to distinguish uncovered beds or dry zones. This
method, however, may cause the mass conservation problemynfating partially dry
elements, and create unrealistic higher velocity on a fine film of water. Different from the above
solution, two other methods could be appiied ELEMAC to the numerical treatment of dry

(or partially dry) elements.

The first metlod abandons the minimum threshold criterion to distinguish the wet and dry
element which is unfriendly to hatfry, halfwet elements. It simply decreases the dry node's
free-surface elevation with the difference between its bottom elevation and theuffeees
elevation of the wet node, as showrFigure3.1. This specific treatment is only to calculate

the free surface gradient to prevent flow betwagnelements.

Free surface which 1s sum of the bottom and the depth

o
o
-
x
e
»
e
-
x
ot
-
e
-

Free surface

Bottom

Figure3.1: Correction of the gradient of the free surface to ssatielementHervouet, 2007)

The second method excludes the elementsatanot entirely wet from the computation.
However, thesecond methodan result in mass conservation errors and is not well suited to
tidal flat problems. Thus, in modelling regsthat with large tidal flats, it is recommended to

use the former method
3.1.2 Turbulence

TELEMAC-2D offers four different radels for turbulence. The first involves using a constant
viscosity coefficient that includemolecular viscosity and turbulence viscosity throughout the
model domain, with aelocity diffusivity value & 10'* m?/s being suggested in various studies

(Jourieh, 2013; Matta, 2018)
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The second is the Elder model, which offers the possibility of specifying two different viscosity
values for the longitudinal ffusion, i.e.,Ki, and the transverse diffusion, i.K,. Those two

viscosity values are expressed as follows:

O | ®°0Q (3.9)
o | ®°0Q (3.10)

whered” is the shear velocity (or friction velocityd, is the water depth, and and are
dimensionless empirical coefficients that represent the longitudinal diffusion coefficients and
transversal diffusionaefficients respectively. Elder has definedand, as a constant value

of 5.9 and 0.23 respectively based on the velocity profile in the logarithmid Elger, 1959)
Fischer et al. (1979)rther proposed a transverse turbulence diffugiohvalue of about 0.6

in irregular natural streams with weak meanders. More rec@vitit al. (2004applied \alues

for | 5 in the range from 0.6 to 1.(teffler andBlackburn (2002)set| s to 0.5 with
recommended values from 0.2 to 1.0. Different values could be useddnd| due to the
anisotropic features of turbulence structure in the horizontal and vertical directions. For this
study, considering thfinding of Elder and latter researchérsand| are assigned values of

6 and 0.6, respectively, following the advised value of TELEMALZmanual.

The third is the classik-Umodel which is based on the calculation of physical quantities

represeting turbulence kinetic energi)(and its dissipation] in the flow. The eddy viscosity

is calculated by:

’ 6 QF1-, (3.11)

whered is an empirical constant aridand Urepresent the turbulent kinetic energy and its

dissipation rate, respectively, as defined after averaging over the vertical to give:

~
g

0 - -600Qa (3.12)

- -, ' ——0Qu (3.13

where® is the free surface elevatiai, is the bottom elevationd, is the temporal fluctuation

of velocity and the& corresponds to the average valu® obvertime.

Thek and- are determined from the following model transport equations:
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— Y— o— -Qui-Q Hoe 0 - 0, (3.14)
— Y= o— -QUI-Q \WQ -60 67 0, (3.15)
where production termB=" — — — 0 &¢& @ are due to the shear force of flow

along the verticald & 8=, 0 o®——, 6 is the dimensionless friction

coefficient andd” is the shear velocity calculated @s — 6 U (Rastogi and Rodi,

1978; Hervouet, 2007)

Largeeddy simulabns or direct numerical simulations are ideal in modelling the Karman
Vortex Street phenomenon or other flstvucture interactionlt would be ideal to use large

eddy simulation model or direct numerical simulat{®ie et al., 2021)or to embed one of

them within the Reynolds Averaged Navier Stokes eh{@toesser, 2014¥.9., TELEMAC,

to achieve a more accurate simulation of fluid structdoevever, it is currently not practical

to simulate a complete TRS and its-fi?dd impacts modelling, particularly in terms of using

a largeeddy simulation model due to the computational resources requirement for such a large

domain.

The Smagorinskynodelis based on the mixing length formulation and inelssbme aspects
of largeeddy simulation modellin¢Bartosiewicz and Duponcheel, 2018he principle of the
Smagorinsky model is to add a turbulent viscosity deduced from a mixing length model to
represent the smadicale turbulence. From the Smagorinsky model, the eddy vistossty

calculated using:

63 cOO, (3.16)

whered is a dimensionless coefficient to be calibrated ¥iglthe mesh size. THB is the

strain rate tensor of average motion, as

o -— —). (3.17)
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3.1.3 Tracer Transport

It is possible to simulate passive tracers (physical quantities that have no interactions with the

flow hydrodynamics in TELEMAED), which is useful for water quality studies.

The nonconservative form of the tracer transport equation is preferred leechdsficulties
in calculating the tracer value after averaging over the vertical profile, and is written as

following:

— 60— U0U— - NY — (3.18)

whereT is the value of tracel; is the dispersion coefficient of trac&y, is the source value
of the racer. Similar to the momentum Equat{812), the right side of the above equation is

zero when the value of the source tracer is equal to the local tracer value.
3.1.4 Suspended Sedimdiransport

Thetransport process of suspended sediment is considered in this study by solving the two

dimensionhadvectiondiffusion equation, expressed as:

nOQ 'Y + (E- D), (3.19)

where “Y is the deptkhaveraged suspended sediment concentrations the turbulent
diffusivity of the sediment: andD represent the deposition and erosion rates of the suspended
sediment, respectively. lBquation(3.19), the difference of the erosion and deposition rdtes (

- D) represents the net sediment flux closely related to the current ability to transport solid

matter.

Different treatmergtof sedinentnet fluxare applied on nenohesive and cohesive sediment.
The net fluxE - D for noncohesive sediment is calculated on the basis of equilibrium

concentratio:

OO0 1 &6 & h (3.20)

where] is the sedimentsettling velocity,0 is the neabed concentratio) is the

equilibrium neaibed concentration which is calculated by the Rgn equation:
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—J— p T
YQ 8

6 TBrp® h (3.2

where— is the critical Shields parameter: is the shear stress due to the skin friction.

Reference elevatio®d is determined by@®  Q, with "Q the total roughress andQ is a

nondimensional diameter definedQ — p @ 7.

In 2D model, neabed sediment concentration is calculated with a Rouse profile for the

verticalconcentration distributigrwith:

8 "04 (3.22)

where C is the depthaveraged concentratiof, is the reference concentration which has

expression of:

—06 p O Qe p .

O L h (3.23
0ae¢ Qo0 QW p

WithB=&® ¥Q'Y in wherell is thevon Karman constarit = 0.4), 0. is the friction

)
z

velocity corresponding to the tbtaed shear stress.

Cohesive sediment is presented as fine particles like silts and clay, with its performance
associated with physiechemical process of the fluid and salinity. The erosion and deposition

flux of cohesive sedimelig calculated by:
o O — p L (3.24)

whereM is the constant in KronBartheniades erosion law; is the bed shear streds; is
the critical bed shear stress for erosjonjs the settling velocityo, is the critical shear
velocity for mud deposition. The topographic change is computed through conservative law

for sediment mass based on the predicted total laaelsch computational point.

The ttling velocity of suspended sediment is calculateernally with a functionof grain

diameter
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In wherethei " 71 is the relative density of sediment.

The bed evolution is determined by considering the suspended sediment transport:

p Jﬁb o oh (3.26)

where_is the bed porosity and@ is the bottom bed level.
3.1.5 Solution Algorithm

The TELEMAC model allows combinations of choices for original equations and solution
methods; however, it is out of the scope of this thesis to present all the algorithrtsscied

the SairtVenant equations. Thus, the numerical discretization which is mainly based on the
finite element method by applying the method of characteristics and adopting-ingdioit

time integration method is briefly explained here. Compleptamation of the Telemac model

can be found itHervouet (2007 andTELEMAC (2020b)

For each point on the mesh, the main hydrodynamics results include the water depth and the
two flow velocity components. The initial set of governing Equati@iy), (3.2), (3.3) are
solved by TELEMAG2D in their nonconservative forms, using a semplicit time
integration. The governing equations are solved in two computational steps using the fractional

steps method, with the method of characteristics to solve the advection step.

In the fractional ®p method, unknown values are time discretised at the multiples of the given
time stepYd, which isd6 0  £Y0o. The derivative of a functiohwith respect to time is

discretised as:

_ p'w (3.27)
Yo
The general principle of fractional steps method is as follows:
~ 6 QL 'Qod M &, (3.29)
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£®RI0 Q1 4 i (329)

wheref represents the variablés u, v, kH T, etc. ThéQ is the value of a given variable at
time stepn, starting from the initial solutioif2 at timet = 0, then following solutiofQ is
achieved by successive iterations. Tlkis the intermediate values passing through
intermediate steps, starting froif2 and end ofQ , which is computed from the advection

step:
<5 ®On "Q T (3.30)

The transport of the physical quantities v, h (or k, A, T for turbulence and tracer
transportation) are computed by solving the advection terms in the momentum equations at the

advection step.

Then, the remaining terms, including propagation, diffusion, and source terms, are resolved by
the finite element techgue; the nodinear terms from the equations ammovedby time
discretization. Continuous equations are then transformed into a discrete linear system by the
variational formulation and discretisation in space and time, with the unknown variahles of

u, v. Finally, the discretised equations are solved using an iterative solver based on the

conjugate gradient method. It should be noted that the propagation terms here refer to the
6— —06 time continuitW-6 qui@atdd oonn, tahned mo ment um
which areinertia and freesurface gradient.

The typical discretised equations during the propagation and diffusion steps are as follows:

s — — Y (3:31)
5 Q= - 2w, 6 O, (3.32)
y “Q_ - O "Q)-Q l‘) “O, (333)

whereQo, U are the value achieved from the advectioh,af, v

As to the discretisation in spackelemac2Dprovides thredypes of discretizatianlinear
triangles (3 nodes), quasubble triangles (4 nodeahdquadratic triangles (6 nodes)near
triangles space discretization has the highest computational efficiency, vgciletidation in

guadratic trianglegan result ina more accurateredition but will increasethe computer
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memory significantl and processing tim¥.elocity and depth can be discretised with different
space discretisation optisnaccording to the requirement of prediction accuracy and
computational resource# space disciesation combination of quasiubble velocity and
linear depth is recommdnd when free surface wiggles and strong bathymetry gradients
appear in simulatio(TELEMAC, 2020b) and can alsanake a tradeoff between model
accuracy and efficiencyHervouet, 2007; Bakar edl., 2017) Thereforethe quastbubble

velocity and lineadeptharechosenin this study
3.1.6 Boundary Conditions

The physical boundaries are discussed in two different types: solid boundary and open

boundary.
1 Solid Boundary

The solid boundary is an impermeable model boundary that usually refers to a coastal line,
riverbank, structure, or island@herearetwo different velocity settings on the solid boundary:

slip boundary condition or mslip boundary condition. On a slipl&bboundary, no friction is
applied on the solid boundary. For thesiip condition, friction is applied and the friction
coefficient is entered manually or determined by the turbulence model; the flow velocity and
the shear velocity at the wall are threatculated based on the friction law and turbulence region.

The friction coefficient U is used to apply

as follows] — | éandi — | U

1 Open Boundary

The input condition forthe open boundary requires careful consideration because it has a
significant impact on the computational domain. dpenboundaries are categorized into four
types following the characteristicstheory input with supercritical flow, output with
supercritical flow, input with subcritical flow, and output with subcritical flalWweinput flow

and output flow are differentiated by the sign of the scalar product of the velocity vector and
the outward normal vector. An inflow is identified with a n@gasign while an outflow stands

positive. The supercritical and the subcritical flows are distinguished by their Froude number,

which is expresses & —. The flow is supercritical iF >1 while subcritical iff < 1.The

imposed velocity vector d@he inflow boundary is normal to the boundary segments.
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However, there are restrictive conditions appl@dthe above boundary theory in two
dimensional modelling. First, the vector attribute of velocity brings about unrealistic boundary
conditions duringhe resolution process when the equatiaesseparated into two fractional
steps.Second, the input and output of open boundary conditions can vary with time. Thus, in
practice, four different types of boundary are applied in 2D models corresponding to the
boundaries mentioned earlier: prescribed velocity and depth (input with stipardlow),
prescribed velocity and free depth (input with subcritical flow), free velocity and free depth
(output with supercritical flow), free velocity and prescribed depth (output with subcritical

flow).
3.1.7Momentum ConservatiotihiroughTidal Lagoon

The original culvert function in TELEMAC was utilized and reprogramed to represent the
turbine and sluice gates, by replacing the original cufeattiured program in subroutibese.f
with the TRSfeatured recompiled code.

To ensure momentum and rsasonservation across the structure, a momentum source term
was added to the momentum equations, i.e. Equations 3.2 and 3.3, for the cells linked to the
turbines or sluice gates. This method has been successfully used in simulating tidal stream
turbines(Ahmadian et al., 2012nd is applicable to other hydraulic stures, such as coastal
reservoirgFalconer et al., 2020The momentum source term in thdirection was calculated

from first principles and is given as:

O -0 0 9JY=-0 éyy, (3.34)

whereY, Y-is the area of the source/sink discharge 6el; the local velocity at the source
point; his the water depth; ara@ is the source/sink velocity, which was considered as the flow
velocity through the hydraulic structure. However, due to thectastging velocity in the
turbine housing/Ahn et al., 2017h)the choice ob value is uncertain. The ressilvith
different values 0b was investigateh this study. In the first scenario, the velocity was taken
just beyond the turbine runner, which could be considered as a simplified value since this value
ignored the expansion of the flow through the diffsdr 0 § e t . Irathe secon@sBehaBio),

the value ofb was considered as the velocity at the end of the turbine diffusor. This was
considered to be more realistic, based on EquéBi@d), and included the energy dissipation

in the draft tube.

50



Chapter3 HydrodynamiaViodel Development

Vertical velocity gradients cannot be accurately accounted for in 2D models for such complex
turbine wake structurgia et al., 2010a)Furthermore, the velocity of the jét,, can vary
significantly across the diffuser. This jet characteristic will differ based on the design of the
turbine and its housing and therefore an appropriate velocity profile reebdaused after the
turbine characteristics have been finalised. At this early stage of the design process, a typical
horizontal velocity profile along the vertical section produced\bihelm et al. (2016)as

shown inFigure 3.2, was used in this study. The velocity profile is represented in Equation
(3.29) by dividing the profile into susections and calculating the accumulated impact of the

jet over the area, as shown below:

0 =——— 6 06006 (3.35

Velocity profile in the vertical direction
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Figure3.2: Shape of the low head bulb turbine housing and measured velocity distribution in
the outer turbine diffusdiVilhelm et al., 2016)

3.2 Severn Estuary and Bristol Chanivkbdel

3.2.1 Model Setup

Severn Estuary and Brist@hannel(SEBC) model was set up for the computation of the
hydrodynamic process in the domain of the entire Seven Estuary and Bristol Cliraguna (

3.3). The open seaward boundary was located at the western extent of the modekd timeain
mouth of the Bristol Channetlose to Lundy Islandand spanning from Heartland Point in
southwest of England to Stackpole Head in sewttst WalesBy ensuring that there is enough
distance between the open boundary and the region of interest, the effect of the scheme on the
open boundary is minimise@i, 2017) The model extended upstream to the River Severn,

close to the tidal limit at Haw Bridge, near Glostax, and where there is an Environment
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Agency hydrological monitoring statioithe entire computational domain covered an area of
5805 knf.

A tidal time series of water levels was applied using data obtained from the Proudman
Oceanographic Laboratormdw National Oceanogphic Centrg Irish Sea mode{National
Oceanographic Centre, 2014nd with the levels being prescribed relative to mssmlevel
(MSL). The modelling period coversore thara whole neapspring tidal cyclepased on the
date of validation datd&urthermore, the model was allowed to gggrfrom constant elevation
across the domain for 2 days prior to any numerical reBaitgy used, in order to achieve a
stable model performancsimilar to research conductdy Adcock et al. (2013)For the
presentesearch, meteorological forcings (wiadd waves) andensitystratification effects
were not considered in thimmodelling.7 major rivers have been taken into the model as the
input sourcebased orthe location and the mean dischapgesentedn AppendixAl, Table

A.2 (Stapletm et al., 2007; Bakar, 2019)

Bathymetric data in this area were obtained from EDINA Digimglp a grid resolution of 30

m, andwere converted relative to mean sea level (MSlhe mesh resolution varied across

the domain according to the bathymetanditions, with the inverse distanogerpolation
method being used to achieve a higher resolution and better accuracy in shallow waters, with

the resolution being based on the following equation:

= - 10X + 200 (3.36)

wherel is the mesh resolution arXlis the bathymetric elevation at that point. Using this
setting, the mesh resolution varies fr8@® m at the seaward boundary to around 200 m at the
solid boundary except for the eresting arg whereit was refined further. The final mesh
consisted 069,404 nodes and 34,64 triangular cellsThe geographic coordinate system of
this refers toUniversal Transverse Mercator (UTM) of Zone 30N ensure the model
accuracy, the Couranumber limitation was set to 1 and a time step of 10 s was set to meet

the Courant number limit.

In this numerical modethe method of characteristics was used to solve the advection terms in
the governing momentum equatioii$ie finite element method was applied, and the method

of characteristics was chosen to solve the advection step. Discretisation in space was carried
out by using a quadiubble triangle to determine the velocity field and a linear triangle to

determine the water elevations, thereby ensuring a balance between model accuracy and
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efficiency (Hervouet, 2007; Bakar et al., 201Dlassick0 t ur bul ence model
turbulence modellingSince there is an extensive intertidal mudfethie modelling domain, a
special wetting and drying treatment that can correct the gradient of the free surface to semi
wet element is applied, as illustrated in Section 3.1.1.2. This method is more precise to describe
half-dry, halfwet elements and hagen proveiits robust and accuraf®ledeiros and Hagen,

2013; Stanshy et al., 2016)
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Figure3.3: SEBC Model domain and the validation data measpogas.

3.2.2 Model Validation

The model was first calibrated using water level and velocity data from the Admiralty Charts
(Ahmadian et al., 2010a&nd 4 tidal gauges covering the Bristol Channel and Severn Estuary.

A manni ng 6 soefficent gf 01925 svas selected during calibration, which was
generally found to give the closest agreement bettezpredicted results and available field

data. The model was then validated using further tide level gauges and ADCP measured data.

Sea surface elevation data obtained from four British Oceanographic Data Centre (BODC) tide
level gauges were used for model validation. The tidal gauges used were located at Avonmouth,
Hinkley Point, Mumbles and Newport, with locations markedrigure 3.3, were used for

model validation The validation period was from 2 July 2011 to 15 July 2011 due to the

availability of current data.
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The coefficient of determination fRand the root mean squared error (RM3E)used to
guantify the predictive capability of the model when validatedraganeasured water level

data, with the terms being defined as:

R=1-——, (3.37)

RMSEE -B & & , (3.39)

where® are the observed value§) are the mean of the observed valuesre the predicted
values,® are the mean predicted values. TheaRd RMSE values are mainly applied to
evaluate scalar quantities, not vector quantities. Thus, the mean absolute error (MAE) and
relative mean absolute error (RMAE) were also evaluated for quantifying the degree of

accuracy of the model in predicting theasured velocities. The MAE contained both errors

of magnitude and direction, with the formulation for a vedlor & Fd , being given for
MAE and RMAE as follows:

B

0¢

MAE=0® ®O (3.39

RMAE= —, (3.40)

The preliminary qualification for RMAE ranges suggestedWsgistra et al. (2001)hat is

Excellent (RMAE < 0.2), Good (0.2 < RMAE < 0.4), Reaonable (0.4 < RMAE < 0.7), Poor
(0.7 < RMAE < 1.0), Bad (RMAE > 1.0).

Model predictions and measured values addlgtes are compardgigure3.4 - Figure3.14),

while statistical analysis of the model performance is carrie(faiie3.1). The comparisons
between the predicted and measured water levels and velocities show good agreement. All of
the R results show a strong corretat between the model predicted and measured free surface
elevations, thereby giving confidence in the accuracy achieved using the model for predictions
for the preliminary design.The RMSE value is also encouraging considering the high tidal
range and auents. However, validation data thife model against the Newport gauges show
relatively poor agreement. This is thought to be due to the relatively shallow water depths and
the and complex topography in the vicinity of the tidal gauge. The hydrodynarfocnpance

of the model was further validated against data collected using fivenbadtedAcoustic

Doppler Current ProfilerADCP9 deployed in Swansea Bay between September 2012 and
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December 2012. The current speeds and velocities were measured thtdhglveater depth

at these sites using seabed mounted ADERgi(e 3.3). The corresponding field data were
then integrated over depth to acquiredikpth averagkvalues. Typical comparisons between
the model predictions and measured data for water levels and current speeds and directions and

a summary of the statistical analysis are givieigyre 3.4 - Figure 3.14, Table 3.1). The

statistical analysis shows a good correlation between model prediction and ADCPs

measurement data. For water level, &laRe higher than 0.98nd the MAESs for both current

magnitudes and directions were smaller thalh @xcept at site LThree of the RMAE

i ndi

and the ADCP measurement data therefore shows good correlation, again giving confidence in

cator
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the accuracy of the model predictions.

Avonmouth

assi fi

ed

according to the classifications givenTiable3.1. The validation between the model predicted

oo ¢
- ©
[
P P
¢

Water Level(m)
X o

—— Model Prediction

bd g
P P
b
Pe DD
P dP
b

O Measured data

b
b P
b P B P

03/07 04/07

05/07

06/07

07/07

08/07 09/07 10/07

Time(Days/2011)

11/07 12/07 13/07

14/07

as

bei

ng

Figure3.4: Water level comparison of model predictions and BODC measured data at Avonmouth.

Hinkley Point

b
b H
i B

B S
F Pb

bbb PP D
o &9 ¢
o bp PP
o b Po
¢
2t b ¢
2 5 ¢

Water Level(m)
o

¢
P

Pd
D4

— Model Prediction

©  Measurement data

03/07 04/07

05/07

06/07

07/07

08/07 09/07 10/07

Time(Days/2011)

11/07 12/07 13/07

14/07

Figure3.5: Water level comparison of model predictions and BODC medsiai at Hinkley Point.

55

0 ¢



Chapter3 Hydrodynamidviodel Development

Mumbles

Water Level(m)

-6
——Model prediction O Measurement data
-8 L L L L L L L L L L L
03/07  04/07 05/07 06/07 07/07 0807 09/07 10/07 11/07  12/07  13/07  14/07
Time(Days/2011)

Figure3.6: Water level comparison of model predictions and BODC measured data atédumb

Newport

i)
&P
Pd

Water Level (m)
N} o N}

IS

&
T

—— Model Prediction O Measurement data

8 . . . . . . N N . . N .
03/07 04/07 05/07 06/07 07/07 08/07 09/07 10/07 11/07 12/07 13/07 14/07
Tme (Days/2011)

Figure3.7: Water levelcomparison of model predictions and BODC measured data at Newport.

L1k ust +t 61 Nz-)wwt sk NGt Yz 6

N

(m)

o

Water Level
N}

——Model Prediction © Measured data
8 . . . . . . . .

23/07 25/07 27107 29/07 31/07 02/08 04/08 06/08 08/08 10/08
Time (Days/2012)

Figure3.8: Water level comparison of model predictions and L1 ADCP measurement points.

56



Chapter3 Hydrodynamidviodel Development

Current speed (m/s)

1.4

12

0.4

0.2

L1 (51e33.2906N 3e59.300W)

0.8

0.6

——Model Prediction ——Measured data

30/07 31/07 01/08 02/08
Date(days)-2012

Figure3.9: Current speed comparison of model predictions and L1 ADCP measurement points.

Current Direction (Degree)

50

+ huwpk ust + 81 Nz - wwt s k N6t Yz 6K

—— Model Prediction —— Measured data

29/07

30/07 31/07 01/08 02/08
Date(days)-2012

Figure3.10: Current directiorcomparison of model predictions abtl ADCP measurement points.

Water Level(m)

L3 (51e33.5606N 3e56. 320W)

O
&b v
0 oo £ 4
b b b PP DB
0 O o o o

b ®

; :D“ 4:0 :i
b Oh

P o

P Dh b oo PHHY P

ELEDEE LD D

IROROROR R

am
O rw

@
<P DOpP o Dpoop
ol RO o o
9 o o ol o
D "0 qd

——Model Prediction © Measured data

25/07

27/07 29/07 31/07 02/08 04/08 06/08 08/08 10/08
Time(Days/2012)

Figure3.11 Water level comparison of model predictions and L3 ADCP measurement points.

57



Chapter3 Hydrodynamidviodel Development

L3 (51e33.560N 3e56.320W)

09 ——Model Prediction——Measured datal
08
0.7
06 | A \ | [ ‘

051 A

CurrentSpeed(m/s)

0.4 | \ ‘\“‘;\

0.3 ‘

2 ‘] \/ | / | M

29/07 30/07 31/07 01/08 02/08
Date(daysp012

Figure3.12 Current speed comparison of model predictions and L3 ADCP megasnt points.

+1t wpk hust +t 6kt - wwt skt 611 26K

350 [
—— Model|Prediction —— Measured data

250

w‘ MN Ad wl
0
29/July 30/July 31/July 01/August 02/August
Date(days)-2012

[t N
(o) o
o o

Current Direction (Degree)
(=
o
o

e

a
=}

Figure3.13: Current direction comparison of model predictions and L1 ADCP measurement points.

58



Chapter3 HydrodynamiaViodel Development

Table3.1: Validation statistics of BOD@auge data and Swansea Bay ADCP data.

Water level Statistical Analysis

Site R? RMSE
Avonmouth 0.992 0.359
Hinkley 0.988 0.351
Mumbles 0.964 0.420
Newport 0.932 0.767
ADCP L1 0.99 0.260
ADCP L2 0.993 0.213
ADCP L3 0.992 0.232
ADCP L4 0.992 0.231
ADCP L5 0.993 0.214

Swansea bay ADCPs measured velocity magnitude

Site MAE RMAE
ADCP L1 0.122 0.222
ADCP L2 0.083 0.145
ADCP L3 0.057 0.142
ADCP L4 0.045 0.191
ADCP L5 0.076 0.230

The tidal constituents were then used to validate the model and to explore the tidal resonance
characteristics in this area. The model was run for more than 30 days, from 18 January 2012 to
19 February 2012, to achieve an accurate harmonic analysis. Madledage Tide
(Pawlowicz et al., 2003)as utilized to determine the harmonic constituents, with the top three
dominant constituents being the M2, S2 and N2 tides. Tidal BODC measurement data and

model predictions were compared at the tidal gauges in the Bristol Ch@ahk3.2).

Results show that the amplitude and phase for the M2, S2 and N2 tidal constituents match very
well. However, the N phase shows a discrepancy at the llifracombe site, where the discrepancy
is more thari4’. The llfracombe gauge is sited closwsthe seaward boundaryhich suggests

that there might be some impact from the seaward boundary conditicosnparing withthe

harmonic analysis results in this area with the findings of other researitieerssults show
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that the harmonic components data are close to the published findings, further confirming that

the validation agreement is encouragifgverson et al., 2017; Robins et al., 2015)

Table3.2: Amplitude and phas®r M2, S2 and N2 tidal constituents at 5 Tidal Gauges.

Ti dal M2amp | i t M2 S2amp |l it S2 N2amp | it N 2
gauge ( m) phase ( m) phase (m) phase
Observ 3.80 185. ( 1.42 237.C 0.62 171.7
Hi nkl Predi 3.78 187.: 1.52 246 .1 0.59 176. 1
Di ffer -0.02 2.20 0.10 9.10 0. 03 4.35
Mu mb | Di ffer 0.02 7. 14 -0.03 2. 30 0.05 6. 61
'l frac Differ 0.10 14. 3. 0. 05 -7.98 -0 .30 -326
Newpo Differ 0.08 -18. 3 -0. 03 -12. 8! 0.01 5.32
Avonma Di ffer -0. 02 -11. 9! -0. 09 -9.56 -0.03 -3.39

3.2.3 MeshConvergene Test

Furtherresearch involvemodelpredictioncomparisorbetween differentcenarioswvhich with
different meshesThus, it is necessaty investigatanesh convergere®f modelprediction In
addition tothe mesh applied ithe previousy validated modeltwo other meshes were
generatedd investigate theobustness and responskthe modelto grid size,as shown in
Table 3.3. Furthermore,d achievea similar CourantFriedrichsLewy number, the time step

appled in each &nario were adjustealccording tahe CouranfriedrichsLewy number by
its definition:

0%

CFL = 0, (341

<<|

whereU is the velocity Yois the time step andwis the grid size.

Table3.3: Thevalidation statisticef model results with different meshes.

Validation of water level Validation of velocity
Mesh Grid size Time step '
R? RMSE MAE RMAE
1 (Baseline) 200-600 10 0.9818 0.3386 0.0766 0.186
2 400-800 15 0.9774 0.3591 0.0823 0.195
3 600-1000 20 0.9658 0.3642 0.0905 0.213

Table3.3 shows the averagealidation statistics of water level aAdDCP measuredelocity

for model predictions with three different mesHes demonstrathatthe model prediction
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is slightly relatedto the meshgrid. The model prediction with coarse mesh, amgsh2 and
mesh 3, havslightly lesscorrelation withthe measured datgigure3.14 andFigure3.15show
the typical comparisos of the model predictiotbetweenmesh 1, mds 2 and mesh 3The
differencesn modellingpredictionare relatively minobetween the coarse and finer meshes

demonstrating thendependeneand robustnessf model predictioron the mesh grid.

However,Jones and Davies (20083ported that the finer mesh modelthe TELEMAC

systemis moresuitableforr e s ol vi ng t he 0 womdnonragd naimear dr y i n
effectsin the shallow water region3he prediction othe finer mesh model also presents a

higher accuracyThus, the finer mesh, i.e 206600 m grid-size mesh is applied in the

following study.
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Figure3.14: Water Levelcomparisorwith different mesheat Hinkley pointsduring(a) spring and

(b) neap tides.
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3.3 Continental Shelf Model

The impact of the TRSs on the ndild and farfield hydrodynamics can be equally
significant due to the large tidal range in tha&er impoundment area and the large volume of
the enclosed water bodq¥hou et al., 2014b)Previous studies indicate that the operation of
large TRSs is likely to impact ne&ield and faffield hydrodynamics, especially for sites with
macrctide conditiongBray et al.2016; Adcock et al., 2011frurthermore, it is reported that

an open boundary within the continental shelf may amplify any perturbation associated with
the TRS by exciting a resonant mddelcock et al., 2015)Thus any modethat simply held

the same boundary condition for peand pos{TRS may reduce the model accuracy and cause

discrepanciegZhou et al.,, 2014b; Rainey, 2009)o solve this issue, either allow the
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perturbations to exit the metland reenter the model as required if the boundary is located on

the shelf, or extend the open boundary beyond the continental shelf to capture these resonance
changegAdcock et al., 2015)Meanwhile, it is also interesting to explore the other TRSs
located on the west coasttbkIrish Sea beyond Severn Estuary and Bristol Chasneh as

the North Wales tidal lagoohus,a new hydrodynamic model, the continental shelf (CS)

model, was creatl to address the above considerations.
3.3.1 ModelSetup

The CS model covedthe whole Irish Sea and a large region of the Celtic Sea, with its open
boundary being extended to beyond the Continental Skhedfopen boundary extended from

Plymouth insouthwest Englando the Isle of Mull,on the west coast of Scotland

Dueto thewide modelling domain thapans ovetwo UTM zonesit was necessary to perform

a TELEMAC simulation with spherical coordinates to automatically adjust the Coriolis
coefficient at each point of the domairhus, it is necessary to set the geographic system of
this meshto WGS84 Longitude/Latitude in real giees However, to more easily analyse the
modelling results and make comparisons with previous research, i.eadéSEBLresearch

in the SEBC model and studies from other researchers, the modelling results were converted

to Mercator projectiortoordinatesystem.

Topography data in this area were taken from two sources with different resolutions and
converted taneansea level (MSL). Most of the domain from the CS model utilised bathymetry
data from the EMODneBathymetry portallfttps://www.emodnebathymetry.ey/ with 1/24

of an arcminute resolution (approx. 75m). Moreover, higher resolution topography data were
utilised in the areas of interest. The topography data for the Bristol Channel and Seayeny) Est
along with the sea area north of Wales and out of povelr Bay,shared the same source of
SEBC model, which was obtained from EDINA Digimatifs://digimap.edina.ac.ykwith a

finer resolution of 1 arexond (approx. 30m), as shown in the highlighted ar€gure3.16.
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Figure3.16: Computationaomain of the CS modahd the bathymetrywherethe areas afigher
resolution datareindicatedin the yellow rectangle highlight zone

The mesh was discretised with 134,291 nodesZ2&2382elements. In the areas of interest
such as Brigtl Channel and Severn Estuary, the Colwyn Bay and Liverpool Bay, a higher mesh
resolution was provided with 5B00 m, as shown iRigure3.17. The meshresolution varied

from 9%km near theopen boundaryo the maximum value of 3km in the middle of the model

domain; then it reduced to 700 m along the coastline.

The seaward open boundary was driven by spatially varying time histories of tidal elevations

and depthaveraged velocity from the TPXO7.2 databals&p(//volkov.oce.orst.edu/tides

with 13 tide constituents including eight primary, two lepeyiod, and three nelmear
constituents, namely M2, S22NK2, K1, O1, P1, Q1, MF, MM, M4, MS4 and MN4, with a
resolution of 1/30°. TPXO uses the TOPEX/POSEIDON satellite project mapping tidal levels
using both direct observational data and dynamical informéboshaw et al., 1997Which

is one of the mst accurate global models of ocean ti(surban et al., 2012)

Following the same setup as SEBCmodel, the model uses the classidk t ur bul enc e
which has beeastudied later and provexs the most suitable turbulence model in this research.
The Courant number limitation was set to 1, and the time stepevas K0 s to ensure model
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accuracy and computational efficiency. After
of 0.025 was found to produce a satisfactory validafidoreover, 4 days spiap time was

used in the CS modelling due to the size efitiodel domain. An investigation about model
prediction and the length of spup time has been carried out and confirmed the 4 days spin

up time is enough to stabilise the CS model and the model is independent of iine tipia

In addition to the rivedischargeslistributed around the Bristol Channel and Severn Estuary

in the SEBCmodel, four river discharges located in the Colwyn Bay and Liverpool Bay were
added to the model as water sources. These were River Conwy, River Clwyd, River Dee and
River Measey, with average flows of 194 7, 6.35& 7i, 38.1a fi, 14.184 1,
respectively, based on data from the UK National River Flow Archive data
(https://nrfa.ceh.ac.uk).

Latitude (°)

Longitude (°)

Figure3.17: Mesh resolutioiin the CSmodel, with refined mesh resolution in tBevern Estuary and
Bristol Channel, anthe Colwyn Bay.
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3.3.2 ModelValidation

The model performance was validated against BODC water level data at 12 tide gauges in this
area, the loations of which are shown Figure3.18. The validation period was one month,
ranging from 17/05/2012 00:00:00 to 16/06/2012 00:00:00. This perioddpib sufficient

length to meet the requirements for harmonic validation and analysis performed later.

6160000

5600000

Oy

140000 280000 420000 560000

X (m)

Figure3.18: The tide gauges useéalvalidate CS model predictiofin UTM 30 coordinatesysten).

The coefficient of determinatio2 () and the root mean square error (RMSE) for the validation
results for the 12 BODC tide gauges are providekhinie3.4. Additional details of water |e}
comparisons can be found in AppenBixFigureB1.
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Table3.4: Water level alidationstatisticsof the 12 BODC tide gauges.

Tidal gauge R? RMSE

Portpatrick 0.971151 0.17339
PortErin 0.967936  0.249349
Liverpool 0.988300  0.280944
Llandudno 0.986939  0.233857
Holyhead 0.987302  0.154665
Barmouth 0.962248  0.221039
Fishguard 0.965417  0.191592
Milford Haven 0.976492 0.258764
Mumbles 0.973969  0.385077
Hinkley 0.964716  0.484798
lIfracombe 0.977528 0.347919
StMarys 0.983376  0.172226

The model validation showed a good correlation between the model and measured data. The
water level in regions of the central Irish Sea, such as Barmouth, Liverpool, Holyhead,
Portpatrick and Port Erin, showed close agreement between model results ame:deaks.
However, the high RMSE values for Mumbles, Hinkley and llfracombe indicated that
comparisons between model results and measurement data for the Bristol Channel and Severn
Estuary were not as close, but they were still similar to that cBE®C model prediction.

Besides, the velocitymagnitudeand direction prediction of CS model was validated with the
measured ADCPs data as applied in previous SEBC model validBésnlts showedood
agreement between A measurement data and the CS modediption a typical
comparisons shown in AppendipB, Figure B2

Furthermore, harmoniconstituentsalidation was carried out in this area. Tdmplitude and
phaseof the dominant components, M2 and S2, are showingure3.19 andFigure3.21. It is

clear thatarge amplitudeM?2 distribue throughout the eastern Irish Sea and iIrSB8C area

Two amphidromic pointgxistin this region Oneis locatel at the east coast of Irelamad the

Celtic Sea andmotheronebetween thevest coast of Scotland and therth coast of Northern
Ireland.Compaed with the harmonic constituents prediction reported by other researchers, as
sea in Figure3.20 andFigure3.22, the same distribution of harmonic constituast®und,

which validats the model predictioagain(Young et al., 2000Wolf et al., 2009)
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Figure3.20: Predictecamplitude (left) and the phase (right) of the M2 tidal constituent ffoomg et
al. (2000)
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Figure3.22: Predictecamplitude (left) and the phase (right) of the S2 tidal constituent Yfonmg et
al. (2000)
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3.4 Summary

TELEMAC-2D was selected as the numerical tool for this research based easitg
accessibleode,unstructurednesh, and wide range ofarine energy modelling applications

Two numerical models, thEEBCmodel and CS model, were developed using TELEMAC

2D to simuate the hydrodynamic process in Sevéstuary and BristaChannel, as well as the

Irish Sea and CeltiSea,respectively Most of the model parameters were the same between
the two modelsMa n n i mughinass coefficient of 0.025ndk-U t ur bul evere e mo d
applied after calibratior2 daysof spin-up timewasallocated tahe moddling periodbefore

the analysisof the SEBC model predictionwhile CS model was givea days for its larger

domain. However, different boundary conditions were ysbet tidal time series of water

levels were applied on the boundary of 8#BCmodel while spatially varying tidal elevations

and velocity from the TPXO database were used as the driven force of seaward open boundary
for the CS modelFurthermore different coordinate systems were used in the two models to
adaptthe Coriolis force setting in the TELEMAC system. The model validations were
performed using the sea water level data achieved from BODC tidal gandése bed
mounted ADCPmeasured tide velocity data. The validation results showed that both models
gave satisfactoryhydrodynamic prediction.Furthermore, the investigation of mesh

convergencelemonstrated thaodel predictiorwasindependentfomesh resaition.
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Chapter 4slandWakeModelling andFurther
Model Calibratiors

Understanding tidal flow around artificial or natural obstacles, such as tidal lagoon, coastal
reservoirs and islands an important challenge in coastal, estuarine and river besaarch
due to the potential impacts of such flows on the environment and ecology in théBvasm

et al., 2015) The construction athe lagoon itself changes the local coastal line, acting as a
cape orpeninsula,generating eddies and turbulencetlie area. Furthermore, eddies and
recirculation zones produced around lagoon structuresiggnificantly impact the sediment
transport, water quality processasagd the hydroecology in the regidfor example,n the lee

of the obstacle like an islandhe balance between the inwalidectedpressure gradient and
the outwaredirected centrifugal force W bring a convergence of bedlod®ingree, 1978;
Dyer and Huntley, 1999)These impacts will converge the bedload material, forming
sandbankg¢Neill and Scourse, 2009; Li et al., 201@hich could be a hazatd shipping ad

the deployment of marine aggregate extraction if no dredging work is regutatgrtaken.
Furthermore, the strong localised upwelling and downwelling flow in the leenatural
obstacle(Estrade and Middleton, 201@j)ll result in the vertical transport of nutrients from

deeper wates; therebyenhancing the local biology and ecology

It is known that model predictions for flows arouolostaclesare sensitive to thiurbulence
modelling strategyadvection schememesh refinemenet al. (Stansby, 2003)Thus, an
accurate represenian of the hydrodynamic on the barrage or lagoon location is of crucial
importance in terms of the accurate modelling and the hgravivonmental impact studiNeill

et al., 2018; Angeloudis et al., 2016Bt it is difficult to validate the prediction of tidal flow
around lagoon directly since there is no tidal lagbas been constructed yet. However,
studying the tidal flow in a similar scenario can contribute to the understandimgoaiediing
prediction for such conees. Flat Holm Island, which is close to a circular island in Bristol
Channel could provide an ideal example to study the flow pattern around an obstacle in
macrotidal environment. By studying the island wake and fioattern around Flat Holm
Island, a good foundation for modelling the flow structure around tidal lagoon can be achieved.

This chapter aimgo investigatethe flow pattern around an obstacle in a mdital
environment, whichcan improve the model hydrgethamic prediction and provide a good
foundation for modelling the flow structure around the lagdtmflow velocity in the lee of
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Flat Holm Island is measurgdrough vesseiounted ADCP surveysspresentedn Section
4.1 Then the initial model predion comparison with ADCHRneasureddata is shown in
Section 4.2Section 4.3 presenthe evolution of wake in the lee of the islatal provide a
basic understanding of flow structure aro@mbbstacle in macrtidal environmentSection
4.4 presents the further calibration mibdel prediction with different turbuleneceodek and

correspondingolvers Last, Section 4.Summarisehis chapter.

4.1 In-Situ DataCollection

Flat Holm Island liesalmost at the boundary of the Severn Estuary Bnstol Channel
approximately &m south from Cardiff BayRigure4.1). It is roughly circular in shape with a
diameter of approximately 700m. Tides in the Severn Estuary aredaammal with the second

largest tidal range in the worl@Pethick et al., 2009with typical tidal ranges during peak
spring tides ranging from approximately 7 m at the rnaitBristol Channel to 14 m in the

upper reaches of the Seven Estuary. Maximum currents in this region are approaching excess

of 2.5 m/s during peak spring tideshmadian et al., 2014a)
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Figure4.1: Flat Holm Island and the ADCPs measurentiarisect lines.

In order to get a better understanding of the flow structure and validate the model performance,
vesseimounted ADCP surveys were carried out in the vicinity of the island between 5 July

30 September 2011 using a Sontek 1000 kHz AD®#s ADCP unit houses three transducers,
measuring the Doppler movement in the east, north and upward directions. An internal compass
and a temperature sensor were also housed within this unit. The SontééHZzOADCP was
mounted on a swing arm placedame side of a ship, as demonstrate&igure4.2. Sontek

Current Surveyor software was used to record the survey data, which also recorded the vessel
position using an onboard Differential Global Positioning System (DGPS). A single beam echo
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sounder was also employed to provide a profile of the seabed. The vessel transected along a
series of survey lines downstream of the island, in as straightaslimessible given the strong

tidal current conditionsHigure4.1). The survey transects were planned based on the natural
features, tidal current cortains, and the potential location of the wake in the lee of the island
(Table4.1). For example, the survey on 5 July 2011 comprised driving the \&ssgla single
transect line A1, from the end of the flood tide, throughout the ebb tide and into the beginning
of the next flood tide. This ensured that data were acquired to the southwest of Flat Holm,
downstream of the ebb tide, and along one trankemiighout the ebb tide. The surveying on

other days was taken at different tidal phases and locations, with the aim of characterising the

flood/ebb tidal currents downstream of Flat Holm Island.

Figure4.2: Sontek ABCP unit mounted on a swing arm during the suri@yo et al., 2020)
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Table4.1: Time and transect lines of each ADCPs sueament.

Dat e A(-I;:\A.Te Measur e Dat e (TC';MmTe) Measur e

09:05 Al 09: 27 A4

09: 49 Al 09:55 A3

11:00 Al 10:08 A2

11: 34 Al 10: 40 Al

5 34l 12: 29 Al lAuga9d 11:04 A4

y 13:00 Al 11:20 A3

13:39 Al 11: 40 A2

14: 22 Al 12:02 Al

15:00 Al 09: 37 A2

16: 38 Al 30 Sept 10: 56 Al

15: 10 A2 2011 11: 49 A2

15: 47 A2 12: 33 Al
_— 16:565 B1
uty 15: 37 B1
18:50 c1
19: 31 c1

4.2 ModelComparisorwith ADCPsData

Flat Holm Islandwake evolution is studd in the SEBC model following the samemodel
settingsasshownin Chapter 3. Furthermore, the mesh resolution around Flat Holm Island has
been refined further to less than 50 m to ensure an accurate representation of the bathymetry
this region. The measured and predicted velocity magnitude along these four transects are
compared by scatter plots of gene expresskigufe 4.3). The values of the velocities
predicted from the model at various points are shown along the Y axis, while the X axis
represents the measured velocity values at these same points. This demonstrates the variability
in the model performance, which is linkdthe location of the measured points. For example,

for the ADCP data collected on 5 July 2011 at 10:49, the model behaves well in the low
velocity zone, which corresponds to the recirculation zone in the lee of the island. This indicates
that the modelimulates the island wake well. On the other hand, the model results show a
weaker performance in the higielocity zones, which are on the two sides of the island to the
south east of the island and where the deep trench is located. The results gémsvaltyood

correlation between the measured data and the model predictions.
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ADCP data meaured on 05/07/2011 10:49BST ADCP data meaured on 05/07/2011 14:39BST
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Figure4.3: Comparison of observed and modelled curspeted

4.3 Evolution ofIslandWake

The evolution of wake during the neap tide on 11 July 2011 are shdvigure4.4. It can be

seen that the evolution of wake has the similar trend during the ebb and flood tide. First, when
it is the slack tide condition (high water level or low water level), low velowml turrents
resulting in steady flow around Flat Holm island, and with no vortex being generagade(

4.4 a, d). With the increase of the tide vetgctwo vortices were generated at the same time,
with relative steady sidby-side position and no eddy shedding occurrifgre4.4 b, e).
Around tre peak velocity of neap tid€igure4.4 c, f), typical Karmarvortex street appears in

the wake Figure4.4 shows a similar trend in the developing wake during flood tide and ebb
tide, and during neap tides. Thus, model predictions show that the same wake pattern is
generated under the same tidal cusetespite the different water depths. However, this
phenomenon does not directly mean that the wake developing in the lee of Flat Holm is not
related to with the water depth. First, the change in the water depth change is relatively slow
during neap tidesSecond, the bathymetry to the westith of Flat Holnmsland is higher than
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that to the nortleast side, as shown kigure4.1. Thisdifference in the bathymetry results in
slightly higher tide speeds upstream of the island (i.e., on the-s@sthside) during flood
tides when compared with the tidal velocity upstream of the island (i.e., on thesasttide)

during ebb tides. Theseasons combine to account for the same wake evolution being

developed during the flood and ebb neap tides.

|
Velocity (m/s): 0 0.2 04 06 08 1 12 14 16 18 2 22 24 ’

' |
Velocity (m/s): 0 0.2 04 06 08 1 12 14 16 1.8 2 22 24 Velocity (m/s): 0 0.2 0.4 0.6 08 1 12 14 16 1.8 2 22 24
W, )

]

Velocity (m/s): 0 02 04 06 08 1 12 14 16 18 2 22 24 Velocity (m/s): 0 02 04 06 08 1 12 14 16 18 2 22 24

Figure4.4: Streamlines nearby to Flat Holisland at date 11/07/2011: (digh water (slack tide); (b)
HW+1.7h (c) HW+3.25peak ebb); (d) Low water (slack tide); (e) LW+1.7h; (e) LW+3.25h (peak
flood)
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To compare the difference in the developing wake between neap and spring tides, an analysis
for the wake developing during tlsgring tide has been undertaken for 5 July 2011 and for a
shorter time interval, as shownkimgure4.5 andFigure4.6. At the beginning of the ebb spring

tide (i.e.,Figure4.5a), no vortex is present in the lee of the island for the relatively low tidal
velocities. With an increase in the tidal velocity and a decrease in the water depth, a tidal eddy
is generated, hich grows in size, as shown kigure4.5 b and ¢ and with no eddy shedding
occurring. The island wake keeps developing, leading to an un¥eadanVortex Street
seeFigure4.5d-f.
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Figure4.5: Streamlines nearby to Flat Holsland at date 05/07/2011: (a) High water (slack tide); (b)
HW+0.5h (c) HW+1.0h; (d) HW+1.5h (e) HW+2.0h; (e) HW+3.0h (peak ebb).

The wake during the flood phasesismewnhat different to the ebb phase, probably due to the
higher velocity along with the relatively shallow bathymetry to the saa$tern side of Flat
Holm Island, which can be observedkigure4.1. The early stages of wake development
during the flood tide is similar to the ebb. One vortex is generated, its size increasing with

increasing velocity and water deptfigure4.6 b) before a steady wake with two vortices are
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generated, no eddy shedding occurring. These two vortices are generally stable with very little

migration or increase in size.

Velocity (m/s). _ 0_0.2 0.4 0.6 08 1 1.2 14 16 18 2 22 24

T

‘elocity (m/s): 0 02 04 06 08 1 12 14 16 1.8 2 22 24
Z

Figure4.6: Streamlines nearby to Flat Holsland at date 05/07/2011: (a) Low water (slack tide); (b)
LW+0.5h; (c) LW+1.0h; (d) LW+1.5h; (e) LW+2.0h; (e) LW+3.0h (peak flood).

The Reynoldsiumber Re has been commonly used to describe the characteristics of island
wakes, especially in experimental studies, bec&ess based on the kinematic viscosity of
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the fluid and frictional boundary layers, which are generated in the laboratorgtignfiand
boundary layer separatigqiomczak, 1988)However, in real environmental flows, it is the
turbulent viscosity which dominates the wake developrtiéaitl and Elliott, 2004)therefore,
Reis not suitable to quantify the characteristics of wakes $R&ie based on the kinematic
viscosity of the fluidSubgquently, the wake behind an island in reality is often described by

the island wake paramet@iolanski et &, 1984) namely:

P = _, (41)

whereUg is the free stream velocitiz,is the water depth, L is the diameter of island, lénd

the vertical eddy diffusion coefficient. Whéh<< 1, friction is dominant and quagotential

flow results. A relatively stable wake is present wReln 1 . P >F b, then bottom friction
effects are weak, and an unsteady wake is formed, similaetfiotlt around obstacles at a
large Re value in laboratory esiments. For Flat Holm island, the island diamdigig about

700 m and kept constant during the rise and fall of tide due to its steep cliff. While the vertical
eddy viscosity(Ky) in the Brstol Channel is defined as 0.2Gd (Neill and Elliott, 2004;
Cramp et al., 1991)he free stream velocityo and water depth are taken at 400 m upstream
away from Flat Holm Island. The island wake paramd®rcbrresponding to different tide

condition are calculateds shown inmmable4.2 andTable4.3.

Table4.2: Island wake parameteasa point locatel northeasof Flat Holmlslandduring ebb tide

Figure Moment Y h Kz L P
Figure4.5a HW 0.42 16.2 0.2 700 0.79
Figure4.5b HW+0.5 0.51 154 0.2 700 0.86
Figure4.5¢ HW+1.0 0.67 14.6 0.2 700 1.02
Figure4.5d HW+1.5 0.82 14.1 0.2 700 1.16
Figure4.5e HW+2.0 1.05 13.5 0.2 700 1.37
Figure4.5f HW+3.0 1.09 13.1 0.2 700 1.34
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Table4.3: Island wake parameteas a point locatésouthwest of Flat Holnslandduring flood tide

Figure Moment Y h Kz L P
Figure4.6a LW 0.62 8.5 0.2 700 0.32
Figure4.6b LW+0.5 0.68 9.3 0.2 700 042
Figure4.6¢ LW+1.0 0.79 9.9 0.2 700 0.55
Figure4.6d LW+1.5 0.95 10.6 0.2 700 0.76
Figure4.6e LW+2.0 0.89 11.9 0.2 700 0.90
Figure4.6f LW+3.0 11 12.4 0.2 700 1.21

The island wake parameter of HW and HW+ B.&re 0.79 and 0.86, respectively, which is
betweenP << 1 andP a 1. This is related to the earl.y
transforming into a stable wake, which meets the vortex generation process shoguren

4.5a-c matches the description®fda 1, t he st abl e ¢ onRlthetwaken. Wi 1
gradually transforms into an unsteady condition, as illustratedyure4.5e, f.

Figure4.6 also shows a good correlation to the island wake parameter, with tatiexcof

the early stages of a flood tideigure4.6a) where no wake is generated. Other figures all show

a stable wake, with either one vortex or twartices Figure 4.6 b-f). The correspondin®

varies between 0.42.2. Although thé for LW + 0.5h and LW+1h have a relatively low value,

the overall evolution of wake meets the predictionff These results demonstrate that the
island wake parameter was capable of informing on the wake behaviour in the lee of an island
located in a macrtidal environment and could be considered for simulating wakbst

obstacles in similar estuarine and coastal environments.

4.4 Optiondor Turbulence Model

Modelling turbulence accurately in the region of interest is challenging due to the rapid
transform of the tidal flow and the complex turbulengenerating bathymetric features.
Various methodologies using different levels of complexity can be used tdatenthe
turbulence levels and structure observed in the field. Four different turbulence schemes are
included in TELEMAG2D, and they were all assessed to identify the most appropriate scheme

to simulate wakes in the lee of islands in a mdictal estuay.
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In order to compare the behaviour of different turbulence models, four TELERDA@Odels

with different turbulence models have been compared. The MAE and RMAE parameters have
been calculated by comparing the measured ADCP data and the prediction giatathe

averaged valueg able4.4). The results highlight the impact of the different turbulence models

on the hydrodynamic model performance. Gatlgrthe RMAE are all smaller than 0.4, which

in reference to the Qualification of RMAE (In sectio.3) this means that all the prediction

data with turbulence models have a 6égoodd c
suitable for predictig the flow patterns in the wake of an island in a mdida estuary.

However, the &k model showed the smallest MAE and RMAE, which indicates that is the most

accurate turbulence model in this case.

Table4.4: The statistical data of different turbulence scheme

Scenario Turbulence model MAE RMAE
1 Constant viscosity model 0.3744 0.3672
2 Elder model 0.3950 0.3705
3 k-epsilon model 0.3597 0.3266
4 Smagorinsk model 0.3735 0.3708

Emphasis was thefocused on studying the-kkmodel for simulating the wake behind Flat

Holm Island. The turbulence model equations were solved by the fractional step method, with
advection of the turbulence variabl&gturbulent kinetic energy) arid(turbulent dissipatin)

being processed at the same time as the hydrodynamic variables, and the other terms relating
to the diffusion and production/dissipation of the turbulent parameters being processed in a

single step.

The solver used for simulations in the turbulencelehtas several different optioriaple

4.5). The key solvers include the conjugate gradient method and its derivation method and the
generalised mininm residual method (GMRES). The conjugate gradient method is the most
prominent iterative method for solving sparse systems of linear equéfibeschuk, 1994)

It is an algorithm forfinding the nearest local minimum of a function of n variables, which
presupposes that the gradient of the function can be computed. The GMRES method is
especially useful for poor conditional systenturthermore, the Biconjugate Stabilized

Gradient metho@BICGSTAB) also showagoodperformance.
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The performances of each solver in predicting the wake behind the island are summarized
(Table4.5 andFigure4.7). All k-Usolvers showed good results, while the conjugate residual
showed the smallest MAE and RMAE and subsequently the slightly better performance in
simulating the wake flows in the lee Bfat Holm island. Therefore, the conjugate residual

solver was used throughout the remainder of this study.

Table4.5: MAE and RMAE for different ke model solvers

Solver in TELEMAG2D model with kepsilon

Scenario MAE RMAE
turbulence model
1 Conjugate Gradient 0.3597 0.3266
2 Conjugate Residual 0.3420 0.3129
3 Conjugate Gradient on Normal Equation 0.3556 0.3254
4 Minimum Error 0.3625 0.3298
5 Squared Conjugate Gradient 0.3607 0.3274
BICGSTAB
6 o . ) 0.3535 0.3231
(Biconjugate Stabilized Gradient)
. GMRES (Generalised Minimum Residual) 0.3544 0.3251
Comparison of solver performance
Conjugate 0.36
gradient 0.33
Conjugate 0.34
residual 0.31
Conjugate 0.36
gradient 0.33
Minimum 0.36
error 0.33
Squared 0.36
Conjugate Gradient 0.33
BICGSTAB 0D 0.35
GMRES 0.33 -NPA;S =RMAE
0.28 0.29 0.30 0.31 0.32 0.33 0.34 0.35 0.36 0.37

Valie of MAE and RMAE

Figure4.7: The comparison of different solvers ireksilon model.
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4.5 Summary

Thischapter sidied he wake developed in the lee of an island in a madabestuary, namely
Flat Holm Island, locatenh Severn Estuary and Bristol chanrieééld surveys were undertaken
with vesselmountedADCP data being acquired specificadisound the island and for different

tidal conditions to validate and improve the model predictions.

The simulation results show that the wake development is symmetrical at two sides of the island
in the neap tide, thawo steady vortices appear in the wake with the increase of the tide
velocity, changing into stable Karman vortex street around the peak tide moment. The model
results also confirm the applicability of the island wake parameter in predicting wake lnehavio
behind an island located in a ma¢idal estuarine environment; therefore, similar approaches
could be considered for simulating wakes behind obstacles in similar estuarine and coastal

environments.

Four different turbulence models were tested and eneajto acquire better model predictions
including a constant eddy viscosity model, an Elder modé&inodel, and a Smagoringk
model.Thek-Umodel showed the best performance compared with the field measurements and
waschosen for this study. Furtheore, six different methods to solve th&model equation

were considered and compared. All models showed good predictions compared to the field
measurementaround the island, while the best results were acquired by using the conjugate
residual. The cgogateresidual solver was selected and then used in this .sTimds, the
classickU model with the solver of conjugate r
modelling.
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Chapter 3.agoonModelling

This chaptedescribeshe methodology for numericalodelling oftidal lagoonand introduces

three application casesection 51 discusss the parameterisation ofgoon structure
components and thaperational sequende numerical modelsThe modelling methods will

be tested and validated through an idealis#al lagoonmodelandtaken forward for use in

the coastallRS applicationSection 52, 53 and 54 introducesthe modelling ofthe three
lastestlagoonproposas in the UK, which areWest Somerset Lagoon (WSL9warsea Bay
Lagoon (SBL)andNorth Wales Tidal Lagoon (NWTL)he detailed descriptioof projects

model set up, operation scheme and energy oaf#ch casarepresentedThis section also
discusses the adoption of a full momentum conservation approach in modelling the flow
through the turbines in the lagoon and the impact of different velocity profiles at the turbine

outlets.Finally, Section 5.5 provides a surarg ofthis chapter.

5.1 Implementations of Lagoons afperations

5.1.1 Idealised Lagoon Model

The reliability of TRS model is associated with the numerical representation of its hydraulic
structuregBray et al., 2016)To achieve this, a wide range of midtiale processes is needed
either by directly simulation or by approximative modelling roelh However, with present
computational capabilities, a formally complete and accurate model (e.g. via direct numerical
simulation) of all these hydraulic structures and processes is less réhlaliet al., 2018)

Thus, approximative modelling methods of TRS are employed to achieve the appropriate levels

of accuracy.

To explore the optimal numerical representation of the tidal lagoon components at a relatively
low computational cosgn idealised lagoon model (or test mogdagimplified representation

of a lagoon systemyasused to demonstrate the modelling methods of the lagoon components

and the operational proces¢8ghnabl et al., 2019 heidedised model is shown in the form

of a simplified channel model Fgure5.1, with a length of 2400 m and width of 1200 The

lagoon basin is im square shape withlength of 380m, locaked at the opposite side e

open boundary. Uniform bathymetry is adopted for the whole domain of the idealised channel
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model, anda typical semidiurnalsea water level change was applied as the open boundary

condition.
380m
Tidal Lagoon
Culverts
o~
[
b= =
= =
g g
E (]
©
w
1200 m
Open boundary

Figure5.1: The outline and dimension of the idealised lagoon model.
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Figure5.2: Internal barrier and thirbine and sluice gagints.

An internal barrier connects the node pairs betweeddomain | andsuldomain 11, as shown

in Figure5.2. Eight node pairs were selected as culvert points to simulate turbine and sluice
gates;the dimensionand Hill chart applied on turbine/sluice gate have been adjusted
according to the model scal@he numericalrepresentatiorof lagoon componentsind
operation schemesgereinvestigate in this test modeto achievea suitable numerical method

For example, twdlifferent numerical methadfor modellingembankmentsvereappliedand

compared

A two-way operation scheme with a sthgad equalo 2.5 m and an entlead of 1.5 m were
implanted into the control system. It can be skeem Figure5.3(a) and (b)that the idealised
lagoonmodel works wellwith each stagef two-way generatiortlearly presentedThe water
volumechangen thelagoon domairis consistent with theum of the irtial water volume and
the water volume transferred through turbines and sluice gaseshown inFigure 5.3(c),
confirming the mass conservative ofwater transfered across the barrierThe typical
instantaneous flow structure during tluebine operationis plotted in Figure 5.4, where the

strong flow jet throughheturbine and the formation of eddisobserved.
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Figure5.3: (a) the water level change in subdomain | and Il; (b) the discharge of turbines and sluice

gates; (c) thavater volume chargjnside of lagoon basin.
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