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ABSTRACT

As marine current turbines become more widely used| their role within the
renewable energies gets a higher priority in theeireu UK Government’'s energy
plans, it is necessary to achieve a better undetistg of this technology for it to be

smoothly introduced into the energy sector.

The only way marine current turbines can be comtenito the grid and make some
significant contribution to requirements is beiragtpof a farm. Because of this, and in
the same way that was done with wind turbines wtheg were starting to show their
now undeniable potential, it is necessary to stuslypulate and understand the
interactions between marine current turbines wheg are deployed in the form of an
array. This project tried to clarify to a modestez® how a turbine interacts with the

other devices surrounding it.

Real physical small scale models of a horizontas amarine current turbine were
designed to behave as closely as possible to anaethine, and an electrical system
was designed for the whole assembly to simulatevtiyea real marine current turbine
would be producing energy in a full scale arrayaoreal site. The array was tested
inside a flume for different configurations, withrange of different loading ratios for
the turbines, trying to simulate how a real grishoected array might have demand

fluctuations and hence different power outputs.

The performance of the turbines was analyzed faguen their power output, and
wake and blockage effect analysis were carried lwaged on the flow speed

measurements taken.

Findings showed the importance of the different figpmations when trying to
optimize an array, examined the interactions betwaeay configuration and the
loading ratios of the turbines, and revealed tle@rcimpact of the array effects on the

overall power output.
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1. TIDAL STREAM ENERGY

1.1. THE TIDES

The tides are the cyclic movements of the Earthéssas of water due to the tidal
forces created by the relative motion of the SurtiERloon system. This movements
change the level of the ocean in the coast creatyadic flows known as tidal
currents.

The Sun and the Moon interact with the Earth vaviational forces, and depending
on their position they produce different typesides. When the Sun and the Moon
separated by 90° when viewed from the Earth (Mddirst quarter or third quarter),
the gravitational forces of both heavenly bodiexdpce the neap tides, when the tidal
range is minimum, and when the Moon is aligned \ligh Sun (new and full moon),
the gravitational forces of both bodies align pridg the spring tides, with the

maximum tidal range and hence the strongest tigaeots.

This interaction is schematically shown in figurbelow:

Figure 1.Astral gravitational influence on the tides [17].

Although tidal currents are quite complex, they ca@ scheduled. Tides are
semidiurnal in most of the places, with two higies or floods (when the flow goes
in), and two low tides or ebbs (when the flow goay every 24 hours.
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1.2. THE SITES

The magnitude of a tide in a specific locationighly depending on the shape of both
the sea bed and the coast line. Tidal currentshare stronger in very specific places,
such as estuaries, where the narrowness of thes-seasional are of the flow

increases the velocity of the water flow, or sgaivhere the flow is constrained
between either main lands or land and islands.

The typical site where tidal currents would be ahle for energy harnessing would
then be the channels appearing in the locationgqarely mentioned, with a cross-

sectional area that changes all along the chamf®imited by the sea bed, the
channels sides and the water surface.

The typical appearance of these channels is shoigure 2 below:

. Channel width

A
Flowing tidal
stream

Channel
sides

Figure 2. Appearance of a marine current turbine site.[16]

Due to the many differences between each site altleet shape of the channels and
the surroundings, tidal currents are subject tallo@riations. Therefore, specific
environmental studies and bathymetry analysis egeired, with the water depth and
the speed of the tidal currents - usually charamdrby the velocity of both the

spring and the neap tide — being the main parasdtetating the viability of a site.
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1.2.1. UK sites

The map showing the tidal resource around the Ukeims of peak flow speeds for

spring tides is shown in figure 3 below:
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Figure 3. UK peak flow speeds for a spring tide [18]

As it can be seen in map, the potential for thisree of energy in the UK is quite

significant, and considering devices with a cusfreed and a rated speed of 0.75 and
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2 m/s respectively, the number of sites which cdwddactually suitable for energy
production is quite numerous.

A summary of the most interesting sites in term&xifactable and available energy
(accounting for 80% of the total UK resource) isailed in table 1 below, together

with their individual contribution to the UK resaar[12]:

Site Energy [GWh/year] Contribution [%]
Pentland Skerries 3901 17.9
Stroma, Pentland Firth 2774 12.7
Duncansby Head, Pentland Firth 2031 9.3
Casquets, Channel Islands 1651 7.6
S. Ronaldsay, Pentland Firth 1518 7.0
Hoy, Pentland Firth 1377 6.3
Race of Alderney, Channel Islands 1365 6.3
S. Ronaldsay, Pentland Skerries 1147 5.3
Rathlin Island 866 4.0
Mull of Galloway 806 3.7

Table 1.Main UK sites.

1.3. THEORY REVIEW

1.3.1. Fluid dynamics

Marine current turbines use the tidal currentsrmdpce energy. They are built with
hydrofoil section blades. When this blades arevithita positive angle of attack (right
drawing in figure 4 below) against an incoming flflmue arrow), the flow covers the
up and down contours of the blade with differer¢esys, creating a drag force (red
arrow) and a difference in the pressure distributigreen lines) which creates a lift
force (green arrow) pulling the blade.

This forces distribute along the blade and haveosip@ directions in each blade

(assuming the turbine consist of two blades) angadi resulting torque.
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Figure 4. Pressure distribution and resultant forces thraubkdrofoil section. [11]

1.3.2. Betz's Law

Marine current turbines extract kinetic energy frarmoving flow, therefore they are
subject to the Betz’'s Law.

The power in a cylinder of moving fluid is given the following expression:

P :erV3
2

Where A is the section of the cylinder and V therage speed of the flow.

However, the Betz’'s Law assumes the cross-sectawnaalof the flow upstream of the
turbine to increase when approaching the device am# again when leaving the
device, with the consequent pressure change, daageboth the speed of the flow -
to maintain continuity — and the linear momenturs-energy was extracted from the
flow -.

Because of this, it can be shown that as the fleeds the necessary amount of
energy to leave the rotor region, only a 59% ofttital available energy in the flow
can be extracted theoretically. This is known as Betz's Limit, and it applies to
every free stream turbine operating in air or wakenthermore, rotors have losses
when operating, and hence coefficients of perfolrrariose to the Betz's Limit (Cp

= 0.593) have been impossible to reach so far.
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1.3.3. Energy production

In those sites where flows are tidal induced, te®aity would be described by a
sinusoidal pattern given by:

V=V_,sinwt
With w=2pI/T, where T is the period of the tidal cycle, abodb tinutes. Marine
current turbines are usually designed to produeeggnin both directions of the flow,
and the power output is meant to be the same ih bbthem. This power output

given by:

P =GO r AV

Where G would be the coefficient of performance previouslgntioned.

Marine current turbines start to produce energy mwtieir cut-in speed is reached,
and their output increases until the rated-powee@shed. The inclusion of a cut-out
speed depends on the characteristics of the sitat asm not usually necessary due to
the high predictability of tidal currents.

Figure 5 below shows the available (blue) and esBioh energy over half a tidal
cycle, with the energy produced at rated speedhdwne quarter of the cycle striped

in green:
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Figure 5. Power output over a half-cycle.
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So, the energy harnessed during one quarter ayitle would be given by:

., [186.25 T

max at

T
Pdt = qér AV _Ssifwt+P
T

1.4. TECHNOLOGY REVIEW

1.4.1. Types of turbines

Marine current turbines are classified dependinghenway they interact with water

in terms of motion. A rough classification wouldeth make a difference between
rotational and oscillating devices.

These devices can in turn be classified in termthefdirection of their movement,

considering either vertical or horizontal turbinescase of the rotational devices this
refers to whether they are fixed with either a bamtal or a vertical axis, and in the
other case it refers to the oscillation itself.

So, the whole of the different models availablelddae classified as follows:

—  Horizontal axis
Rotational machines—
—— Vertical axis

—— Horizontal axis

Oscillating machines—

— Vertical axis

Both the horizontal and vertical axis rotationalamiae can be subdivided regarding
how they interact with the flow, and so we can edeisshrouded turbines [13], when
the flow is deflected by some surrounding structoeéore entering the turbine, and

free stream turbines, when the flow enters theitertwvithout any prior deviation.
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That deflection of the water is meant to conceatthe velocity of the flow allowing
the turbine to have a smaller diameter and a higbtional speed however, the
Betz's law is still in force regarding the frontalea of the turbine, and the speed is
also limited because of cavitation issues. Thig tgpturbines is meant to be arranged
in very compact groups perpendicular to the dicgcof the flow, making up the so-
called tidal fences [14].

Other classifications can be done regarding the tgpfixing - either supporting
structure or mooring system - , or the secondaeygnconversion system.

This piece of work will anyway focus on rotatiomaachines and more specifically on

the horizontal axis ones working with a free stream

Free stream horizontal axis turbines:

The horizontal axis marine current turbine couldcbasidered as the “aquatic sister”
of the standard wind turbine.

The blades are joined to the hub of the rotor &ie¢t show a general greater thickness
all along the aerofoil section than a wind turbidee to the higher water produced
loads. These blades are generally pitch variabl¢he angle of attack of the flow can
be changed in order to optimize the performancéhefturbine ensuring maximum
efficiency for the range of flow speeds given ie gite, and also to avoid exceeding
the rated power of the motor. Another importantl@pgion of this blade pitching is
to allow the turbine to operate in bidirectionaldi flows, setting the proper angle for

either the up or the downflow.

The principle of operation is very simple, the flenters the device perpendicular to
the plane of the rotor, the resultant hydrodynafaices from the flow covering the
hydrofoil section of the blades act in the planettenrotor generating a torque which

is transferred through the shaft.
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A model of these turbines is shown in figure 6 belo

Figure 6. Horizontal axis marine current turbi®urce: www.esru strath.ac.uk)

1.5. INSTALLATION

The most successful prototypes of horizontal macuneent turbines so far have been
installed on a tubular steel pile which carriesfibrees produced by the weight of the

components, the operation of the rotor and therenmental loads.

The foundation of the pile is achieved by introchgcit into a steel line which lines

the socket, with a spigot inserted below it [15].

The nacelle to which the rotor itself is engagedtiached to the pile by a steel collar,
which can be actually lifted over the water surfagea hydraulic ram. The function
of this is allowing the testing and maintenancéhefturbine.

All these elements are shown in the schematic below
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Figure 7. Marine current turbine arrangement. [15]

The nacelle of the turbine contains the mechanisroontrol the pitch angle of the

blades, a large ratio gearbox to couple the shdfieoturbine with the generator, and
the generator. The energy produced by the lasaisported to the proper substation
by a submarine DC cable.
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A more detailed view of the nacelle is shown irufigg 8 below:

Figure 8. Inside view of marine current turbine nacedi€uce: tidevannsenergi.com)

1.6. DEVELOPMENT

Over the last few years tidal energy developmenehgone through a boost, with
many prototypes being tested in real coastal sitks.testing of these prototypes is a
key issue in order to understand and improve hossdhdevices work in realistic
operational conditions, as well as to accuratatg fout which level of maintenance
are required, monitor the performance and manyro#tsiks only achievable by
experimental simulations. This stage has also @amiagportance as it is the previous

step to start arranging and testing tidal farms.

SeaFlow and SeaGen — both developed by Marine @ufigbines Ltd. — have been

the two most renowned and successful projectsrso fa

1.6.1. SeaFlow

SeaFlow was installed on the North Devon coast,ld&mg in the summer 2003. It
consisted on a horizontal axis marine current twwbwith a rotor of 12 m giving a
rated power of 300kW in a current of 2.7 m/s, wihhydrodynamic conversion

efficiency greater than 40% [15].
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The whole system was mounted on a 2 m diameteropmwe, and the whole
installation process was carried out from a jaclkplgtform. The turbine can be raised
over the water surface for maintenance, monitosggtems were installed, and a
mathematical model for optimising the model in teraf size, capacity and cost was
developed.

The appearance of the model is shown in figurel@ie

Figure 9. The SeaFlow turbine.

1.6.2. SeaGen

SeaGen was installed in Strangford Lough, NortHegtand in April 2008. With a
twin rotor giving an output of 1.2 MW [, SeaGerthe logical evolution of SeaFlow.
Mainly with in identical technology, the inclusiaf two rotors increases the power
output without a significant change on the overaéitallation process, and hence
making the cost of the whole commissioning mordfifaole. The rotor of SeaGen,

waiting for installation, is shown in figure 10 bel:
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Figure 10.SeaGen twin rotor.

However, what makes a difference in SeaGen insngercial character. SeaGen has
been the first ever grid-connected marine currembibhe prototype, making this
technology more real on July 2008.

The next step of the project would then be theaitetion and testing of a pre-
production array of turbines.

The whole appearance of SeaGen is shown in figliteelow:

Figure 11.The SeaGen project.
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1.6.3. Grid connections

As for the integration of marine current turbinasoithe electricity supply network,
one of the main advantages of this technologyadalt that, although tidal cycles are
quite complex, they are subject to a predictableduale, so the power output can be
managed and supplied easier and safer than wittr sdmewable energies, where
more variability is involved.

This is key factor regarding the future developmeitidal energy, as there is the
possibility of scheduling the power output and eweatching it with local energy
demand variation in case some energy storage systamre installed. This would
enhance grid stability and contribute to the techhexploitation of marine current

turbine farms, boosting their economical viability.

However, there is a big issue affecting the wideeag exploitation of this

technology: the lack of grid connection points elés the tidal farms locations.

The available connections are likely to be to distion networks serving small local
coastal populations, whom capacity is very limitedake in projects of tens of
megawatts if reinforcement modifications are natied out [16].

The main constraints regarding grid connection@disttibution are shown in figure
12 below:

O Transmission-level issues
Distribution and
Transmission-level issues

. Distribution-level issues

Figure 12.Main system capacity constraints [16]
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These issues affect also other renewable energiefy as wind and wave power,
however, tidal energy is the most harm as the abhsl are more limited and very
specifically located. In addition to this, and ampacity is already too short to
accommodate proposed wind farms, marine turbinggi®might be put aside due to

their higher initial risk and cost.

1.6.4. Cost of energy

The cost of a type of energy is a useful way tdyemsits technical situation and level
of widespread exploitation, and compare them witlesé from its competitor
energies.

The cost of tidal energy is basically depending aapital costs, operation and
maintenance costs and the amount of electricitydyeed. And as in every
technology, the device itself will be economicalliable as long as the income
produced by the saleable energy is greater thaoateof producing it.

The capital cost of a marine current turbine camiénly breakdown into mechanical
and electrical (including the whole design and nfaciwring process of the rotor and
the devices required to output and arrange the amgcal energy into electricity),
structural (including the supporting structure aslvas its foundation and off shore
conditioning) and grid connection (including suka sebles and switchgears). The
individual contribution to the overall capital cagtthese and some others is shown in
figure 13 below or a typical tidal stream farm:

Project
Grid management 7%
connection \
13% \ Structure
39%

Installation
2% —~=

Mechanical and
electrical 39%

Figure 13.Breakdown of capital costs for a tidal stream f16i.




Marine Current Turbines: Array Effects lealB

The operation and maintenance cost refers maintip@ocost of both scheduled and
scheduled overhauls, components replacement anditaring of the device
performance.

These costs, as well as the capital ones, areyhggldcific for each site, and they are
subject to significant variations in their indivilucontribution to the overall cost

depending basically on the size and location ofitted farm.

According to this cost, and considering presentuesl for operational and
maintenance cost and energy production, the coshefgy can be obtained as show

below:

_Capital cost + Oper. and Maint. Cc
Cost of energy _
Energy Production

This way, cost from tidal farms in a first stages ieeen predicted between 9 p/kWh
and 18 p/kWh, with central values between 12 ang/k®/h [12].

However, and in the same it happened with wind ganethere is big margin of
reduction as the installed capacity increases, ghrgn about improvements in
technology and more efficient exploitation patterns

Estimations suggest the cost of energy would hawp tb 7p/kWh by the time 1GW

capacity has been installed, as shown in figurbeldw:

12 A

Cost of energy [p/kWh]

T T
0 500 1 1.5 2 25 3
MW MW GW GW GW GW GW
Cumulative installed capacity

Figure 14.UK Tidal stream cost-resource curve.[16]
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1.7. ENVIRONMENTAL IMPACT

The environmental impact tidal power might prodigaot entirely known yet, as not
real full scale tidal farms have been installedaso However, the impact is projected
to be very small.

Main aspects considered are the impact of the gredgaction on the bathymetry of

the site, as well as on the local wildlife.

Some studies [12] suggest the energy extractetddynarine turbines would actually

reduce the average speeds on the site, and hedweerthe energy available, as well
as alter the lay out of the channel due to a réolugh the sediment transportation

within. However, this issue would be highly depeamdan the characteristics of each
specific site and on the energy harnessing patiein hypothetic tidal farm. These

aspects will be further analyzed in the sectioni8akthe project.

Regarding wild life, the rotor of a marine curréumtbine rotates at quite a slow speed,
avoiding the possibility of local fauna collidingttvthe devices.

The visual impact would not be significant eithartidal turbines would be almost

totally immersed, avoiding locals to be perturbadd with the proper signalling to

avoid an unlikely shipping crash. A view from theose of the turbine installed for

the SeaFlow project is shown in figure 15 below

Figure 16.View if the SeaFlow project from the Devon coast.
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The total potential impacts of this technology sinewn in table 2 below:

Scale Duration | Residuals | Significance
= E =
=|l=|8|E|Z|E E 3 L]
|5|E2|E|£(5(22 |2 |-|8 |-
ala|2|l5]|lE|lz| 2|8 |8 |2|= |2
& =] m -— r= L H] = [=] 4 o] £ i
Jlr |zl lw| =] 0= [i'4 = | = | =
Physical environment
Wave climate . + o+ +
Flow o - * 7
Sea bed ! sediments ¥ o o+ e
Water quality " " 7 =
Biological environment
Habitata/benthos ¥ ¥ o+ "
Marine speciss v v '
Birds W ' v Iy
Landscape
=3Hm v v W o
2-2km ¥ + v ¥
1.5-2km ¥ + v v
1-1.5km o + v v
Fisheries ¥ + v +
Mavigation o J v o
Moise . - - 7

Table 2. Summary of potential environmental impacts [15].

2. DESCRIPTION OF THE PROJECT

2.1. REASON

Over the last few years, many studies have focosetthe numerical fluid modelling
of marine current turbines as a way to understad this technology works.

These studies have mainly focused in three diffeaispects:

The characterization and analysis of the wake preduy the turbine, trying to work
out its shape, magnitude, propagation patternshamdit is affected by the boundary

surfaces and the performance of the device itself.
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The analysis of the array effects when marine airnerbines are arranged in farms,
basically focus on searching for the most advisddieral and longitudinal spacing

between the devices and for the optimization ofaerall power output.

The study of how the installation and exploitatadrmarine current turbine farms can
affect the natural conditions of a site regardinvgrage flow speeds, among other

environmental impacts.

However, and after a lot of progress done, thestilisa huge uncertainty regarding
most of the issues mentioned above. Because gqfahis springing from the lack of
experimental simulations in this field, this piexfevork tries to break the ice and step
into the analysis of marine current turbines thiougal physical models, as a way to
shed some light on the issue by the always chahlgngnd revealing empirical

simulation.

2.2. METHODOLOGY

Three very small scale models of marine currentbiter were designed,
manufactured, tested and maintained in order toodeyge as far as possible the way

this technology works.

A small scale array was arranged with these matedstested inside a flume.
This array was tested for different configurationisthe turbines both regarding

location and electrical loading ratio within theegy.

Measurements of flow speed, voltage, current andepooutput were taken and
recorded during the tests.
Those measurements were analyzed and the resulés shewn together with the

conclusions drawn.
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2.3. OBJECTIVES

Analyze the array effects in a small farm of marmerent turbines, with
special focus on the wake and the blockage effeotlyzed by rotating

devices.

Show how array effects affect the energy productibtine turbines depending

on their location within the array.

Study how the variation of the electrical torquetrbg the turbines when

generating a power output might either magnifyeatuce the array effects.

3. BASIS OF THE PROJECT

3.1. ARRAY EFFECTS

Marine current turbines are likely to be installedmost sites available for tidal
energy harnessing according to an array configumatit is this way that the overall
energy production can be cost-effective and theeefaitable for a grid connection.
This array layout will make it essential for botésthners and producers to be aware
of the array effects driven by this configuratias,it obvious each device will have an

impact on the performance of the devices surrowniin

According to this we can define an array efficief@ly which will indicate how each
turbine performs within the array. This value wié obviously different for each

turbine and is given by the following expression:
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E .
Array efficiency (%) = —farm turbine 34 )

free turbine
With:
Efarm wivine - Machine output in the farm
Eee vubine- Machine output without the influenceasher machine

The main effects to be considered regarding thayagfficiency for each device and
therefore the overall energy performance of thayaare the blockage effect and the

wake effect.

3.1.1. Blockage Effect

The presence of the rotors can cause a blockaget¢8#] to the flow. This effect is
due to the resistance the rotors present agai@stad, which may divert it from their

swept area in the search for an easier way tothessgh.

Blockage effect is often characterized by the béggk ratio [3], a dimensionless
factor which defines the density of rotors in thess-sectional area of the channel.

The value is given by the following expression:

A

. occupied
=———X00
Blockage Ratio A

occupied free

Where Avccupiedis the overall swept area of the rotors andeAs the cross-sectional
area of the channel free of rotors, as shown inoréigl7 below for a row of three

rotors in an ideal channel.
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occupied

Figure 17.Hypothetical cross-sectional area of a row of MCTs

Blockage can be considered to be either harmfulsaful when analysing array

performance depending on the rotor layout, and@alieon the lateral spacing.

In the first case, and assuming there were mamygah the same row so a blockage
effect was caused, the flow may be diverted frora #mea occupied by rotors,
constraining and hence accelerating it betweenatheey and the boundary surfaces
which surround it. This would directly affect therformance of the array, and might

decrease its energy production.

Blockage effect has already been observed wherysinglthe performance of marine
current turbines through numerical simulations.uFégl8 below was obtained from a

2D CFD simulation of an array of 5 marine currambines [8].
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Contourt of Velocty Magniuds (mit)

Figure 18Velocity contour (m/s) through a 5 MCTs array.

Flow being accelerated due to blockage effect aamlbarly seen especially in the
gaps between the array and the lateral boundarls,wahere flow speeds are 31%
higher than in the upstream flow.

These findings match with those from other empirgtaidies, where flow speeds
higher than the inflow speed were found [7] arothsides of a rotor at model scale,
again due to blockage effect.

In this situation and according to some authorsugh lateral spacing between the
rotors would be crucial in order to allow a suféict quantity of free flow to pass

through lessening the blockage effect.

Blockage effect is obviously highly dependent oe tiimensions of the channel and
the number of rotors acting against the flow, thaes it is important to consider,
when working at small scales, whether a given ithstion of rotors would block the
flow too much in comparison with the blockage tlaens distribution would actually
produce in a real site at a real scale, where thmdaries will be further away from
the array area. This problem occurs with wind touelsj which suffer from blockage
effects in the wind tunnel tests while no blockagiect is ever going to happen in a
real wind farm. In such situation a blockage effamtrection should be considered.

In case there is blockage effect, but not enougleesjpor the flow to be diverted - due
to a high density of rotors for example -, the flawwuld have no option but to pass

through them, with the consequent energy extraction
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It is known that the maximum energy extractablelgevice in an unbounded flow is
given by the Betz's Law, fixing a maximum Cp of 2B/ However, higher power
productions per rotor area can be reached whenogimgl blockage effects.

2D theoretical model studies have obtained ince@seCp by 18.7% at induction
factors of 1/3 (corresponding to the Betz limit)dackage increases [9].

This different configuration, in which blockage e&ft would be enhanced instead of
lessened, would require a large amount of rototeérsame row and, according to the
momentum conservation theory, flow speed would hbamatically reduced

downstream of such a row due to the high energgetion carried out .

3.1.2. Wake effect

The movement of the rotor harnessing the energyhefflow creates a wake whose
speed is lower than that of the upstream flow @uthé energy which was extracted
from it.

The wake is characterized [5] in two different zende near wake and the far wake.

In the near wake, vortices from the blade tips #rel support structure bound the
slower flow from the free-stream flow avoiding flumixing. This near wake lasts
from 0-3/4 rotor diameters [5], until the turbulentom the free-stream flow destroys

the vortices and the fluids begin to mix.

The far wake, turbulence mixing has already broflewn the wake and increases its
velocity until a value close to the value of thewll velocity upstream of the rotor is
reached.

The free-stream velocity would then be a key facegarding the velocity of the
wake and the distance it persists far downstreatheofurbine.

A key factor of the wake regarding its influence te array performance is its
expansion. As an amount of energy has been extr&am the flow, it moves slower
than the free stream flow, and hence expands teetee@ momentum. This expansion

makes the wake wider both in width and height $5]jt can certainly reach and affect
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both the water free surface and the devices dowaustrif it is not recovered in time

by the free stream flow.

There are other factors affecting the wake of ameazurrent turbine:
The performance of the device is one of them [Bhsequently, the more energy is

extracted from the flow by the device the lower itingal velocity of the wake.

Turbulence, generated either by the ambient canditior by the device, is another
key feature affecting the wake [5]; ambient turlmgle might be generated both close
to the sea bed and to the water surface, due tshidyge and the elements of the bed in
the first case and to the waves and the swellensdtond. Device turbulence will be
generated mainly by the blades and the supporttstel and it will not last further
than the near wake.

The presence of boundary surfaces themselves abate and below the device also
affects the wake of marine current turbines [5]e3dn surfaces limit the movement of
the flow vertically, forcing a greater lateral movent.

Enough downstream spacing between the rows is eential to allow the wake to
sufficiently mix with the free flow, allowing theldw speed to recover and hence

curbing the wake-induced energy losses of the dswiownstream.

The main and final consequence of the wake effethat there will be a flow decay
downstream of the rotors, where the energy has laken from the flow and

converted into useful work. Therefore, the dowretrlow will have a lower speed,;
this will directly affect the energy performanceanfy device downstream and will be

the main reason for the need to consider a dovarstspacing between the devices.

Studies from Myers and Bahaj [3] estimate the fibwcay by applying a momentum
conservation theory, so the reduction in the moomanof the flow through a row of
marine current turbines will define the new flowesd to a new row of turbines
situated downstream.

The relationship between the inflow velocity andttjust downstream of the rotor is

given by the following expression [3]:

U, = (1-2a)y,
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With U,, = wake velocity, | = inflow velocity, a rotor axial induction factc

The optimum value o& is equal to 1/3 and is reached when the rotor eyaimg at
maximum efficiency [4]. The higher the rotor axiatluction factor, the higher the

velocity deficit downstream.

The new downstream flow speed would be then defasefbllows [3]:

Uge = Domq gy +Bime 1y = R,
A, A,

With:
A,y = Cross-sectional area occupied by ret
A._= cross-sectional area free of rotors.

free

A, = total cross-sectional area of the array.

The term in brackets was defined by the authoes@dimensionless row velocity

decay factor R ).

3.2. ARRAY CONFIGURATIONS

There are different theories regarding the mostr@ppate layout for an array of

marine current turbines.

Although clear uncertainties are found in this aesgpecially regarding the influence
each device will have on the devices downstreamtdus#ockage and wake effects,
and there is an obvious lack of experimental testeal sites, the main arguments
refer to whether the bulk energy production shdwédachieved in a hypothetic first
row of the array -like the concept of a “tidal feftcwith a high density of big rotors

(i.e. a high blockage ratio) or on the other haodfgr a more distributed energy

production with a longer array built up of smaltimvices.
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These configurations bring about different perfonces in terms of potential
environmental impact, efficiency of the devicesemy production and of course
cost-effective considerations.

It is important to mention that these two posdieid fit into the so-called “Farm
Method” [12]: an extraction methodology accordimgvthich the number of devices
and therefore the extracted energy is only depdndernthe size of the device, its
efficiency and the density of devices within theagirarea.

The differences between these two possibilitiesaladdressed below.

3.2.1. High density of rotors

The option of placing a number of big rotors anddee obtaining a high blockage
ratio - assuming the flow is not diverted betweka tlevices and the boundaries -,
would bring a great flow decay downstream of theicks as a big percentage of the

energy available in the flow would have been haseds

Coming back to a comparison with wind turbine teabgies, this is pretty much the
option chosen when installing arrays of wind tugsinExperience in the wind turbine
industry has proven that large rotors in a reldyivemall spacing are far more
efficient both technically and economically speakirHowever, this can not be
automatically accepted for marine current turbirgpgen the important differences in

the characteristics of the environment in whichhe@chnology is applied.

Marine current turbines are placed in relativelyro& channels, and hence much
more close to the boundaries than wind turbines smimber of big rotors acting

against the flow would have a clear impact on tdoal characteristics of the site.

In this high density configuration, long distancesuld be required for the free
stream to recover before more rows of marine curterbines could be installed.
There is an obvious correlation between the amotirgnergy extracted at a point
along the flow and the distance from that pointtfar flow to recover - the greater the
energy extraction the lower the velocity of theaflust downstream of the device.

That distance may be affected by other parametersh as the initial upstream

velocity, the turbulence intensity or the morphglag the channel itself, however,
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the correlation can be clearly seen in figure 1%we obtained from numerical
modelling for a mid depth layer of an ideal chanasla consequence of artificial

energy extraction [10]:

1.78

== energy extraction

1.66 |- 10% energy extraction
164 - ——20% energy extraction
S0% energy extraction

152 1 1 1 1 1 1
0 2 4 ) 3 10 12 14
Distance along channel (km)

Figure 19. Velocity profiles for different energy extractioates

Another important effect of the exploitation of geswith a high density of large
rotors would be the intensification of the changeshe water depth. As it was
previously mentioned in section 3tBe presence of a free surface allows the water
depth to change, therefore, the extraction of aabigunt of energy carried out at the
same point by that group of large devices mightdeabout a big change in the water
surface. This change would not only affect the grenince of any device placed

downstream but also the physical characteristith@thannel itself.

Work from the Robert Gordon University, analyzinget effects of different
percentages of raw kinetic energy extraction fthheoretical Pentland Firth type site
showed the variation of surface elevation in tharotel, the results are shown for a

65m depth, 2 m/s unexploited depth-averaged flosedpn figure 20 below:
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65m depth, 2.0 m/s unexploited depth-averaged flow velocity
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Figure 20.Elevation across the channel for different eneggyactions [12]

It is clearly seen how a larger proportion of tb&al channel’'s head drop takes place

at the energy extraction point rather than alomrgctiinnel.

Apparently, this high density configuration mighinply a more significant
environmental impact on the site. Apart from thesiobs reduction in the energy
available in the flow, the reduction of the flowegg would also affect the transport of
sediments, among other environmental aspects.

Some work developed in [1], showed the effectsnargy extraction with an array of
marine current turbines in terms of reduced avesgmgeds. An array of 160 units,
with a rated speed of 2.5 m/s, axial spacing ofd®ér diameters and lateral spacing
of 4 rotor diameters, taking up an area of roughkn?, was simulated through CFD
modelling. A distribution of cubed speed was spigtiaveraged over the area of
energy extraction (the area of the array) for twibetent situations: with energy
extraction and without energy extraction. The lgshaon obtained is shown in figure
21 below:
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Figure 21 Histogram of cubed speeds averaged over the areay[1]

As it can be seen, some increases in speed wenel,fpuesumably due to the flow
being accelerated because of blockage effect, #sawa significant reduction in the
rated speed of the array, 15 (m/d)his reduction — of about one third -, would mean
a reduction of one third in the available energghat rated speed.

The averaged speed is obtained from the differee¢ds found in the array area, and
the lower ones would be found in the last rowshef &rray, as a consequence of the
flow decay caused by the devices upstream. Accgrttirthis, the effects of the flow
speed reduction would be gradually increasing asmege towards the end of the
array. This should certainly be considered whemngtésg the devices — especially in
terms of size and rated speed — in order to olaaioptimum performance according

to the place they occupy within the array.

3.2.2. Low density of rotors

The installation of smaller devices with a highpaang - therefore causing a lower
blockage effect -, would result in an array madeotig higher number of rows and
hence in a more distributed energy production.

The lower percentage of energy harnessed per ramvcemparison with the high
density configuration -, would imply lower flow d@g downstream of each row of

devices, defining a different array performance emwfiguration.
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An array with this low density configuration andetilsame rated power as a high
density array — like the one previously describethight have a longer distance, as
less and smaller devices would be fitted in ea@h Fowever, and as the longitudinal
spacing between rows would be significantly shortdue to the higher flow speeds
downstream of each row — there could be a balaeteden the higher number of

rows and the shorter spacing leading to a shovieradl array distance.

The advantage of this configuration would be theséming of the effects previously
addressed regarding the physical characteristitseothannel.

A lower density of rotors per row would reduce thessible changes in the water
depth, as less energy per row would be taken floenflow. In the same way, the
reduction in the flow speed would not be that drienas lower speed deficits would
appear and flow would be allowed to recover moegjdently, lessening potential

environmental effects.

3.2.3. The case of Alderney Race

Some work developed by Myers and Bahaj [3] simdlatee electrical power
potential harnessed by an array of marine curtebirtes.
This array was actually made up of different sulays, whose turbines had different

rotor diameters, as shown in figure 22 below:

Figure 22Race of Alderney array layout [3].
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This configuration would be a possibility to makes tmost of the reduced average
flow speed downstream of the first rows of devidéswever, the fact that flow goes

in two directions and the need for optimizing threag according to that would be

serious obstacles to overcome.

3.2.4. Significant Impact Factor [SIF]

There is another extraction prediction methodolegyThe Flux Method” [12] —
based on the use of only the incoming kinetic enpdhgx across the front cross-
sectional area of the flow channel, and independetiie device type, efficiency and
density.

Assessment of the UK Tidal Stream Resource madBlégk & Veatch showed the
need for constraining the Farm Method, as it wasligting an over-extraction due to
improvements in the efficiency if the devices andetter understanding of the
spacing required by the devices. This constraintefresented by the Significant
Impact Factor [SIF] [12].

Some authors have used this factor when analyhm@xploitation of marine current
turbine sites and their environmental impact. Adaog to their theories, only a
limited percentage of the total energy availableaisite can be harnessed without
significantly affecting the characteristics of sige, especially in terms of flow speed.
The Significant Impact Factor indicates then theximam percentage of energy
which could be extracted from a site without cagsa significant change in the
general flow speed, and hence avoiding potentidi Bavironmental and economical

impacts due to the reduction in the available enefghe site.

The values considered for the Significant Impaattéarange from around 10% to
50% [11] of the total kinetic energy in the sitgwever, these values are simple
assumptions based on numerical simulations whi@d rebviously to be validated
with experimental data.

In addition to this, and assuming these factors ragbt, they would be highly
dependant on the characteristics of each sitehammels where the flow is generated

by a head difference at one of the ends of theratlaand the flow can not affect the




Marine Current Turbines: Array Effects eatp

elevation of the bodies of water, the SIF wouldéhéow values. On the other hand,
higher SIF values could be found in stronger siesere they are more free for the

elevation boundary conditions to change.

Some illustrative values for the Significant Impdattor for different UK sites,
together with the potential reduction of the floelacity they might cause in the site

are shown in table 3 below:

Table 3 UK sites and SIF parameters [12]

3.2.5. Cost effective considerations

Setting the differences between the Farm Methodtaadrlux Method aside, there is
a cost effective analysis which can be certainlylied to both extraction

methodology. If we start to install an infinite nber of marine current turbines was
to be installed in a site, we would find out a agrtpoint that the installation of more
devices would no longer contribute to the overakrgy produced by that array, in
fact, that overall energy would be reduced if mdewxices were installed from that

point.
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Work from Agbeko, Love and Fitzpatrick [8] showdtsttendency by simulating the
power produced by an increasing group of turbimes isite at Pentland Firth. The

results are shown in figure 23 below:

Figure 23 Power flux against number of turbines [8].

KT is a value representative of the number of tebiin the site. As can be seen,
there is a number of turbines with which the maximpower per squared meter is
obtained. However, the installation of turbines Wohave ceased to be profitable
before that point. From the moment at which thedignat of the curve — power per

turbine — starts to drop off at a certain rate aslonger profitable to include more

turbines, as the increase in power would not corsgienthe cost of the turbine. This
is something for the designers to seriously take account when building an array of

marine current turbines.

3.3. SIMILARITIES AND DIFFERENCES WITH WIND ENERGY

Although wind farms are also distributed in arraysl both technologies are quite
similar, there are significant differences whiclvéndo be considered when analyzing
the array configuration of marine current turbinespecially if knowledge obtained

from either wind farm exploitation or wind turbimesearch is to be applied.
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The main difference lies in the nature of the flaath technology works with.

Marine current turbines work in underwater condisip so the presence of two
boundary layers must be considered: the sea bethandater surface. The presence
of this free surface at the top can make a subatagitfference with wind turbine
sites, where the whole atmosphere is involved efbee there is effectively no upper
boundary.

Marine current turbines extract energy from a titlalv, and as the free surface
enables the depth to change, that energy extraoien bring about a change in the
depth of the channel. That change may be neglidgdsl®ne single device, but quite
significant if it is produced by a greater numbédevices [5], like in the case of an
array. The effects of this on the downstream fl@nditions could seriously affect the
performance of the devices downstream.

If the surface level were to drop, the cross-secticarea of the flow would be
reduced, therefore, as the same volume of watereiznt to pass through, the flow
speed is accelerated. In the same way, that rieductthe cross-sectional area while
the area occupied by rotors remains the same baingst an increase in the blockage

ratio.

Regarding the location of the devices, flow speedjrieater close to the surface,
however, marine current turbines will have to woliser to the sea bed. This is not
only due to the potential depth drops previouslglaxed, but also because surface
waves may disrupt the free surface affecting thlgghéri layers of the water flow and

increasing local turbulence.

All these factors will affect both the downstreandahe lateral spacing within the
array. The recovery time of the wake might be défeé for wind and marine
technologies, and hence different downstream distamwill have to be considered to
allow the flow to get closer to its free streamowitly.

As for the lateral spacing, many tidal sites haueely bi-directional flows [5], and
hence lateral spacing could be reduced in compamsth wind turbines arrays. This
phenomenon has already been observed in real @mad dites [6], where array losses
were less sensitive to inter-machine distances vthere was a clear predominant
wind direction.
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There have been several studies regarding wakereggcand array effects in wind
farms, not only through modelling techniques bugoathrough experimental data
acquisition in real sites. Therefore, array perfance of wind turbines is better

known and uncertainties are less of a concernwhdgmmarine current turbines.

4. MODEL DEFINITION

4.1. THE FLUME

4.1.1. Location

The flume in which the measurements and testsdeclun this piece of work were
taken is located in the Hydrodynamics Laboratorthef University of Strathclyde,
Colville Building, Glasgow.

A view of this facility is shown in figure 24 below

Figure 24. University of Strathclyde flume.
4.1.2. Specifications
The flume has a length of 34.5 m and a width of.1 m

The water is circulated along the flume by a pumgpsystem with a maximum

capacity of 140 I/sec, giving a maximum flow spe¢®.47 m/s.
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This facility is quite old, and hence its waterkamas brick made, increasing the
number of sediments in the water and hence deagé#se underwater visibility, this
was actually making difficult the taking of picterenvhile the devices were in

operation.

4.2. ROTOR AND GENERATOR

4.2.1. Assumptions made

Tip speed ratio

The tip speed ratio [TSR] shows the relation betwie rotational speed of the tip of

the blade and the velocity of the flow:

tip speed of blad
flow speed

TSR =

A tip speed ratio of 4 was assumed for the calmnat a reasonable value for
horizontal-axis turbines at maximum power. Howevlite real tip speed ratio

obtained once the model was tested will be shovaeation 4.5 below.

Coefficient of performance

The coefficient of performance [0ndicates the percentage of energy extractable by

a device in a flow from a theoretical maximum.

A coefficient of performance of 0.3 was assumedtlfa calculations. Meaning that
only a 30% of the total energy available will betragted by the deviceA good

turbine would give a coefficient of performanceCof or even better, but the one we
will be using is not, we are actually forced to asmtor which does not have an ideal

shape. The reasons for using this rotor are fugkplained in section 4.2.5.
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4.2.2. Power

The power which could be extracted by one singleite inside the channel is given

by the following expression:

P=%ChrAU3

With:
C, = coefficient of performanc

r = water density
A = rotor area
U = flow speed

4.2.3. Rotor diameter

The rotor diameter was chosen according to the fpeed of the channel and for the
turbine to power the DC motor properly.

It is obviously a critical factor that the rotorable to meet the starting torque of the
DC motor, or no generation will be ever achieved] ance the starting torque is met,
is important for the motor to efficiently load th&or, otherwise the motor will rev up
and generation will not be satisfactorily produced.

Those are the two key factors for the rotor andntia¢or to work properly.

According to this, a wide range of rotor diametees considered in order to match
with the different options from the manufacturerséarms of speed and torque.
The rotor diameter will dictate the rotor speed dmel torque at the rotor shaft, so

these parameters were calculated as explained below

The rotational speed of the rotor is obtained ftbmtip speed of the blades, which is
given by the flow speed and the tip speed ratia #e rotor diameter, as shown

below for a rotor diameter of 12cm:
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tip speed of blades = tip speed ratioflow speed (U) =4x0.5 m/s=2n

Vv

2m/s

W, = o = =33.3 rad/s
R, 0.06m
33,3729, 605 L 118V 5183 1pr

s 1min 2

rad

The torque at the rotor shaft is obtained frometkygression of the power in terms of

rotational speed and torque:

P=Txw

The power of a single turbine with a 12cm rotor \daihen be given by:

So the torque at the rotor shaft would be:

1

Gr AU == 0.3x998.2x——
2 200

P

_|
1
S|lo

33.3

12

2

B.14 85 0.21

=—— =6.35mNn

According to this process, different values of rapeed, rotor power and torque at

the rotor shaft were obtained for the differenbratiameters considered, as shown in

table 4 below:

[Rotor diameter [cm] Rotor speed [rpom] Rdtor power [W] Tordjue [ mNm] [Torque [g.cm]
13 293,82 0,25 8,07 82,39
16 238,73 0,38 15,05 153,60
19 201,04 0,53 25,21 257,21
22 173,62 0,71 39,13 399,29
25 152,79 0,92 57,42 585,93

Table 4. Rotor speed, power and torque for the diametansidered
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4.2.4. Generator

The manufacturer chosen for the motor was MFA, Whiifers a wide range of
motors and multi ratio gearboxes which match with tharacteristics required for

this work.

The model chosen belongs to the 918D Series 25miglesratio metal gearbox,
which incorporates a three pole motor with sleelvedrings and a miniature gearbox
of steel and brass construction with brass geansnted on a 1mm thickness steel
bracket.

The motor and gearbox dimensions are shown indg@6 and 26elow:

Figure 25. Motor and gearbox dimensions [mm].
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Figure 26. Mounted motor and gearbox.

The motor data are shown in tableéow:

Table 5 Motor data

For this application the motor will be used in nses i.e. working as a generator,
therefore, those data are not very representativparticular the efficiency, which

could never be reached due to the characteridtiosraapplication.

The main parameter to be concerned about is tiéngtdaorque the device will have
when working as a generator; this will be the kejue in order to choose the rotor
diameter. Once the starting torque is met, a anatispeed in the interval from 150
to 300 rpm (as shown in table 5 above) would behed(as long as the propeller
used as a rotor has a TSR of 4).

According to this, a speed up ratio of 30:1 wasseimofor the gearbox, so the
generator will be working with a speed between 4808 9000 rpm in open circuit.
That speed would define the voltage given by theegaor.
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4.2.5. Rotor selection

As there was a clear inability to manufacture alksale rotor according to the
dimensions and shapes employed in real marine rdutuebines, due to the lack of
time and especially to the lack of the proper faes for such a complicated task, it

was decided to use an aero modelling propellenystio figure 27 below:

Figure 27. Aero modelling propeller

The aero modelling propeller will have to be usedaverse, for the curvature of the
blades to be acting against the flow - just opgoitwhen it works as a propeller -.
This will bring a drop in the efficiency of the oot as the leading edge will be now
working as the traiching edge. However, this wasdlosest option to a real rotor, and
that lack of efficiency should not be a problemnasare not looking for an efficient

device.

All the devices included within the array will beanufactured in the same way, the
array effects should then be satisfactorily analyzas all of the devices should

perform almost identically.

In order to choose the proper rotor, different diéans were tried inside the flume.
The first diameter which was actually able to ntletstarting torque and rotate at an
acceptable speed in open circuit was the 22 cmtéowever, and in order to obtain a
bigger margin of usage, taking into account thghér resisting torques will appear
when the devices are working in a closed circuidjaaneter of 25 cm was chosen in

order to provide higher torques at the rotor shaft.
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4.3. ELECTRICAL SYSTEM

According to the characteristics of the projeceréhwas the need of installing an
electrical system in order to analyze the perforreant the turbines in terms of power
output.

As it was previously explained, the turbines witldn array are affected by the

devices surrounding them, and the drop in flow dpEised by the turbines upstream
when harnessing the energy from the flow may affeetenergy production of the

downstream turbines.

4.3.1. Installation

Two wires were connected to the output terminalghefrotor so the power produced
by the turbines could be accessible.

As the turbines within the array were going to bsteéd under different electrical
loads, each motor was connected into a potentiomeig different values of
resistance could be selected in order to modifyréisesting torque the turbines would
have to meet.

In order to make a more practical layout for thetes, the potentiometers were
placed in a plastic board together with six conmesctvhere some of the electrical

measurements were taken.

In addition to this, a terminal block was connedbedween the set of potentiometers

and the output from the motors in order to maketatml measurements easier.

The circuit diagram and the whole assembly of tleetgcal system are shown in

figure 28 below:
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Figure 28 Circuit diagram of the array.

4.4. WATERPROOF HOUSING AND FITMENT

Once the motor and the rotor were chosen, they wergpled on with a 8mm
diameter shaft. The motor and the gearbox weredtbimsa plastic made cylinder. As
the whole system was designed to work in underairditions the drillings for the

shaft and for the wires for the motor output wezaled with silicon.

The cylinder containing the rotor and the electrechmanical devices was placed over

a 20 cm tower made of aluminium and fixed to a 10basement.

The fitment for the whole model was a 20Ib weidftigy enough to cope with the drag

force caused by the flow on the rotor.

The assembly and final appearance of the modedreren in figure 29 below:
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Figure 29. Marine Current Turbine model

4.5. EXPERIMENTAL TESTING

The models were tested inside the flume in ordewdok out their nominal values

regarding both mechanical and electrical parameters

4.5.1. Rotational speed

The rotational speed of each model was measureddier to verify the assumption

made on the tip speed ratio of the rotor.

The values obtained for the model A are shown below

Model A
Measured flow speed 0.39 m/s
Measured rotational speed 104 rpm

Table 6. Experimentally measured speeds for model A.
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According to these values:

rev_1lmin 2 rad
min 60s 1lrev

104 40.9 rad/

=w,_ R

rotor rotor rotor

\Y; =10.9rad/s x0.125m = 1.36n

_tip speed of blades _ 1.36 _
flow speed (V) 0.39

tip speed ratio/( ) 35

According to the real tip speed ratio and the meskapeeds the following values are
obtained:

[Rotor diameter [cm] Rotor speed [rpm] Rdtor power [W] Torgue [MNm] Torque [g.cm]
13 200.53 0.12 5.61 57.28
16 162.93 0.18 10.47 106.80
19 137.21 0.25 17.53 178.84
22 118.50 0.34 27.21 277.63
25 104.28 0.44 39.93 407.40

Table 7. Results obtained for real tip speed ratio.

As it can be seen, the theoretical speed (104.28 gnd the experimental one (104

rpm) match for the 25 cm rotor.

The speeds measured for the other two models, BCaade shown in table 8x below:

Model B Model C
Measured flow speed 0.39 m/s 0.39 m/s
Measured rotational speed 107 rpm 100 rpm

Table 8 Experimentally measured speeds for models B and C

The small differences in terms of measured rotatispeed between the three models
are due to small differences owing to the manufaoguprocess, especially lack of
alignment between the motor shaft and the driltimgpugh which it is connected to
the rotor. However, they are that small that theeehmodels can be assumed to

perform identically in terms of tip speed ratio drehce rotational speed.
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4.5.2. Voltage in open circuit

The nominal voltage each model was generating winarking in open circuit was

measured under the same flow speed conditions.

The values obtained from each model are showrbile tabelow:

Voltage [V]
Model A 0.95
Model B 0.9
Model C 0.7

Table 9. Open circuit voltage values for models A, B and C

Again the small differences between the valuesiaeeto the slightly different

rotational speeds previously recorded.

4.5.3. Voltage and current in closed circuit

The voltage and current in closed circuit were roess at the maximum flow speed
given by the pumping system of the flume: 0.47 m/s.

The reason for this is the array configurationshwiihe loaded turbines will be
analyzed under this flow speed, in order to obth® maximum power from the

turbines and be able to play with a wider rangeleétrical loads.

The highest current given by the models was 120atin@voltage of 0.8 V, giving a
power of 96mwW.

Assuming the value of 0.3 for the Cp, the availasiergy from the flow for the 25
cm rotor diameter was 0.67 W, so the efficiencyhef whole electro-mechanical
system would be:

h= MX_LOO =14.49
0.67
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5. EXPERIMENTAL SIMULATION

5.1. WAKE CHARACTERIZATION

The wake each model is going to produce downstrefits position will be one of
the key factors when analysing the performancéefithole array.
As there are some small differences between tleethhodels, they were separately

tested inside the flume in order to characterieevthke each of them was producing.

The array configuration which is being studiedhistpiece of work assumes each of
the models within the array performs identicallytémms of energy production and

wake effects. As we saw in section 4tbere were some differences in terms of
energy production due to small differences durihg tmanufacturing process,

subsequently, there might be some differencesannhke each model will produce.

Owing to this, the three models were separatetedesside the flume.

This separate characterization will be a main faatben analyzing the performance

of the whole array in case some differences araddoetween the three wakes, as
these differences will have to be considered irepotd work out an accurate analysis

of the wake effect within the array.

5.1.1. Settings

Model

Each of the models was placed in the middle offiilmae and fixed with the 20 Ib

weight at a distance 40 mfrom the water inlet.

Flume

The flume was filled with water and the pumpingteys was fixed at 25% of its

capacity, giving a flow speed of 0.4 m/s and a wdepth of 40cm.
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Velocity Meter

The velocity meter employed during this work wdsatek Vectrino version 1.26.
This velocity meter measures the speed of the wateusing the Doppler Effect,
transmitting a short pulse of sound and then lisgetto its echo in order to get the
change in frequency of that echo.

The sound does not reflect from the water itselt, foom the suspended particles in

the water which circulates along the flume.

The components of the Vectrino velocity meter asctibed below:

Probe the probe is mounted on a rigid stem connectdti¢amain housing and it is
made of titanium. It consists of four receiverscteanounted on a steel arm and
covered with a hard epoxy, and a transmitter whgHocated between the four

receivers.
Main housing the main housing is a plastic cylinder which eams the electronic
module, with the power transmitter, the analogud digital signal processor, the

power conditioner and the data recorder.

Power and communication cabtbe power and communication cable is conneaied t

the main housing and supplies DC power at 12-4&& @nnects the Vectrino with
an external computer by a 2-way serial port.

These components can be seen in figure 30 below:

Figure 30. Vectrino components
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The Vectrino velocity meter transmits the shortspubf sound through a central beam
emitted by the transmitter and receives four bedmsugh the receivers. The five
beams intersect at approximately 50 mm from thastratter, where the sampling
volume is located. The sampling volume is cylinsleaped and that is where the three
components of the water speed, X, y and z are mezhsu

The sign convention of the velocity meter inside flume is shown in picture 31

below:

Figure 31Sign agreement of the velocity meter.

Technical datdvalues selected for this application):

Water velocity measurement
Range: £ 0.1 m/s
Accuracy: + 0.5% of measured value = 1mm/s

Sampling rate: 50 Hz

Sampling volume

Distance from probe: 0.05 m
Diameter: 6 mm.

Height: 2.5 mm.
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Echo intensity

Acoustic frequency: 10 MHz
Resolution: 0.45 dB
Dynamic range: 60 dB

The velocity meter was placed at different pointsthe same cross-sectional area
every 25 cm, i.e. at each rotor diameter, untilistashice of 2.75 m. (11 rotor
diameters) downstream of the turbine.

In order to keep the velocity meter steady in diwal position at each point, so
movement-induced noise could be avoided, the devae fixed on a support above
the flume by using two clamps. The support was iplexy with two wheels fitted into
lanes so it could be smoothly moved along the flafieving the velocity meter to be
easily placed at each different rotor diameter oigeposition was fixed for each
different sampling point.

The setting of the velocity meter is shown in fig®2 below:

Figure 32 Velocity meter setting.
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5.1.2. Samples

Different measurements of the flow speed downstrertne model were taken in
order to characterize the wake produced by therterb

As was previously explained, the velocity deficdused by the turbine extracting
energy from the flow should bring lower downstreflow speeds than the inflow
speed upstream.

Three different components of the flow speed weeasared: x, y and z, with “y”

being the main component, i.e. the speed in thextiim of the flow.

Taking into account this sign and that conventioa velocity meter will be placed
inside the flume as shown in picture x above (phdte main component of the flow
speed - “y” -, will be negative in all the valueskén during the measurements,
however, the sign will be neglected when workingygnaphs and discussions in order

to make the analysis easier.

Points

The flow speed was measured at 11 different paihtse cross-sectional area at each
rotor diameter.

9 points were located in the swept area of theirterfbmeasuring the speed in the
centre of the wake (point 0), in the middle of tilade (points 1R, 1L, 1U and 1D)
and at the tip of the blade (points 2R, 2L, 2U aBJ as shown in figure 33 below:
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Figure 33.Sampled points in the swept area at each rotonetier.

2 other points were located on the sides of thepswaesa at a distance of 1 rotor
diameter from the centre of the hub (points 1RDR ARDL). The whole distribution

of sampling points is shown in figure 34 below:

Figure 34.Sampled points in the cross-sectional area ofitinee at each rotor
diameter.
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5.1.3. Results

Point O

The velocity recovery profile at this point is showm figure 35 below for the models
A, B and C:

Fow speed

0.45

0.4
0.35 A e

0.3 - e — Upstream

0.25 4
m/s 0.2 . —— Point 0,ModelB

0.15 Point 0,ModelC
0.1
0.05 - Point 0,ModelA
0 T T T T T T T T T T !

1 2 3 4 5 6 7 8 9 10 11

Rotor diameters

Figure 35Velocity recovery profiles at point 0.

As seen in the graph, the three models show a steavery profile. The flow speed

was reduced to about 45 % of the upstream flow abtdr diameter, and then it

recovered steadily until it reached a steady stdt@pproximately 90 % of the

upstream flow speed at about 11 rotor diameters tie device.

It should be noted that the speed recovered maidlyaduring the first and second

rotor diameters, probably due to the hub effect.

These results are quite similar to those obtaind®]i where the wake characterized
was produced by a mesh disc of 10 cm diameterrdegathe trend of the velocity

recovery profile in the centreline, with flow spedaking a mean value of 8% higher
at 3, 6 and 9 rotor diameters. The reason for #pst from the difference in size,
could be that, in our case, the energy is extraatedanechanical motion while the
mesh disc just converts it into turbulence dowrstre
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This graph shows that the three models can be &sbtonperform in a very similar
way in terms of wake production, hence, the charaation of the wake was carried
out just for model A from this point on. The otheo models should present exactly

the same wake as that one.

Points 1R and 1L

The velocity recovery profile at these points iewh in figure 36 below for model A:

Flow speed

0.5
0.4
I — __—
0.3 Upstream
m/s 1R
0.2
—_—1L
0.1
0

1 2 3 4 5 6 7 8 9 10 11

Rotor diameters

Figure 36.Velocity recovery profiles at points 1R and 1L.

As expected, the points located in symmetricaltposs in the swept area of the rotor
have almost identical recovery profiles. Howevérthase points not only there is no
appreciable recovery, but also flow speeds seemetwease during the first rotor
diameters. The overall speed at both locationsdcbalconsidered as steady around a
value of 0.34 m/s (85 % of the upstream flow speaitl)along the downstream
distance.

The reason for this lack of recovery might be thastraints from the walls, which

apparently make the wake persist all along the aredsdistance.
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Points 2R and 2L

The velocity recovery profile at these points iswh in figure 37 below for model A:

Flow speed

0.5

0.4

T e———— T —— Upstream
0.3 2R

m/s

0.2 —2L

0.1

o\\\\\\\\\\
1 2 3 4 5 6 7 8 9 10 11

Rotor diameters

Figure 37 Velocity recovery profiles at points 2R and 2L.

Again no recovery profile was recorded, howevemeadnteresting aspects can be
noted from the graph.

The flow speed remains constant at a value of MA3(95 % of the upstream flow
speed) almost until the second rotor diameter,thed it starts to drop, this could be
due to the expansion of the wake. According to,tpaints 2R and 2L would stay
right on the edge of the wake during the first rotiameter, and hence keeping
almost the upstream flow, then, the expansion efwtake would make the points be
more inside the wake, reducing their flow speed.

Apart from that, it can be clearly seen that botinds have an average speed of about
0.36 m/s (90 % of the upstream flow speed), whichigher in comparison with the
points measured in the middle of the blade (pdiRsad 1L). This could be explained
by the proximity of points 2R and 2L to the freeeaim flow, which would enhance

fluid mixing increasing the flow speeds.
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Points 1U and 2U

The velocity recovery profile at these points iswh in figure 38 below for model A:

Flow speed

0.5
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SS~— P —— = Upstream
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1 2 3 4 5 6 7 8 9 10 11

Rotor diameters

Figure 38Velocity recovery profiles at points 1U and 2U.

No recovery was either found in the upper sectibthe wake. Both trends present
similar average flow speeds to those at the prevpmints measured, around 0.35 m/s
(87 % of the upstream flow speed). It can be seem the point closer to the water
surface presents as expected a higher averagesfleed. Although the wake would
not be allowed much vertical expansion due to tleximity to the water surface, the
initial value of the flow speed for the point 2U3@ m/s) and the way it drops during
the first rotor diameters could be also due togkgansion of the wake, which would

bring the point more inside it.




Marine Current Turbines: Array Effects 0]

Points 1D and 2D

The velocity recovery profile at these points iswh in figure 39 below for model A:

Flow speed

0.5
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Figure 39Velocity recovery profiles at points 1D and 2D.

As can be seen in the graph, the bottom sectidheoivake presents a slight recovery
profile at both points 1D and 2D. This recoveryatually more significant at the
point matching with the very bottom of the swemaargoing from 0.22 m/s (55 % of

the upstream flow speed) to 0.33 m/s (83 %), wbeth trends reach the steady state.

Points 1RDR and 1RDL

The velocity recovery profile at these points iswh in figure 40 below for model A:

Flow speed
0.5
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e pstream
03 1RDL
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1 2 3 4 5 6 7 8 9 10 11

Rotor diameters

Figure 40Velocity recovery profiles at points 1RDR and 1RDL.
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The flow velocity profile in both point 1RDR and DR shows there was no
alteration of the upstream flow, as the value @ BV/s was maintained during the
whole measured distance with no variation but fifwah water turbulence. This shows
that the wake produced by the turbine was quitesttamed during the whole distance
downstream, probably due to the narrowness of linad, and, if there was any

expansion, it stopped before reaching a latershaée of 1 rotor diameter.

A gradient graph of the flow speed at 3, 6 andt®rrdiameters is shown for each of
the three components - X, Y and Z- measured a®tlsampling points previously
detailed, is shown in figure x below.

Due to the low density of sampling points, the iptgations carried out show very
sharp areas, however, and even without the pasgibil doing a detailed analysis,

some interesting findings can be drawn from th@lgsa

The three graphs of the X component show two wiffiérénced sections: an upper
half section with negatives values of the speed,altower half section with positive
values, taking into account the absolute valuehef gpeeds is very similar in both
sections, the graph is showing the rotation ofwlaée in the X-plane, which makes
sense taking into account the sign convention efublocity meter and the fact that
the turbines were rotating anticlockwise.

A similar effect can be observed in the graphshef Z component, with the flow
going down in the left half section of the graplowéver, the flow does not seem to
go up in the right half section of the graph beeaws negatives values are appearing,
however, flow speeds are lower than in the othdfr dection probably due to some
components going also down in the right one.

The three graphs of the Y component (negativesegadue due to the sign convention
of the velocity meter) show how the flow recoveraimty in the core and in the outer
sections of the wake. We can also note some kindottbm effect, with big flow

decay until about 6 rotor diameters in the dowe tifi the wake.
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Figure 41.Polar contours of the flow speed at 3, 6 and Srrdi@mmeters.
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5.2. ARRAY ISSUES

5.2.1. Configurations

The performance of the turbines was analyzed feriht array configurations in

order to find out how the array effects were affegthe output of the turbines.

Two main configurations were analyzed in this pie@fework, and as only three
models were manufactured, both configurations weagle up of only two rows of
devices, however, this array density was actualyugh to analyze how the turbines

were affected by the other surrounding devices.

Configuration 1 consisted of one turbine in thstfiow of the array (turbine A) and
two turbines in the second row of the array (tuekiiB and C), and Configuration 2
consisted of two turbines in the first row (turken& and B) and one single turbine in
the second row (turbine C). The layout of these ¢anfigurations is shown in figure
42 below:

Figure 42Main array configurations.

In addition to this, different variations of eacbnfiguration were also analyzed.

There were basically two key factors considered rwkiarying the layout of the
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configurations. On one hand the lateral spacinthefturbines and on the other hand
the longitudinal spacing of the rows.
By varying these factors, 6 different combinatioof each configuration were

considered:

In configuration 1, three different positions oétturbine in the first row were tried,
and each of those three positions was tried faethtifferent longitudinal spacing of

the second row of turbines.

In configuration 2, three different lateral spadrimetween the turbines in the first row
were tried, and each of those lateral spacingstmesfor three different longitudinal
spacing of the turbine in the second row.

The different combinations were named using a nigalenotation. This consists of
numbers separated by hyphens. The first numbecateh the configuration (1 or 2),
the second number indicates the variation of tlafiguration regarding the lateral
spacing of the turbines, and the third number @igis the number of rotor diameters

separating the two rows of the array (3, 6 or 9).

The different lateral spacing indicated by the selcamumber of the notation is

described below and illustrated in figure 43:

Configuration 1:
Second number = 1, turbine A is in the centre ¢ihthe second row of turbines
Second number = 2, turbine A is in the line oftipeof the blade of turbine B.

Second number = 3, turbine A is in the same lineidsne B.

Figure 43Different locations for turbine A in configuratidn
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Configuration 2:

Second number = 1, turbines B and C are separatatr2diameters.
Second number = 2, turbines B and C are separdiaotbr diameters.

Second number = 3, turbines B and C are separaterldiameter.

Figure 44 Different lateral spacings in configuration 2.

So, the combination 2-2-3 would be two turbineshia first row separated 1.5 rotor

diameters and one turbine in the second row segghfatotor diameters from the first

row.

Due to the narrowness of the flume, it was actuatipossible to evaluate more

realistic values of lateral spacing (around 3 rali@ameters) between the turbines in a
same row, however, the effects of placing the hebivery close one to each other,
even as close as just one rotor diameter — a agafign which matches with the

concept of a tidal fence — is also very interesting

5.2.2. Loading of the turbines

In order to evaluate how the presence of an etadtresisting torque was affecting
the performance of the turbines, the arrays wemdyaaed under different loading

conditions.
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Unloaded array

In this situation the different array configuratiowere analyzed with the turbines
working in open circuit, i.e. no energy productisras being carried out, so the
voltage output from the turbine was the magnitusieduo evaluate the array effects.
The performance of each turbine was then shownpesaentage of its nominal value
[V,].

The nominal value of each turbine is defined irs thiece of work as the output
voltage given by the turbine when powered by tlee fupstream flow, i.e. the output

voltage of the turbine without the influence ofetldevices.

Instead of using the same speed of the flow abemwake characterization and the
experimental testing of the model, 0.4 m/s, theedpaf the flow when simulating the

array was increased to 0.47 m/s for the turbinegive a higher output, so the

nominal values obtained were obviously higher tilamse recorded in the Model

Definition/Experimental Testing section.

However, due to some problems derived from the wmaker conditions in which the

turbines were working, such as rusting and cond&msan the gearboxes, the

mechanical resisting torque of the turbines wastimetsame during the length of the
project.

Because of this, the turbines were tested befoasorang each configuration in order
to accurately find out and update their nominalueal so no difference in the
performance of the turbines could be attributethéoarray effects by mistake.

The nominal values for each configuration are showtable 11 below:

Nominal Values [V]

Configuration 1 |Configuration 2
Model A 0.85 1.2
Model B 1.2 0.85
Model C 1.2 1.3

Table 11Nominal voltage values for each configuration
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Loaded Array

In this situation the turbines were meeting anteled resisting torque in a closed
circuit, and hence producing electrical energy. peeformance of the turbines was
then analyzed taking into account their power outpud calculating their array

efficiency, based on the power output of the tuebimvithout the influence of other
devices, as explained in section 3.1.

Although the maximum power given by one turbine W&smW, as shown in the

Model Definition/Experimental Testing section, rditthe turbines were able to reach
that output. In this case, as the output of thbites was fixed by controlling their

loads through the potentiometers, the nominal \®lere not subject to changes
because of environmental conditions. The valuesdfibefore the measurement of

each configuration are shown in table 12 below:

Nominal Values [mW]

Configuration 1 |Configuration 2
Model A 76 or 47 85
Model B 85 85
Model C 85 81

Table 12Nominal power outputs for each configuration.

Each of the two array configurations was analyzedaidifferent way when the
turbines were loaded.

Configuration no.1 was analyzed with some variajonhich consisted on varying
the load of turbine A (the one located in the fist). Two different loads were tried,
2 and 12 , with turbine A giving 76 and 47 mW respectivelhis was done with
the intention to prove that a higher energy extoacfrom the flow would lead to an
increasing of the velocity deficit downstream aof tiarbine, affecting the performance

of the devices in the second row.

Configuration no.2 was firstly analyzed keeping theee turbines A, B and C at the
same loading, and hence producing a similar amofuemergy. The aim of this was to
find out whether there was any difference betwéengerformance and that from the

Configuration 2 when the turbines were not loaded.
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5.2.3. Results

Unloaded array

Configuration 1-1-3:

Configuration 1-1-3 rotor diameters
Voltage [V]
14

m 100%Vn | 100%Vn
1.2

1

B 100%Vn

0.8
0.6

0.4

0.2

0

MCT A MCT B MCTC

Figure 45 and 46 Array configuration 1-Jnd turbine performance.

In this configuration, turbine A had no impact be performance of turbines B and
C, which kept producing their nominal output voliaén the configurations 1-1-6 and

1-1-9 the situation was the same.

Configuration 1-2:

Configuration 1-2-3 rotor diameters
Voltage [V]

1.4

W 91.6%Vn W 100%Vn
1.2

1

W 100%Vn
0.8

0.6

0.4

0.2

0

MCT A MCT B MCTC

Figure 47 and 48 Array configuration 1-2nd turbine performance.
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In this configuration we can see the first arrafeef which affected turbine B by
reducing its output voltage by 8.4 % due to thevfilecay produced by turbine A. In
the configuration 1-2-6, the output voltage of tngb B was again equal to the

nominal one, which means the flow had recoveratatdownstream distance.

Configuration 1-3:

Configuration 1-3-3 rotor diameters
Voltage [V]
1.4
m 100%Vn

1.2

1 W 75%Vn

m 100%Vn

0.8
0.6
0.4
0.2

0

MCT A MCT B MCT C

Figure 49 and 50 Array configuration 1-3 and turbine performance.

In this configuration the array effect caused bspbitne A on turbine B is obviously
stronger, and hence its output voltage decreaséf%oof the nominal value.

This value is quite high taking into account thewfl speed of point O at 3 rotor
diameters was reduced to 72.5% of its nominal vahmwvever, the turbine is
averaging the wake effect over a much bigger apd,the other points measured in

the swept area were actually much closer to tHevingpeed.

It can be seen in the next figure for the configjoral-3-6 how the velocity recovers
as the downstream distance increases, with theibugiitage of turbine B increasing
to 83.3% of the nominal voltage at 6 rotor diameter

It is remarkable that this recovery trend did nmtnue, and the output of the turbine
was still 1 V in the configuration 1-3-9, so thevil did not develop further over that

distance.
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Configuration 1-3-6:

Configuration 1-3-6 rotor diameters

Voltage [V]

1.4
H 100%Vn
1.2

H 83.3%Vn
1

B 100%Vn
0.8

0.6

0.4

0.2 -

MCT A MCT B MCTC

Figure 51 and 52Array configuration 1-&nd turbine performance.

Configuration 2-1:

The results for Configuration no.2 are shown owlytfirbine C, as turbines A and B
obviously keep on producing their nominal voltagepaoit for all the combinations of

this configuration.

Configuration 2-1
Voltage [V]

L4 T m100%vn W 100%Vn B 100%Vn

1.2

1

0.8

0.6

0.4 -

0.2 A

0
MCT C at 3RD MCT C at 6RD MCT C at 9RD

Figure 53 and 54 Array configuration 2-Jand turbine performance.
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As in Configuration 1, no array effect was foundtimbine C, indicating that the
constrained wake produced by turbines A and B, hasacterized in the previous
section, never reached the swept area of turbin€h@. situation was the same in

configurations 2-1-6 and 2-1-9.

Configuration 2-2:

Configuration 2-2
Voltage [V] 9

1.4

1o | W846%Vn B 92.3%Vn W 92.3%Vn

1

0.8

0.6

0.4

0.2 1

0
MCT C at 3RD MCT C at 6RD MCT C at 9RD

Figure 55 and 56 Array configuration 2-2 and turbine performance.

When the lateral spacing between turbines A anéd@eahses, the array effects start to
show up as the wake reaches turbine C, reducinguifsut voltage to 84.6% of the
nominal value at a distance of 3 rotor diametexgraream.

At 6 rotor diameters, the flow has recovered amdathitput voltage increases to 92.3%
of the nominal value. However the flow recovery dat go any further, as the output

voltage was still 1.2 V in the configuration 2-2-9.
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Configuration 2-3:

Voltage [V] Configuration 2-3

1.4

1.2
B 77%Vn B 77%Vn W 77%Vn
1 u

0.8

0.6 -

0.4

0.2

0
MCT C at 3RD MCT C at 6RD MCT C at 9RD

Figure 57 and 58 Array configuration 2-Z&nd turbine performance.

The highest output drop in the configuration 2 Vi@end for this combination, with
the turbine C giving 77% of its nominal output v@ltrhe position of the turbines in
the first row make both wakes reach the swept aféabine C, in addition to this, no
free stream flow is allowed to pass between thbites, significantly affecting the
performance of the device in the second row.

In the next combinations 2-3-6 and 2-3-9, turbinkept giving an output of just 1V,
which means the combined wake from A and B pemistaring the measured

distance, showing no recovery of the flow.

Loaded array

Only the results for turbines B and C are showrtlier Configuration nol, as turbine
A, situated at the first row, remained obviouslggucing its nominal output value all

throughout the measurements.
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Configuration 1-1:

Power output Configuration 1-1

(mW] O Earray=100% o Earray=100% O Earray=100%

90 1 array= 0 arrayz (1] array::loo%
80
70 S—

60 —
50 OMCT A=47mW

40 | | OMCT A=76mW
30 —
20 —
10 —

O T T

MCTsB&Cat MCTsB&Cat MCT'sB&C at
3RD 6RD 9RD

Figure 59. Turbine performance for combination 1-1.

No array effect was found in this configuration.tBturbines B and C produced their
nominal output power of 85 mW during all the distas measured downstream. So
again, the wake produced by turbine A did not rehelswept area of the turbines
downstream for any of the loading ratios.

In the next two combinations the results will bewsh for turbine B only, as turbine

C did not experience any change in its output, twihignained at the nominal value.

Configuration 1-2:

Power output Configuration 1-2

[mw] =10009
O Earrayzloo% O Earray =100% O Earray—]-OO/0
90 O Earray=100% ] Fa1ay2100%

80 O Earay=89.5%%6

70

60
50 OMCT A=47TmW

40 O MCT A=76 mW

30
20
10
0 T T
MCTBat3RD MCTBat6RD MCT B at 9RD

Figure 60. Turbine performance for combination 1-2.
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We can see now how turbine B starts to be affelsyethe wake produced by turbine
A, now located in the line of the tip of the blaokturbine B. Turbine B produced
here a current of 80 mA at a voltage of 0.95 Vgiwe a power of 76 mW and an
array efficiency of 89.5 %, however, this only happd when turbine A was at its
highest loading, extracting 76 mW from the flow.the same way as happened in the
previous section - when the turbines within theayrwere not loaded - the flow
recovered at 6 rotor diameters, with turbine B gmmnback to its nominal output

value.

Configuration 1-3:

Power output Configuration 1-3

(mw]
9
80 |
70

60
50 O MCT A=47TmW

40 OMCT A=76 mW,|

30
20
10 A
0 T
MCT B at 3RD MCT B at 6RD MCT B at 9RD

O Earay=89.5%

O Earay=77.5% O Earay=17.5%

O Earray=70% O Earray=70%
O Earay=61%

Figure 61. Turbine performance for combination 1-3.

Now turbine A is located just in front of turbine &nd the wake effects can be clearly
observed in the results shown above, as well asthewdifferent amounts of energy
extracted by turbine A cause different flow decapsl hence different performances
of the turbine downstream.

In contrast to what was observed when the turbived® not loaded, the flow seems
to keep recovering after 6 rotor diameters.

The different loadings of turbine A cause a differe of 13% in the array efficiency
of turbine B at 3 rotor diameters downstream, haveis remarkable how the flow
recovers almost identically after both energy eottoms - basically increasing the
power output between 6 and 10 mA every 3 rotor di@ns- as the free stream flow

reenergizes the wake produced by turbine A.




Marine Current Turbines: Array Effects Bacth

Configuration 2-1:

The results for Configuration no.2 are shown owlyttirbine C, as turbines A and B
obviously keep on producing their nominal powerpotitfor all the combinations of

this configuration.

Power output Configuration 2-1
[mW]
90
80
70
60
50
40 -
30
20 A
10

0 T
MCT C at 3RD MCT C at 6RD MCT C at 9RD

Earray =100% Earray -100% Earray =100%

Figure 62. Turbine performance for combination 2-1.

No array effect was found in this configurationrine C produced a voltage of 0.9
V and a current of 90 mA, giving a power outpuiBdfmw, the same as its nominal
value, so the array efficiency of turbine C remdirse 100% for the three different
downstream distances.

Configuration 2-2:

Power output Configuration 2-2
[mw]
90
80 Earray = 88.8%
07 Ear
60 1
50
40 A
30 A
20
10
0

ay = 79% Earray = 69%

MCT C at 3RD MCT C at 6RD MCT C at 9RD

Figure 63. Turbine performance for combination 2-2.
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In the configuration 2-2, with the two turbines time first row separated 1.5 rotor
diameters some interesting results were found. ifiar@ produced a voltage of 0.85
V and a current of 85 mA at 3 rotor diameters, ggva power output of 72 mW and
an array efficiency of 88.8 %. Surprisingly, thawer output did not increase when
increasing the downstream distance, as turbineo@uazed a power output of 64 mW
at 6 rotor diameters. This pattern remained at @rrdiameters, with turbine C
producing 56 mW.

The explanation for this phenomenon might be ttpaasion of the wakes produced
by turbines A and B, making turbine C be more iadite combined wake at 6 and 9
rotor diameters.

Some flow speed measurements were carried ouisatdmbination | order to clarify
the results explained above. The flow speed attfgbif the rotor swept area for the

distances involved are shown in figure x below:

Flow speed at point 0 for combination 2-2

0.485

0.48 - \
0.475

0.47 L O —e—Point 0

N 0.465 - —&— inflow

0.46 -

0.455
0.45

3RD 6RD 9RD

Rotor diameters

Figure 64.Flow speed at point O for combination 2-2.

As it can be seen, the flow speeds obtained mahkeesaccording to the power
outputs recorded. The flow speed drops by 2.1%ye8emtor diameters, so taking
into account that the power is proportional to thibed speed, the power output
should drop by approximately 9.3% every 3 rotontkéers, which is pretty much the
trend obtained in figure 65 below, and the diffeeis again due to the fact that the
voltage is responding to what happens over thestulipt area

It is also remarkable that the flow speed obtaiae8 rotor diameters from the first

row of devices was actually higher than the inflspeed. This might be due to an
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acceleration of the flow in between the two turkiid the first row as a consequence
of the blockage they were producing against the.flo

Configuration 2-3

Power output Configuration 2-3
(mw]
90
80
70
60
50
40
30
20
10
0

Earray = 60% Earray = 60% Earray = 60%

MCT C at 3RD MCT C at 6RD MCT C at 9RD

Figure 65. Turbine performance for combination 2-3.

As it can be seen in the graph, the two turbineshm first row produce very
significant flow decay downstream when they areasaed by just 1 rotor diameter,
which results in turbine C giving the lowest outmiitall combinations: 49 mW at
70mA and 0.7 V, with an array efficiency of only%60

This power output persisted when the turbine waatkd at 6 and 9 rotor diameters
downstream, probably due to the persistence ottimbined wake and the lack of
free stream flow passing through, not allowing tloev to recover from the energy

extraction carried out in the first row.
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Configuration 2-3-extra.

In this case, an extra positioning of turbine C wagstigated in order to analyze the
possibility of the flow being diverted due to thiedkage produced by turbines A and

B, as shown in figure x below:

Figure 66. Extra positioning of turbine C in configuratior32

In that position, turbine C produced a voltage G50V and a current of 75 mA giving
a power output of 56 mW, 14.3% higher than whenttltbine was placed in the
centre line at the same downstream distance. Thesgmenon could be then due to
the flow being diverted by the turbines and corniséd between the array and the wall
of the flume, accelerating it.

The speed of the flow was measured at this pouihgia value of 0.476 m/s, slightly

higher than the upstream flow.

NOTE:

It has been quite a challenging task in this pigiceork to get accurate data due to
the very small scale of the models used. The smaljnitude of the voltage and
power measurements, in the range of 0.8 — 1.4 \48nd 90 mW, made it difficult to
extract reasonable conclusions. However, and atin some unexpected results to
this unavoidable and very low range of the magm®tudonsidered, we can say array

effects were significantly appreciated in the ressabtained.
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6. CONCLUSIONS

Regarding array configurations

After analysing the results obtained in this pieake work, we can say that
configurations 1-1 and 2-1 would be the most sigtat order to reach the target of
minimise array effects and optimize the energy potidn, heading for an array
efficiency of 100%.

However, due to the narrowness of the flume and ekpectation of a more
significant wake expansion at higher scales, materdl spacing between the devices
in the same row should be considered. This wayigheh rate of free stream flow
would be allowed to pass through, recovering th&ewndhis recovery - considering
the necessary downstream distance between the -rovesild be essential in more
realistic arrays, as they would be made up of sdvesws making it almost

impossible to reach array efficiencies close ta%00

Regarding Blockage effects

The results obtained in the configuration 2-3-extkéh a blockage ratio of 12%,

show a clear blockage effect produced by the tebin the first row of the array.

These results match with those obtained in [8] vB&RD modelling and shown in
figure 18 in section 3.1.1, regarding the flow dgsren and acceleration between the

array and the walls confining it.

The higher power output of turbine C obtained infaquration 2-3-extra confirms the
possibility addressed in [1] of making the mosttioé increases in the flow speed
when the flow is constrained between the arraythedheadland in real sites (in this

case the walls of the flume).
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Regarding wake effects

According to the results obtained and as expetiedywake produced by marine

current turbines is a key factor when analyzingrattion between devices.

The velocity recovery profile along the wake atrpd) and its asymptotic character,

never reaching the inflow speed again, matchestrk done by other researchers.

The persistence of the wake at the other sampledspa the swept area of the rotor,
with almost no recovery in the whole distance ddve@sn, could be attributed to an

enclosure effect due to the narrowness of the flume

Some wake rotation was observed by analyzing thegdin sign of the x component
of the flow speed, however, the very small valuéhaf component and the high

turbulence in the flume made it difficult to obta@ocurate data.

Regarding future work

The importance of array effects has been showmiggiece of work and in many

other projects carried out during the last few gear

This thesis could be taken by other researchers dgst step to working on
experimental models together with numerical modétgading for a better

understanding of this technology.

In future work, other researchers and engineersildhfmcus not only on the array
effects regarding energy performance and marineeotiturbine farm exploitation,

but also regarding the potential environmental iohjdi such effects.
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