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Amid growing concern over climate changad the resultant need to reduc€Q emissionsas well
as aneverincreasng global population with aising demandfor electricity, renewable energy
sourceshave an important role to play in futarelectrigty generation. One such source isldl
stream energy which offers the potential for predictable elecitic generation by harnessing the
energy ofthe tide usingarrays of underwateturbines

This research exploréle impact ofhydrodynamianteractions between the blades of a tidatream
turbine and is support structureon turbine performance, as well as the hydrodynamic interaction of
multiple turbines.Exgeriments were carried out usingcak model turbines installed iexperimental
water channes, and amotorised drive system and encoder was used to recartibe performance.

Due to turbulence in the region upstream of the support structure, separation distance betiveen
turbine blades and support structumeas found to significaty influence performanceAn optimal
separation distance betweethe blades and support structurevas found to allow maximum
performance.The turbulent wake of an upstream turbine was also found to have a notable impact
on downstream turbine performance, leen) to a reduction in powesutput. This effect igioverned

by upstream and offsetseparation distanceand support structure diameterParticle Image
Velocimetry was used to recodbwnstreamturbine velocity wakes, which were found be a complex
amalgamaibn of turbine and support structure elements

The testing ofa turbine installed orfour complex spport structuresproducedlarge differences in
power outputs, further highlightingthe influence of support structuredesign on turbine
performance and confirmingits importance to the design didal stream turbinearrays
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Abbreviations which are not given a specific definition at the time ofaneéefined below.
Channel Flow
Ac Channel crossectional area (m2)

Blade swept area (m2)

A
Ao Actuator disk area (m2)
Dy

Hydraulic diameter (m)

h Water height (m)

Pa Available power in water (W)
Q Volumetric flow rate (ris)

n Mean fluid velocity (m/s)

Uo Free stream fluid velocity (m/s)
Uy Fluid velocity at positior (m/s)

U Bulk flow velocity (m/s)

A Kinematic viscosity (m2/s)
> Dynamic viscosity (Ns/m?2)
Density (kg/m3)
z Height above base of water channel (m)
1 Bouwndary layer thickness (mm)

Turbine performance
B Blockage ratio

BF Blockage Factor

G Thrust Coefficient

G Power Coefficient

D Blade diameter (m)

d Support structure diameter (m)
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Ps Blade power (W)

Papp Motor applied power (W)
R Blade radius (m)

T Bladetorque (Nm)

Uger  Velocity deficit (%)

h Angle of attack (°)

< Tip speed ratio

Rotational speed (rad/s)

Turbulence

k Turbulent kinetic energy (m2/s?)

tL Integral scale turnover time (s)

t. Kolmogorov microscale turnover time (s)

u: RMS velocity

dzQ  Velocity fluctuation from mean (m/s)
turbulence dissipation rate (m2/s3)

I Turbulent intensity (%)

' Kolmogorov microscale (mm)

1D vorticity (1/s)

» n(X) POD eingnfunctions

h(t) POD time functions

<, POD eigenvalues

Dimensionless numbers
Re Reynolds Number

Fr Froude Number

St StrouhalNumber

Stk Stokes Number
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Water channel planes and directions

With reference to the water channels used in this study, the following directional conventions are
used:

Thestreamwise direction is defined as the direction along the length of the water chainoe the
inlet to the outlet. The dwnstream direction is defined as the direction of travel of the channel flow
from the inlet to the outlet (the positive streamwise direction), and the upstredinection &
against the direction of flow (negative stimwise direction)Streamwise direction and velocity are
given byxandu, respectively.

The crosstream direction defines thaorizontaldirection across the channel width, perpendicular
to the streamwise direction. When facing towards the oncoming fldwe, positive crosstream
direction is to the right, and the negative to the leftrossstream direction and velocity are given by
y andv, respectively.
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1.1z The need for clean energy

1.1.1z Climatechange

The existence of anthropogenic climate change is now agreed on by the vast majority of scientists. A
huge wealth of scientific data exists supporting the hypothesis that humanmitgctparticularly the

burning of fossil fuels, has led to drama@@K | y3S&a Ay GKS g2 NEiR&@te Of A Y| |
industrial revolution1].

Climate change is a blanket term used to describe the effects of human activities on the natural
global climate on earth. Under the umbrella of climate change, the mostwgll2 6y SFTFSO0G A a
g NYAYy3IED Iy inisleading teimOsindel the effects of climate change do not always
manifest themselves as temperature increases, but is a term which has become common public
parlance for the effects of anthropogenic climate change.

Greenhouse gases aiarbon Dioxi@ (CQ)

The greenhouse effect is an essential component for life on earth. Within the composition of the
thin layer of air surrounding earth are greenhouse gases such as Carbon dioxide, nettarster
vapour, as well as others in low concentrations. SEhgases act to reflect, absorb and trap solar
radiation incident on our planet, providing a thermal blanket which maintains the temperature of
earth at a level which can sustain life. Without this effect (known as the greenhouse effect), the
average globlatemperature would be aroundl1°C, making the existence of life unlikelyhe
principal of thegreenhouse effect idlustrated inFigurel-1.

Heat radiated
out to space

Greenhouse gasas I
. th,
act like glass j, e
) ag’ee

Absorbed by
atmosphere

reaches Earth

Figurel-1 ¢ The grenhouse effe¢g].

Carbon dioxide ishe best knowngreenhouse gashut it is not the most powerful in terms of
insulating effect. It is, however, highly abundanteaning that its overaljreenhouse effect is the
greatest of all greenhouse gasdse potential of a greenhouse gases to trap heat and contribute to
global warming is commonly measured using Global WagrRiotential (GWP). This simple measure
is acalculationof the heatabsorbing potential of a gas relative to that of CO



Other greenhouse gas¢3] are detailed below

1 Methanehas a GWP of 2butismuch less abundant (psadustrial levelsvere around 700ppb
(parts per billion) and current levelsare around 1700ppb).Methane also remains in the
atmosphere for a much shorter ged than CQ@ approximately nine years as opposed to
approximately 100 for COThere is increasing concern that the huge amounts of methane
trapped in permafrost could be released due to global melting, and would make a significant
contribution to globalvarming.

1 Nitrous Oxidehas a GWP of 310, meaning it is 0880 times more powerfuhs a greenhouse
gasthan CQ. Preindustrial concentrationlevelswere around 270ppb,and 2005 levels were
around 319ppblncreases in nitrous oxide levels are primacdysed by microbe activity in soil,
which is increased under warm and wet conditions, and through deforestation and chemically
intensive farming methodslncreases in these activities are also causing increased levels of
nitrous oxide emission.

1 adl aSahankktderm foHydroflourocarbons (HFGCS)erfluorocarbons (PFCs) and Sulphur
hexafluoride (SF6). Thesee industrial gasessuch as those used in refrigeratiofhesemarn-
made produts were not presat in preindustrial conditions, and arthousandsof times more
powerful than C@ However, they areonly present in very small concentrations (parts per
trillion).

l dzYl'y | OGA@AGeE KFa FEGSNBR GKS O2yOSYidNridAzy
altering their effect on the incident solar radion. Since the 1950s, records have been kept of the
level of CQin the atmosphere through the use of live monitoring statiolege core drillinchas also

been used to study historical data, by extracting air bubbles trapped in ice sheets frozen over
hundreds of thousands of yearStudying these sources in conjunction with global temperature data
indicates that the increased levels of atmospheric €@relate directly with changes in the global
climate. Increased levels of greenhouse gases in the athewepmean that more solar radiation is
trapped, thus meaning that the greenhouse effect is increased. The correlation between
atmospheric Céand global temperature is illustratdd data from he Antarctic Ice core analyg#,

as shown irFigurel-2.
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Figurel-2 ¢ Antarctic Ice Core data: @@oncentration and temperature variation ave
420,000 yearso 2005
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As this data illustrates, GOoncentration and temperature variation occurred naturally long before
human life existedFigurel-2 illustrates temperature variation over four glacial cyclelowever,
variation in C@levelsuntil around 70years ago remained between 180 and 300p@ince this
time, a dramatic increase has been se€l), levels exceeded 400ppm during May 2014 and are
currently increasing by around 2ppm per annum. Over thetion of this PhD project, atmospheric
CQ has risen fron887ppm to 402ppm.

The effects oflimate change

Though climate change is often thought of as a future problem which will occur if greenhouse gas
emissions are not reduced, the effects of climatamde are now beginning to be observed around

the world. Since prendustrial levels, a global temperature increase of 0.7°C has been observed, and

even this modest increase has produced observable effects in nature, for example the bleaching of
Coral Reef the Great Barrier Reef and the wpliblicised retreat of glacieround the world5].

Figurel-3 - The Evolution of the Rhone glacier from 1850 until td8ay
¢KS !'YyAGSR bliAz2ya 5S@Stf2LSyYyl t[6lRehiMbdat262a | dzY |

YAfTTA2Y LIS2LX S 6SNB RANBOGfEe | FFSOGSR o6& aOftAYl
with 98% of these people living in the developing world. In such countries, approximately one in
nineteen individuad has been directly influenced by climate change. In OECD countries, the figure is
around 1 in 1500. The primary countries identified as the most at risk are iSahdran Africa,

south Asia, the Middle East and Pacific Island states. In such courtriiesng is one othe primary

risks to life. Increased global temperatures will lead to the melting of ice sheets and glaciers, causing
an increase in sea levels.temperature rise of 2°C would lead to the disappearance of rainforests,
huge levels of glaal melting and sea level changes, and the displacement of millions of people living
in affected areasA temperature rise of3°C would be catastrophic, and euld result in the
displacement of an estimated 330 million peoplecluding over 70 million pedg in Bangladesh
alone. Glacial melting would be dramatic, resulting in sea level rises making $acific and
Caribbean islands uninhabitabl&nimal and plant species would be unable to adapt or evolve
quickly enough to survive these effects, and arineated 30% of species would be extinct.



The role of electricity generation

Electricity generation is the largest single source of greenhouse gas emissions, and contributes 26%
of the global total[7]. For comparison, the next largest global sources are industry (19%), forestry
(17%) and agriculture (14%).

However, electricity generation is a greenhouse gas source&hwban potentially be reduced.
Renewable energy sources, as will be discussed in det&iciion 1.2.3, are able to dramatically
reduce the greenhouse gas emissions necessary to produce a unit of electricity, and as technology
advances are able to do sba cost comparable to traditional energy sources.

Even with current energy sources, however, it is possible to dramatically reduce the greenhouse gas
SYrAaairzya 2F GKS 62NIRQa St SOUNAROAGE ISYSNI Azy
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more efficient equipment; by reducing the need for electricity use (for example by improving home
insulation to reduce heating demand); or by ensuring that pmént is used at the most suitable

time, so thatgenerated electricity is not wasted. Demand reducti@mna domestic level is often

driven by the associated cost savings, bah be led by governmental policy, an example of which

was the EU directive swkc T NRY Ay Ol yR&S2@IyWwBeé(i 2 AGAXKYISNBEAE 604> oK
save 39TWh of electricity across the EU by 2[@0However, demand reduction is only able to

partly solve the problem of greenhouse gas emissions, and the decarbonisation of electricity
generation is also required in order to limit the effects of climate change.

1.2 zElectricity generation

Electricity is generated by a wide range of sources in varying degrees across the world, but the
burning of fossil fuels makes Uy far the largest portiomf global éectricity generation.In total, all

fossil fuetbased sources of electrigigeneration made up around 84% of global energy generation

in 2011[9], as illustrated irFigurel-4 (energy generation igiven in milliontonnes of oil equivalent
(Mtoe), a unit wich describes the equivalent weight of oil which would be required to generate the
same amount o€lectricity). For conversion, Mtoe is equal tal1,630 GWh.
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Figurel-4 ¢ World electricity generation sours¢Mtoepy volume1971 and 20119].



The primary reason for this dominance of fossil fuel generation is the relative ease and low cost of
generating large volumes of electricitks countries develop and electrification begji renewable
energy sources are often the first source of power, particularly in rural dE@s but as mass
electrification begins thesesources of electricity generation are likely to be too expensive to
implement at a sufficiently large scaland fossil fuel power stations are the most viable option
Nuclear power does offer the potential to generate sufficiently large voluofiedectricity, but the
implementation of this technology is challenging and codRgliability d supply is another major
advantage of fossfuel generated powersince output fronsuchpower stations can relatively easily

be adjusted to track changds demand which is not possible through the use of renewable energy
and is difficult in the case of nuclear power, for example.

Around the world here are notable exceptions to this dominance of fossil fuelsh as France (10%
fossil fuels) and Norwayl%o fossil fuels). In France, electricity generation is dominated by nuclear
power, which makes up around 76% of total generation capacity. The percentage of renewable
energy is als high in France, with 14% dbtal generation capacity supplied primarilyy b
hydroelectric power, including th La Rance tidal barragavhich is discussed in more detail in
Section 1.4.1Despite per capit@lectricitydemand above the European average, the use of nuclear
YR NBYSglotS 23Sy S Ndemisspns ardedo yhé Eupehnyatetages(6.1t der
capita vs 8.6t per capita).

Norwegian power is dominated by renewable, and specifically hydroelectric, generation. This type of
power generation makes up around 98% of annual demand (2008 figures), the remainderiofsvhic
supplied by a combination of wind and fossil fuel generation, both internally and imported.

In both countries, the import and export of electricity is an important part of the power network.
CNIyOS A& GKS 62NI RQa f | NHEsSarge nuSléat Japhkitg Mhd 2he St S C
aforementioned difficulty in adjusting the output of this method of generation. Norway imports up

to 10% of annual electricity use in order to take up demand in times of low hydroelectric generation.
Similarly, the coutny is also able to export power to neighbours at times when generation exceeds

national demand.

Approximatelife cycle CQ emissions(embodied C®from manufacture, installation, and lifetime
operation of a generation source compared to lifetime electrganeration)per unit of generated

electricity by source are given in the table belfiit] and highlight the potential for low per capita
CQ emissions possible by avoiding the use of fossitiiaslked power generatiarThe figures given
are European averages, as2008.

Electricity generation source | CQ emissions (g/kwh)
Nuclear 5

Wind 6

Hydroelectric 10

Solar PV 80

Combined cycle Gas 450

0]] 900

Coal 1,000

Tablel-1 ¢ Life cycleCQ emissions (g/kWh) by source



However, other environmental and social effecissociated with electricity sourcenust be
considered in addition to G@missions. Such issues are particularly pertinent in the case of nuclear
generation, with the storage of nuclear waste being a higthpllenging and evocative issue.
Furthermore,the potential dangers associated with nuclear power generatare highlighted
recentlyby the meltdown of three nuclear reactors at the Japanese Fukushima nuclear power plant
on 11" March 2011. The incidetitas resulted in the Japanese government changing the direction of
its energy strategytowards an increased renewable energy supply, and has further fuelled the
debate over the safety of nuclear power. Though nuclear power is highlighted by [4@as the

only viable future electricity generation method, particularly if nuclear fusion becomes possible, the
associated cost, waste and safety issues mean the technology cannot be adopted universally, and
alternatives must be sought.

1.2.17 The curent UKenergy mix

The UKgenerates around threquarters of its energy from fossil fuel sourfE3, with the largest
portion being generated by gdsed power stations (around 40%). The UK R&gasfired power
stations,36 of which are of the CCGT (Combined Cycle Gédmng)itype which have a CQactor of
around 450g/kWh. The remainder are the mostly the older sheglde type with emissions of up to
800gCQ@kWh. Coalfired generation provides the second largest portion of energy generation
31% and the greatest autribution to CQ emissions.¢ K S  laryeStdpower station andargest
source of C@emissions is the Drax cefiled power station in North Yorkshire, whicalone
produces around 6% of the totalectricity [14]. Oilired power stations make ughe remaining
1.5%o0f the fossil fuel totalwhich is around@3% ofelectricitygeneration.

¢ KS NBYFAYAyY3 geticity ishdnerateld Byine nu€lear pSiaferSstationgontributing
17% of the total)a contribuion of around 1% from imported energ$% from renewable energy
and 5% from other sources, which includaeergy from waste facilities amsh-demand generation
such as the Dinorwig pumped storage facility, which is used to generate a short term coatritmuti
the UK grid at verghort notice, to cover peakis demand. The renewable energy contribution is
made up almost entirely of wind and hydroelectric power, making up 3% and 2% respediikely.
levels of electricity generation by source are given bg@@dd2 figure§13]).

Figurel-5 ¢ UK electricity generation by source









































































































































































































































































































































































































































































































































































































































































































































































































