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ABSTRACT

Becoming aware of the impact of global warming,callintries of the European Union
have agreed to produce 20% of their electricitynfir@newable energy by 2020. Hence,
a new market emerged to develop more efficientrneldyies of sustainable power

production.

Cranfield University has been involved since 20Q6wiave and tidal energy design
projects through various government agencies furmtherships with the emerging
industry of marine renewable energy. This thesib®dsed on one of these projects
called “DeltaStream” which was developed by TidaeEyy Ltd (TEL).

The tidal stream turbine is one of the most effitieoncepts in marine renewable
energy, because of the high predictability of tisiatams compared to wave and wind
energy. Many devices are currently being developethe UK. Most of them are
moored to the seabed using traditional methods ustee offshore oil industry, which

means drilling the sea floor.

The goal of this work is to avoid drilling the seabby adding hydrofoils on the

structure. Indeed, by setting a hydrofoil in theatistream, the goal is to prove that a
downward lift force is created and is efficient agb to maintain the structure at its
location, avoiding mooring costs and ecologicaléssrelative to drilling the sea floor.

Computational Fluid Dynamics (CFD) models have bgenformed, studying the
sensitivity of mesh size compared to results qualand testing then different
hydrofoils to get the best downward lift force iomcél conditions. The main
characteristics of the simulation are unsteady@m& phase. The chosen geometry is a

“quasi-2D” domain in order to minimize computatibnequirements.

A validation case has been first performed on d-kWwewn geometry of a circular
cylinder, to compare analytical results and CFDad&mall variations between results
validated the model to enable us to use the madel less-known simulation such as a
hydrofoil. Different parameters influencing theiei#ncy of the hydrofoil in terms of

lift production and drag reduction have been tested
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These results have been compared with tank tesksriaken by the OENA Group in
June-July 2009 in IFREMER (France). And complemsntatudies have been
performed to compare these results and CFD results.
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L1ST OF SYMBOLS

ROMAN CHARACTERS:
A= characteristic area (2.2.2, 3.4)

d = acceleration vector (4.1.2)

a, = x component of acceleration (4.1.2)

B = Net mass flow out of control volume through soef& (4.1.1)
C = Time rate of decrease of mass inside controlmel(4.1.1)
C, = drag coefficient (3.4)

C,., = drag coefficient far from the wall (6.2.3)

C, = friction coefficient (5.2.3)

C, = lift coefficient (3.4)

C,= power coefficient (2.2.2)

C,,= adjustable constant (4.1.4)

C,,= adjustable constant (4.1.4)

c, = adjustable constant (4.1.4)

D = characteristic length (3.2, 4.2.1, 5.2.3)

D, = destruction term (4.1.4)

D, = drag per length of unit (3.4)

e= total energy per mass unit (4.1.3)
F = force vector (4.1.2)

F = force on full scale (8.2.3.1)

F

drag

= drag force (3.4)

Fi = lift force (3.4)

F. = Froude number (4.2.2)

F.= x component of force (4.1.2)

f = body forces vector (4.1.2, 4.1.3)
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f = frequency of the vortex shedding (3.2)
f = force on small scale (8.2.3.1)

f, = x component of body forces (4.1.2)
f,=y component of body forces (4.1.2)
f,= z component of body forces (4.1.2)

g = gravity acceleration (4.2.2)

h = depth of the sea (5.3.2)

k = turbulent kinetic energy (4.1.4)
L. = lift per length of unit (3.4)

m= mass (4.1.2)

P = production term (4.1.4)

P ...= power extracted from a tidal turbine (2.2.2)

ower

p = pressure (4.1.2, 4.1.3)

Q= heat (4.1.3)

2

q= rate of heat lost by thermal conduction (4.1.3)

I'=loss of heat by radiation by unit of volume (3)1.

Re= Reynolds number (3.2, 4.2.1, 5.2.3)

s= scale factor (8.2.3.1)

S, = Strouhal number (3.2)

U = absolute value of the flow velocity (3.2, 4.512.3, 5.3.3)
U_ = maximum velocity at the sea surface (5.3.2)

u = x component of velocity (3.4, 4.1.2, 4.1.4, 5)3.2

u, = friction velocity (5.2.3)

V= velocity vector in three dimensions (4.1.1,2,4.1.3)
V4. = fluid velocity (2.2.2)

v=y component of velocity (4.1.2, 4.1.4)
W= work done (4.1.3)
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w= z component of velocity (4.1.2, 4.1.4)
X = X component of the z plane (3.3)

y =y component of the z plane (3.3)
y = distance of the first node from the wall (5.2.3)

y += parameter which sets the distance between tHeanalthe first node of the mesh
(5.2.3)

Z = plane after conformal mapping (3.3)

GREEK CHARACTERS:

Ad = finest mesh size (5.3.3)

At = timestep (5.3.3)

0 = boundary layer thickness (5.2.3)

& = rate of dissipation of turbulent energy (4.1.4)

@ = velocity potential (3.3)
7 =y component of the complex plane (3.3)

A = bulk viscosity coefficient (4.1.2)

M= molecular viscosity coefficient (4.1.2, 5.2.3)

p = density of sea water (2.2.2, 3.4,4.1.1, 4.12345.2.3, 8.2.3.1)
p,,= density of water (8.2.3.1)

o, = adjustable constant (4.1.4)

o, = adjustable constant (4.1.4)

T = stress tensor (4.1.2, 4.1.3)

r,,= average wall shear stress (5.2.3)

7= X component of stress on the surface of the #lgdnent in the yz plane(4.1.2)
I,,= x component of stress on the surface of the filagdnent in the zx plane (4.1.2)
r,,= X component of stress on the surface of the #lednent in the yx plane (4.1.2)

I,,=y component of stress on the surface of the filgdnent in the zy plane (4.1.2)
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I,,=y component of stress on the surface of the filgdnent in the zx plane (4.1.2)

T,,=y component of stress on the surface of the filgdnent in the xy plane (4.1.2)
r,,= z component of stress on the surface of the Bledhent in the yz plane (4.1.2)
I,,= z component of stress on the surface of the #igchent in the xz plane (4.1.2)
r,,= z component of stress on the surface of the Bledhent in the xy plane (4.1.2)

U = kinematic viscosity (4.2.1)

v, = kinematic turbulent viscosity (4.1.4)
& = x component of the complex plane (3.3)
Y = stream function (3.3)

{ = complex plane (3.3)
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Chapter 1: Introduction

1.1 General background

Anchoring offshore devices has first been a requénet for offshore platforms, barges
or FPSO in the oil and gas industry. Indeed, whperating at sea, ships and jackets
need to be moored to resist wind, waves and cwrédiot secure such big devices to the
sea bed, several types of anchorage and mooringargidered: drag embedment,
clump or gravity anchors are used for vessels, miipg on the nature of the soil
whereas pile anchors are more effective for offshmatforms, since the pile is drilled
in, it can operate in a various range of soil tjp&. All these techniques can damage

life diversity settled on the sea bed and are noisy

With the emerging market of marine renewable enesgyaller structures have to be
anchored to the sea bed, and the industry tridedio for a lighter way of mooring
systems. An innovative concept would be to use dgrdfgil on the structure to avoid
costly and intrusive mooring requirements, or astdo reduce them. Hydrofoils are, in
most cases, used to generate an upward lift andceedrag on fast boats. In the case
covered in this study, the concept is to instalegerse hydrofoil on the frame of the
device, enabling the velocity of the tidal stream imteract with the hydrofoil to
generate a downward lift force, in the directiontloé sea floor. Hence, the structure
would then be pushed onto the sea floor, and diwld resist the lateral force owing to
the current and of the turbines thrust. Thereforuld behave as if it was anchored,
and traditional mooring systems would not be longercessary, or would be
considerably reduced. This concept is designedtier DeltaStream marine current

device, a 1.2MW unit, installed on the sea bed.
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The main goal of this work is to carry out a studyshape optimization on hydrofoils,
to try to get a hydrofoil shape which produces ¢neatest lift force with site tidal
stream velocities. Most of the time, shape optitdrastudies are performed from a
prescribed pressure distribution and the desigh itoproves the shape to reach the
prescribed pressure distribution, repeating thegs® until no more improvements can
be made. In the case of the DeltaStream projegbpiitant constraints have to be
respected, notably the hydrofoils must fit arourZhadiameter pipe, and they must be
used for two symmetrical directions of incidentwlosince tidal currents can be
oriented to the offshore direction or to the shafieection. Hence, classical
aerodynamics or hydrodynamics shapes, such as NgtG#les, cannot be used. Lift
generated from bluff bodies could then be a mor@piate inspiration, but design
tool optimization does not apply for shapes witblsaonstraints.

Hence, from a simple shape meeting the criteriarasgecting the constraints, studies
are performed by CFD modelling. In this case, th@nnsolution to perform a shape
optimization is then to explore different paramgtehich affect the lift force generated
by the profile. Limits of parameters variation aaccombination of these parameters
would produce the better shape producing as mudft as possible and respecting the

project constraints.

1.2 Scope of work

The first step of this work was to learn how theshirg software Gambit and the CFD
code Ansys-CFX work. A good description of the baany layer is important to
describe viscous effects and to get an accuratdtres lift generated, and so the
building of a good boundary layer mesh is a firsportant goal to achieve. Then
learning how to create a growing mesh, startingiftbe boundary layer with small size
mesh and increasing the size mesh to boundarigeeoflomain is essential to get
accurate results in the area of interest, withcagtimg computational resources. A good
understanding of the physics and mathematics ochniie code is based on, is also a
work to perform to understand the results produasd keep a critical point of view on
them. These steps are performed on a validation lwasis, for which theoretical results
are already known, and so a comparison betweee tihe®retical results and results

obtained from different boundary layer and globakites can be done.

MSC BY RESEARCH- SCHOOL OF ENGINEERING- OENA GROUP— CRANFIELD UNIVERSITY 2



Once the first stage of coming to grips with theDCgode is performed, it is time to
move forward the step of hydrofoil shape optimizatiThe most effective way to reach
a shape which will produce enough lift force isstody quasi-2D profile, changing
different parameters on each run. Hence, parametuencing the most the quantity
of lift force produced can be rearranged togetbegdt the wanted shape. To confirm
results produced in quasi-2D, a comparison wittk testing results of the structure
with hydrofoils is carried out. Hence, the main lg@to know if hydrofoils can
produce at least few hundred tons of downwardHiftbm this quantity of lift generated,
setting up such hydrofoils on the structure wouldt€o have an interest to reduce the

importance of intrusive mooring.

1.3 Structure of thethess

First of all, a summary of the current situation esfergy needs and production all
around the world and then in the UK is performehmapter two. From global policy
about greenhouse gases emissions to the European diatisions, the description then
focuses on why UK decided to choose marine enesgyna of its sources of renewable
energy. A short presentation of different ways afnessing the energy from tidal
streams is then presented, and the DeltaStreaniwsgwstudied here is presented in this

context.

In Chapter three, a review of literature paperscWwhirought significant information is

presented. From history of tidal stream energyuyhothe ages to a point of the current
technology, a review of physical and mathematicalcepts addressed in the thesis is
then carried out. To finish this chapter, numerioathods used to design hydrofoils are

shown with some highlights on experiments suctaak testing.

In Chapter four, the mathematical approach of gunerequations of fluid dynamics is
described, and important physical parameters usedhis study are presented.
Furthermore, a description of the physical phenamesuch as the flow around a

circular cylinder is made.

Chapter five shows the different stages of a CHR from setting it up, to running it

and getting results from it. It also describes heameters used in a CFD run, such as
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how to calculate the parameters defining the boynidger, or what kind of velocity is

used at the inlet boundary condition.

Chapter six presents the validation calculatiomsfind out the good compromise
between an accurate physics representation and utatigmal requirements, a
sensitivity study on the mesh size and the bounidger parameters are performed. T

Chapter seven presents the preliminary studie®meeld on the foil characteristics to
find out the best influencing parameters. Thesamaters are then used to find the foil

shape which produces the greatest downward lifefor

On Chapter eight, the foil is tested at small s¢al@a towing tank, and unexpected
results are compared to complementary CFD runsitbdut an explanation. All these

results are discussed and summarized in the coolus
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Chapter 2: Energy market and tidal stream

devices

2.1 Energy in theworld and in UK

2.1.1 Production and consumption

Before the industrial revolution, most of energgd® were met by renewable sources,
but at the end of eighteenth century, the change fan agricultural society to an
industrial society was the first step to an alwiagseasing need in more energy. Energy
is needed for industries of course, but with insimeg domestic comfort, the apparition
of more and more electric devices for everyday daskd the increasing use of
transport, to go further and faster, the globargnelemand is literally exploding years
after years. Figure 2.1 shows a curve of world gneonsumption with a shape close

to exponential growth.
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Figure 2.1: World energy consumption in milliomntes of oil equivalent (TOE).
(Schilling & Al. 1977,IEA et Jean-Marc Jancovici)
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In 2004, more than 10 000 million tonnes of oil ikglent (TOE) have been consumed
in the world, of which 37% of oil, 25% of coal, 2386 gas, 6% of nuclear, 4% of
biomass, 3% of hydro, 0.5% of solar heat, 0.3% @fdw0.2% geothermal, 0.2%
biofuels and 0.04% of solar photovoltaic. But tesumption is not equivalent for
every inhabitant of the world: in developed cowgriinhabitants who represent 20% of
the world inhabitants use 60% of the world energpstmption. For example, UK
consumed 173.5 million tonnes of oil equivalen2@®4. As shown on Figure 2.2, 33 %
of the final consumption of UK is consumed by thensport sector, 28% is consumed

for domestic use and 18.5% is used for the industry

BO g ccscccccnanccanacctcncccssnacsssccnaaccanaas

Million tonnes of cil equivalent

Domastic Industry Transport  Other final
consumears

Il Matural gas Coal B WManufactured fuals

heat and renewables
Patrolaum I E lectricity

Figure 2.2 : Final energy consumption in UK in 2qD41)

Like for the global energy consumption, the UK tfisburce of energy is oil, which
represents 53% of all of the energy produced ammbitad in the UK, 29.5% from gas
and 11% from coal. The part from renewable enesgpns to be negligible with only

4%, including all renewable sources together.
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Figure 2.3 : UK production and imports of energpd04 (DTI)
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2.1.2 Energy policy

From the 1980’s, the scientific community starteaddsearch deeper on climate and on
greenhouse gas emissions, and a correlation betweenamount of fossil fuel
combustion and global warming was highlighted. Al@bal scale, the policy to reduce
the amount of greenhouse gases rejected into thesphere leaded to the Kyoto
protocol, ratified by 172 countries, with the ndetexception of the USA. This
protocol requires that all countries publish theoant of greenhouse gas emitted, to

establish, apply and publish national policy tousalclimate changes.

In this frame, in 2007, heads of state of the 2mmers countries of the European
Union agreed on the restrictive target of produ@0§o of their energy by renewable
sources in 2020. To reach the European target én UK, politicians set up an
innovative energy policy. The government launchedplan called “Renewable
Obligation Order” to promote and plan the use oiesgable energy. The “RO” places
an obligation on licensed electricity suppliers iave an increasing proportion of
electricity from renewable energy. This proportieran additional percent point every
year, which would enable the UK to reach the geaby the European Union in 2020.

Hence, in July 2009, the government launched thewable energy strategy which
includes £405 million funding for renewable energf/which 15%, representing £60
million, for marine renewable energy. This willi@j developing marine renewable
energy is very specific to UK, as shown on Figuré. Since 2002 and the stop of
funding in marine renewable energy in Japan, UKthaspotential to become a leader

in marine energy systems.
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Figure 2.4 : Marine energy R&D budgets by IEA membeutry. (Department for
Business, Innovation and Skills)

2.1.3 Marinerenewable energy potential in UK

Because there is no single answer to produce i@slevenergy, the UK government
decided to integrate marine energy as one of thieces used to produce renewable
energy, between hydro-electricity, biomass enengghore and offshore wind power...
Marine energy can provide a significant amount & Energy needs in the future,
because the geographic situation of the islandps®ed to strong waves and important
tidal streams, marine renewable systems explordé bedys. With an electricity
consumption of 350 TWh (Terra Watt hour) per ye#ls estimated that marine
renewable energy could provide 15 to 20% of thisamh [5].

With its 5000 miles of coastline and its estuaeed peninsulas where energy focuses,
Great Britain is very well exposed to tidal strepower. With gravity effects of Sun
and Moon on the oceans, the rise and fall in heajhthe sea happen twice a day,
creating fast currents where the flow is funnelleke between islands. Furthermore,
because the Sun and Moon orbits are totally prabliet tidal flow can also be predicted
accurately a long time in advance, and so the amotirenergy extracted can be

forecast exactly.
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Figure 2.5 shows the best potential sites of tielaérgy, and shows that tides are

amplified by bathymetric changes, estuaries andatdns by peninsulas.
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Figure 2.5 : Average Annual Tidal Power around GBzéain (DTI)

2.2 Existing tidal stream energy extraction systems

To extract tidal stream energy, devices must beenoddour main parts. The first one is
the feet of the device or foundation, which alldvedding the blades in the tidal current.
Then, the mechanical systems which can harnedbthef energy, so this part include
the blades block and is called the rotor. Thenetherthe gearbox and the generator,
allowing to the system to convert mechanical enenty electrical energy. Then the
power take-off system allows connecting the deticthe electrical network. Based on

these main elements, different types of tidal strel@vices can be listed.

2.2.1 Types of marine current turbine

2.2.1.1 Horizontal axisturbine

This type of turbine extracts energy from movingtevan the same way as wind

turbines extract energy from moving air. The bekigown example of this technology
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is SeaGen, a 1.2 MW, twin turbine device operation&trangford Lough in Northern
Ireland (Figure 2.6)

Figure 2.6 : SeaGen horizontal axis turbine (Ma@uerent Turbine Ltd)

2.2.1.2 Venturi Effect

By housing the device in a duct, this has the eftéconcentrating the flow past the
turbine. The flow of water can drive a turbine dthe or the induced pressure
differential in the system can drive an air-turbid@ example of this type of device is

the lunar energy device (Figure 2.7)

Figure 2.7 : Venturi effect turbine (Lunar Energy)
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2.2.1.3 Oscillating Hydr ofail

In this device, a hydrofoil is attached to an datiihg arm and the motion is caused by
the tidal current flowing either side of a wing, ialinresults in lift. This motion can then
drive fluid in a hydraulic system to be convertatbielectricity. The Stingray device,
produced by Engineering Business Ltd is one oftijpe of device (Figure 2.8)

Figure 2.8 : Oscillating hydrofoil (Stingray, Engering Business Ltd)

2.2.1.4 Vertical AxisTurbine

This technology extracts energy from moving in mikir fashion to that above,
however the turbine is mounted on a vertical aas,shown on Figure 2.9 with the
device from New Energy Corporation.

-

Figure 2.9 : Vertical axis turbine (New Energy Gangtion)
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2.2.2 Power harnessed from atidal stream turbine

Tidal turbines have the same behaviour as windintarband so the power harnessed
from marine current turbines can be calculatedhim same way as a wind turbine,
except that the density changes. The kinetic poawailable to the turbine can be

calculated as:

P =5 PAVE, (2.1)

ower

Where the density of the fluid /&, A is the area swept by the turbine angl, is the

velocity of the tidal stream. However, several &ssnply that the full power can not

be extracted, and only a fraction of it is harndsS&® the power can now be written as :

ower —

1
P _EpCpA\/tisde (22)

C, is the power coefficient and it basically représethe percentage of power which

can actually be extracted from the turbine [3]cdinnot exceed the value of 0.593,

according to the Betz limit.

2.3 The DeltaStream Concept

2.3.1 Thedevice

The DeltaStream device is a nominal 1.2MW unit \uhsds on the seabed without the
need for a positive anchoring system. It generalestricity from three separate
horizontal axis turbines mounted on a common frgRigure 2.10). The use of three
turbines on a single, circa 30 m wide, triangufanfe produces a low centre of gravity
enabling the device to satisfy its structural digbirequirements, including the

avoidance of overturning and sliding

Situated at a depth of about 35 m, the location besen chosen for its tidal stream
which reaches up to 4.5 m/s in spring tides. Sa#mae illustrates well the concept of a

delta shaped structure built to make electricioyrfrtidal stream.
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Figure 2.10 : Artistic impression of DeltaStreamusture.

2.3.2 Location

DeltaStream prototype will be commissioned in Wates$?embrokeshire between St
David’s point and Ramsey Island (Figure 2.11), whigdal stream can reach 4.5 m/s,

but most of the time, tidal stream are more betw&and 3 m/s.
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Figure 2.11 : Chart of Ramsey Sound and pictuigtdavid’s point
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2.4 Rationale of theresearch

Because several forces will act on the device stracif the frame is not anchored to
the sea bed, the frame will move with the highelgtl tcurrents due to the drag created
by both the frame and turbines. An estimation ofds acting on the device has to be
performed to know how much the anchoring systemdasunteract these forces.

The device is assumed to have a weight force ofes@B® tons in water. The drag
produced by the frame is mostly the drag arouncutar pipes, and can be estimated
through theoretical calculation of drag around &nder (83.4 and 6.2.3) for several
tidal current velocities (Table 2.1). For this stuelocities between 2 and 4.5 m/s are
considered, which means approximately between 4%kdots. It is obvious that 9
knots is too high to be a steady tidal current @&p but it is used here because it can

represent the highest velocity peaks existing enfliw.

Velocity at
2.5m from
bottom (m/s)

Velocity at
surface (m/s)

Drag on the
frame (Tons)

2.00 1.37 5.16
3.00 2.06 11.60
4.50 3.09 26.10

Table 2.1: Drag on the frame depending on the tidaient velocity

The drag produced by the three turbines can behigugstimated from the Rankine-

Froude actuator disk model [3]. In this method, theor is replaced by a circular

surface of zero thickness, representative of anitefnumber of blades, and to which a
pressure difference is applied. From this moded,dhag can be calculated as follows
for steady loads:

Faso = PA(VE~VE) =2 p AV 4 (1-a)] (2.3)

drag — o | T4
9 2

With a :L

tide
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With Vtide the undisturbed tidal velocity andis the velocity decrease induced by the

rotor. The maximum value ofr is 1/3, and with this value, the drag induced by th

three turbines of 15m diameter each can be caémlfdtable 2.2).

. Velocity at Drag by the 3
\S/Erl% Ccltey (m /Zt) 12.5m from turbines
bottom (m/s) (Tons)
2.00 1.73 71.95
3.00 2.59 161.88
4.50 3.88 364.23

Table 2.2 :Drag induced by the three turbines, déimg on the tidal current velocity

Hence the drag force evolution chart, represerntiegdrag induced by the frame and
the drag induced by the three turbines can beeuldtr several velocities (Figure 2.12).

Drag versus velocity at the surface
== Drag on the frame == Drag induced by the 3 turbines
400.00
350.00 /4.
300.00
@ 250.00 /
g pd
< 200.00
0o /
©
& 150.00 /
100.00 —
50.00
A ==
0.00 T ,Ei T T T T T 1
1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00
Velocity at the sea surface (m/s)

Figure 2.12 : Evolution of drag produced by therfeaand the 3 turbines, versus tidal

current velocities at the sea surface

When adding the drag on the frame and the dragcealby the three turbines, it is a
total drag force between 77 and 390 tons, deperafirtye tidal current velocity (cf red
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arrow on Figure 2.13). On the other hand, theifncicoefficient is estimated to be
between 0.45 and 0.75, with a safety factor of 1386 the friction coefficient is
between 0.33 and 0.55 when including the safetyofaavhich means that with a
weight of 250 tons, only a percentage between 83%&f6 is actually transmitted to the
ground, which represents between 79 and 137 tdrdack arrow on Figure 2.13). The
difference between the total drag and the weightamitted to the ground is calculated

to get the lift force necessary to maintain thacttire at its location (Table 2.3).

Total drag Range of weight force .
. . Necessary Lift (tons
(frame + turbines) (in (tons)
tons)
U=2m/s 77.11 79 - 137 0
U=3m/s 173.48 79 -137 40 - 94
U=4.5m/s 390.33 79 - 137 253 - 311

Table 2.3: Necessary lift to maintain the structairés location for different velocities

and different coefficient of friction.

Figure 2.13 : Direction of the tidal current (irub) and forces acting on the structure.

Drag in red, weight in black. (Tidal Energy Ltd)
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Therefore the structure would not need a downwiftrdor a velocity of 2 m/s, but to
resist the highest velocity peaks of 9 knots, betw253 and 311 tons of downward lift
force would have to be produced by the hydrofoils.

However this vision of the situation is too simgbecause the loads considered are the
main loads but additional parameters such as weads| or the dependence of the
turbine loads versus the current velocity shouldalien into account. This estimation is
then a rough estimation to get an idea of the rapigéft values expected to be

produced.
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Chapter 3: Literaturereview

3.1 Background

The rise and fall of the sea represents a vastralemtless phenomenon. Since the
Middle Ages, tides are used to provide energy,ughosmall tidal mills on rivers. In

1921, the idea of building a much bigger tidal bge in La Rance in France emerged.
In 1966 the construction was completed and a \adar the plant was able to provide

electricity to the network [5].

Because it changes the flow regime and createspadt on the environment, the idea
of using conventional tidal barrages was then msgjvely replaced by increasing
research in hydrokinetic systems since approximé&e@lyears [11]. This type of small

underwater and offshore systems, using the natudal currents, doesn’t alter

significantly the flow pathway, since “10% of thear energy flux produced by the tide
can be extracted without causing undue modificatmihe flow characteristics” [6].

Being installed offshore and underwater, they sdemhave a lesser visual and
environmental impact than tidal barrages. Tidaastis are mainly driven by the moon,
and so it makes this potential much more predietéitthn wind, solar or wave energy,
which conditions can only be forecasted few dayshaurs ago. Furthermore, these
devices are quite light, and there are many paksties across the world, as listed

recently through preliminary assessments. [14][34]

However, the negative side of this kind of systesn® be exposed to rough offshore
conditions like “corrosive salt water, fouling griwand abrasive suspended particles”
[25] and the access for maintenance is more diffid38] Another point is that

hydrokinetic system projects didn’t get the comriarscale yet, because of the “low

energy density produced, which is still between ane two orders of magnitude of the
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energy produced with a same diameter turbine ida barrage” [7]. Hence, the price

per MW is high to match economical criteria at enozercial scale [9].

All these advantages, and the willing to minimissadvantages are encouraging the
research in hydrokinetic systems, and in this fraseeenty-six devices which can be
used for tidal current and river stream have bested in 2009 both in academia
research projects and in companies [21]. Theycafl be ranged in two types of

technology:
- Tidal current turbines (vertical or horizontaigx
- Tidal stream generators (oscillating hydrofodytex induced vibration)

The last category appeared recently, and they are about the proof-of-concept stage
whereas the first category has already the nongibelgl experience of wind turbines, in
particular theory and methodology for tidal turlireman be widely inspired from wind
turbines. [25]

Hence, the first full scale prototype to be ingtdlin 2003 was a horizontal axis turbine
from Marine Current Turbine Ltd (MCT Ltd), just folved by Hammerfest Strom. In
2008, MCT installed its 1.2 MW SeaGen tidal sysianstangford Narrows, Northern
Ireland and in 2009 it became “the first-ever marirenewable energy project to be
accredited by the UK energy regulator and so weidleive payment for the power it is

generating” [39].
3.2 Typical flow regimes around a circular cylinder

Before reaching this stage, the goal of this ptojsdto model the flow around the
horizontal pipes of the structure, to charactetimeflow regime from laminar flow to
turbulent wake, going through Karman vortex shegdi@7]. The pipes are circular
when hydrofoils are not set on them, and that’s wingwing the behaviour of the flow
around cylinders can be interesting. Furthermdre, flow around a circular cylinder
constitutes the validation case of CFD runs, andwkng the theory is essential to

estimate CFD results.

To describe the flow around a circular cylinder thain parameter is the Reynolds

number (cf 84.2.1). A picture of different flow ieges is shown in Figure 3.1.
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* For a Re<1, the flow is symmetrical and the problisnlaminar. There is no

separation behind the cylinder.

* For 10<Re<40, a steady separation behind the ®ylistarts to appear. The

length of this separation increases with the Redgaumber.

» For 30<Re<50, downstream instabilities are addeitiéosteady separation just

behind the cylinder.

« For 50<Re<150, the Karman vortex street startsetarbated in the wake, and
for 80-90<Re<150-300 a pure periodic vortex shegldénobserved, as a result
of boundary layer vortices being shed alternatelymf either side of the

cylinder.

 For a flow with a Reynolds number between 300 ad2the fow is said to be
subcritical, there is still a laminar separation thie cylinder and turbulent
vertices are observed downstream. The wake starabaeut 80° from the
incoming flow direction. The frequencl of the vortex shedding can be

calculated by using the Strouhal number:

St:0.l9é{ 1—&7j (3.1)
Re
and St= % (3.2)

« Between 2 and 6.£ahe flow is said to be critical, it's the complexgnomenon
of laminar separation, reattachment, and then tenbuseparation which
explains the important decrease of the drag coefficcurve versus the
Reynolds number. The wake starts at about 120° ftieenincoming flow

direction.

« For 6.10<Re<3.16, the supercritical flow is characterized by a widgbulent

wake behind the cylinder and downstream.

« For Re>3.18, the flow is said to be transcritical, the sedarabn the cylinder
Is turbulent, and there is a turbulent wake doveastr, with vortex shedding

again.
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The Reynolds number found in 84.2.1 shows thaffldve expected would be the last

one in our validation case of a circular cylinder.

_—_/P-_-\\.__
# Re <1
=\_L—

Re 10 - 40
| = L raises with Re

‘—C}/_\—/ Re 30 - 50
Downstream instabilities

laminar separation vortex shedding

Re 50 - 150
Von Karman street vortex
shedding

laminar separation turbulent vertices downstream

~J Re =300 - 2.10°
Subcritical flow

laminar separation Reattachment  turbulent separation

Re=2-6.10°

Critical flow

wide turbulent wake

T — Re = 6.10° - 3.10°
—_—— — —— Supercritical flow

turbulent separation  turbulent wake downstream
@ & = Re> 3.10°
-—9 = Transcritical flow

Figure 3.1: Flow regimes around a circular cylnakepending on the Reynolds
number [28]
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A lift force on a circular cylinder can occur inetliollowing circumstances which are

outside the scope of this thesis:
* Asymmetrical cross-section:

Lift and drag forces and torsional moment on slensteuctures with asymmetrical
cross-section (relative to the flow direction) dead to large amplitude galloping and
flutter [4]

« Wake effects:

The velocity field in the wake of one or severalirmjers is non-uniform. Position
dependent lift and drag forces on a cylinder in Weke may lead to wake induced

oscillations.
« Wall effects:

The asymmetrical flow past a cylinder close to # giges rise to a non-zero lift force. A
narrow gap between the cylinder and the wall lgadscreased velocity and reduced

pressure in the gap with a resulting lift forceragtowards the wall.
* Vortex shedding.

The lift force due to vortex shedding oscillatestvihe Strouhal frequency.

3.3 Theory of lift

Once the study of the circular cylinder is done, florizontal pipes with hydrofoils set
on them are studied. To understand how the hydsofdll produce a downward lift to
replace a traditional mooring system, the theorlfiols summarized. The generation of
lift is associated with the circulation, and thisncept needs to be explained. The
circulation concept means that the flow has a carapbof rotation. Indeed when the
flow arrives on the hydrofoil, the shape of the tofdil deviates the flow and creates a
circulation. The circulating flows can be resolvesl a uniform irrotational part and a
circulating part, and it implies the existence ofticity when there is circulation in a
flow [18].

A fluid flow can hence be represented with paladteeamlines added to circulation
around a wing. On the suction side of the wings thiculation is in the same direction

as the undisturbed air flow, and in this area,uhéisturbed air flow and the circulation
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are added one to the other. On the pressure sitleeafing, the circulation is in the
opposite direction of the undisturbed air flow, audthe circulation is subtracted to the
undisturbed air flow.

Normal
Ajir Flow

Adils to Air Spoad

Circulation
Arocund Wing

‘Siibiracts far Al Spisd

Figure 3.2 : Illustration of the circulatitimeory of lift [40]

This difference of the circulation between the srcside and the pressure side of the
wing creates a difference of fluid velocity betwetre two sides of the wing: the

velocity is higher on the suction side than on phessure one. Hence, the difference
between the lower pressure on the suction sideeofving and the higher pressure on

the pressure side, results in an upward lift f¢pA€R.

It's on this idea that Zhukovsky bases the firstcassful aerofoil theory. From a

complex planed = & +inwhere a circle is plotted, a conformal transforo@tmakes
an aerofoil in thez= x+ iy plane. Indeed, in the& plane and using potential flow
theory, a spinning cylinder in a uniform flow cae blescribed by, the stream

function, as a combination of doublet (a source arsihk), a uniform horizontal flow
and a line vertex. In th& plane, the spinning cylinder is mapped to a liftaryofolil.

Then wheng is the velocity potential anfdis the stream function, the potential flow
can be represented in a complex definitiondby @+iy .The conformal transformation
applied by Zhukovsky can be expressed as:

_o+ &
z—Z+Z
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Where C is a parameter, and this transformatiarséd to map the complex potential

flow from the ¢ plane to thez plane, allowing the flow around the circle in tige

plane to represent the flow around the aerofdihenz plane.

Cplane iy| 2z plane

— ),
U

Figure 3.3 : Conformal mapping from a circulatitgaf around a cylinder to an aerofoil

generating lift [18]

Hence, results of the flow around a circle withcelation can be used for the
knowledge of the flow around an aerofoil. Througtisttransformation, the Kutta
condition must be respected: it means that the matgof circulation must be chosen
in order to have the rear stagnation point on tagirtg edge of the wing. So when the
Kutta condition is respected, only one value otwation exists for an aerofoil at an

angle of attack.

3.4 Drag and lift coefficients

Now that the principle of lift is understood, itshown that by fitting a hydrofoil to the
pipe, the down-force is greater than the drag,hsd the structure could stay in its
location by an inverted lift effect. To show thissing drag and lift coefficients are
necessary, and the lift coefficient is first expkd. Theoretical lift coefficient can be
calculated analytically, depending on the roughrdsthe cylinder and the Reynolds

number, as shown by Hoerner [16]. The lift forcae ba calculated as follows:

Fi :%pAC:L U (y) (3.3)

Where pis the density of sea water=102%g n?

MSC BY RESEARCH- SCHOOL OF ENGINEERING- OENA GROUP— CRANFIELD UNIVERSITY 24



A is the characteristic area in>’nwhich means the projected area. In the case of a

cylinder, A is equal to the diameter of the cylindaultiplied by its length.

C, is the lift coefficient.

For the drag around a slice of pipe, it can beuated the same way as the lift force,

using the drag coefficier®, and the velocity(y):

F —%pACDuZ( y) (3.4)

drag —

And so the drag coefficient can be defined as:

F
drag (3 ' 5)

%,ouzA

The shape of the drag coefficient versus the Relmolumber has been explained by
Tritton (1977) [35]. Indeed, as can be seen on reigu4, three different parts in the

Cp =

shape of the curve can be observed.

10°

10! 1 0o 10 10 10t 1w 1000 10

lﬂ_l | 1

Re
Figure 3.4 : Drag coefficient versus Reynolds nunfbea circular cylinder [35]

The first part of the curve is for Re betweer Hhd 16, and for these low Reynolds
number, the drag coefficient approximation is :
1
C, 0— 3.6
o U =e (3.6)
It means that the drag is proportional to the spddw Reynolds numbers and hence

this part of the curve is a straight line.
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The second part of the curve is for Re betweehat®l 3.16, the drag coefficient

doesn’t vary much and the drag is proportionahto¢quare velocity,,, [ u;, so the

drag coefficient is almost constant.

The last part of the curve is for Re greater thaf>3On this part of the curve a drop
happens aRe= 3.10, and the drag decreases while the speed increHsisscan be
explained by the boundary layer which starts tdusbulent, and implies a transitional

phenomenon of separation and reattachment of thiedaoy layer on the cylinder (cf

Figure 3.1). The separation makes a drop of presbehind the cylinder, and the

difference of pressure between the front and tlae of the cylinder creates a drag

which counteracts the viscous drag, hence decigésintotal drag. FoRe> 3.10 the
fully turbulent separation of the boundary layengmtes a bigger wake, the pressure
drag decreases, and the total drag increases agmising the increase of the drag
coefficient. However, because of the proximity bé tstructure under study to the
ground, the drag coefficient corresponding to tlegri®lds number of the flow should
be adjusted according to “Recommended Practiceh flNV [10] and as shown in

paragraph 6.2.3.

Estimating the drag around a circular cylinderngydhe first part of the model, and the
comparison between theoretical and CFD results titotes a validation case. To
decrease the drag and increase the lift, a prafdeally known as hydrofoil or aerofoll
and characterized by a high lift-to-drag ratio dddae used [15]. The lift to drag ratio
Is a dimensionless parameter, which allows compeagiificiency of different foils. It

represents the amount of lift generated by the dided by the drag when fluid flows

past the foil. It is written a4, /D, . In the case being examined, the lift to dragorati

target is not exactly defined, the goal is to getrest negative lift force as possible.

3.5 Hydrofoil shape

Hydrofoils are mainly used in fast boats. Thediated allows the ship to plane, such
that the hull drag is significantly reduced, megniiat the craft velocity can be highly
increased. That is why papers in literature are tijmasriented to simulation of

hydrofoils near the free surface, and no paperbeas found about hydrofoil far from
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the surface. As a downward lift needs to be preduthe generation of high pressure
on the top face and low pressure on the bottom &dcthe hydrofoil results in a

downward lift force [8].

Since to produce lift, a foil should have eitheremymmetrical shape or be inclined to
the flow direction, or both [35], foil design uslyastarts from a NACA profile. NACA
means National Advisory Committee on Aeronauticd ams the organization which
preceded NASA. Parameters of drag and lift coeffitifor several types of NACA
profiles are described by Hoerner [17]. A NACA pieis characterized by four digits,
one describes the maximum camber as percentagbeothord, one describes the
distance from the leading edge of the maximum carfibéens of percent of the chord)

and two digits describe the maximum thickness effthl as percent of the chord [20].

Upper  surface

)
_—— e T o
\.:__Chard line “x JtL
Lower JI’:'s.urfﬂﬁ»&

Figure 3.5 : NACA foil parameters [18]

However, several constraints have to be respeatedhé foil design process.
Geometrical constraints are the two meters dianfeigzontal pipes around which the
foil has to fit. This constraint imposes a huge mmaMn thickness of the foil.

Furthermore, the foil has to be symmetrical to yhaxis, since the tidal flow can be
either in the +x or —x axis direction. This consttas very important, since it imposes
not to use a NACA profile, which can not meet thrgerion. This constraint also
prevents the introduction of an angle of attackMeen the flow and the foil. But the
asymmetrical aspect of NACA airfoils to the x agen be a source of inspiration to
design a downward lifting foil for the DeltaStreatnucture. From this basis, numerical
studies are performed to get more information aleaitlift produced by the designed

shape.
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3.6 Numerical methods

To design a hydrofoil, several numerical methodistexodes based on the Newton-
Raphson method can produce foil geometry from @qgoiteed pressure distribution,
following physical constraints like the presence afstagnation point [19]. The
geometry can then be tested with panel methodsscbdsed on Zhukovsky’s theory of
conformal transformation (cf 83.3). They are lighimerical codes, using doublets,
uniform flow and vortices distribution around thedhofoil surface to model the flow
around it. Lift and drag coefficients can be cadtetl from this method [41]. One of the
most used panel method code is Xfoil, which is g@@nosource code, developed
originally for airfoils. The last tool which can lsed is Computational Fluid Dynamics
(CFD), which resolves the Reynolds Averaged NaSigkes (RANS) equations [36]
and hence, is more accurate than other methodsedhdor the particular case of
hydrofoils, results from CFD and from experimergaah a reasonable agreement, and
the force exerted by the flow on the structure lsarcalculated directly with CFD [23].
For example, hydrofoils used on America’s cup baatsmodelled in CFD [32].

Even if numerical methods are nowadays very trlistabind tunnel experiments or
towing tank experiments are still widely used. Imststudy, numerical studies have
been used as a tool for preliminary studies on d@sign. These results are then
compared with tank testing results. However, thegasof appropriate model laws has
to be undertaken to trust tank testing results. dading laws of similitude technique
are based on the conservation of dimensionlessneaeas such as Froude number (cf
84.2.2) for hydrodynamic testing driven by gravidowever, the conservation of both
Froude and Reynolds law simultaneously is not pbs$80]. Hence, when the Froude
similitude is chosen, the Reynolds number for th&qtype is lower than at the real

scale, and thus drag and lift coefficient can bsestimated.

Being aware of the limitations of CFD results, ftpaars that tank testing does not
always reflect what happens at a biggest scalesarfohal CFD runs are performed to
compare two different foil shapes both at full grdtotype scale in CFD. Small scale

results are then compared with tank testing results
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Chapter 4. Mathematical approach

4.1 Governing equations of fluid dynamics

4.1.1 Mass conservation

A finite control volume V is defined by a surfacentrol S and fixed in space. In this

control volume there is another elemental voludye defined by a elemental surface

controldS. The velocity perpendicular to the surface V6. When the mass

conservation principle is applied to these voluniteneans:

Time rate of

Net mass flow out of decrease of mass
control volume - inside control
through surface S volume

Which can be written as:
B=C 4.1)

The net mass flow rate out of control volume thiowgyurface S, named B in the

previous equation can be expressed as :

B={ppv.ds (4.2)
S

And in the elemental voluméV the mass isodV and when integrated on the whole

volume, the total mass is :

g[j:ﬁ odV (4.3)

\Y

In volume V, the time rate of decrease of masseddl in Equation (4.1), is then:
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)
= _Eﬂ:ﬁ pdV (4.4)

Then from Equation 4.1, it becomes:

ggsp\?.as: —%cﬁﬁﬁp dv (4.5)
S \Y

Or,

%@;@ pav +p oV ds=0 (4.6)
v S

Equation 4.6 is the integral form of the continugtyuation. It can be transformed if the

divergence theorem is applied :

{p(ov).ds=fp0.(oV) dv 4.7)

So by replacing Equation 4.7 in Equation 4.6, aedaise the control volume is fixed
In space, integration limits are constant and #wvedtive sign can be moved under the
integral in Equation 4.6:

op A A7 —
gff_)ﬁadv +<jg>m.(pV) dv=0 (4.8)

\

Or

ﬁﬁ[a—pdv + D.(p?/’)} dv=0 (4.9)
VLot
Because the volume control is chosen arbitrarilyspace, the only way to have
Equation 4.9 equal to zero is the integrand shbel@qual to zero in each point of the

volume control, it means:

%—’tOdV+D.(,0\7):O (4.10)

Equation 4.10 is the continuity equation in the ssmation form. After applying a
model of volume control and surface control, théegnal form (Equation 4.6) is
obtained directly. After few mathematical manipidas, the differential Equation 4.10
IS obtained.
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4.1.2 The momentum equation

In this section, the fundamental Newton’s secomditaapplied to a flow. The physical

principle of Newton’s second law beirfg = ma

If the x component of Newton'’s second law is coasad, it is written:

F, =ma,

(4.11)

Where F,is the scalar x-component of the force amdof the acceleration. Forces can

be either:

- Body forces: they are acting on the mass of thaimel control, it can be for

example gravity. They can be written as:
{Bodyforceb=p f( dxdyd:

(4.12)

- Surface forces: they are acting on the surfacercbahnd can only be: the pressure

distribution around the volume and the shear ananab stress created by the

surrounding fluid.

Velacity 1 ! a
components ' .I' a
b
df : " ir ﬂjl' p .Hd‘) Ij}" dz
e HE f % )y o
£ dydz (E:* f) L
Tadydz =4—— : ux. < '
T —_— J_ ______ :\_ ______

=
~
,
Y
LY
L=
[
[

Fy

Figure 4.1 : Surface forces acting on a fluid eletile x direction [1]

Hence, surface forces acting in the x directionsaremarized:

op or
Surfacef = — dx| dyd: + d
{ Surfaceforcp { p( P H y zﬂrXx o }xrw} y
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z

aTyX az-zx
+ Tnydey -7, |dxdz+ TZX+6_ dZ-r,,| dxd (4.13)

So in the x-directionF, is the sum of equations 4.12 and 4.13:

F - _@_'_arxx_'_aryx_'_arzx
g ox O0x 9y 0z

jdxdydz+ p § dxdyd (4.14)

When the right part of Equation 4.11 is considetké,mass can be calculated as:
m = pdxdyd: (4.15)

And the acceleration is:
Du

= 4.16
& =15 (4.16)

So from equations 4.14, 4.15 and 4.16, it becomes :

p%:-a_p+arxx+aryx+ar”+,0f (4.17)
Dt odx o0x 9y 0z " '

This is the component in the x direction for themmemtum equations in viscous flows.

So y and z components can be written as:

Dv_ op 07, 01, 0T,
— ="+ + + + of 4.18
p Dt dy o0x o0y 0z Ply (4.18)

Dw_ op, or, 07, or
—=-tH—2E 2y pf 4.19
'ODt 0z 9x 09y 0z Pl (4.19)

Equations 4.17, 4.18 and 4.19 are differential #gos of the momentum equations,
obtained directly from Newton’s second law. Thegeations have been discovered by
M. Navier and G.Stokes in the beginning of ninetearentury and they now have the

name of Navier-Stokes equations. They can alsorlttevas a conservation form:

Du Ju -~
—=p—+oV.Ou 4.20
'ODt 'Oat 1Y ( )
And
d(pu) _ au  adp
= p—+u-t 4.21
ot 'Oat ot ( )
And
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D.(pu\7) = UJ.(pV)+(pV) Ou (4.22)

So

Du _9d(pu) _ ,9p
Dt ot at

E:—a(pu) —u|:a_’0—|:|
Dt ot ot

-ud.(pV)+0 pw) (4.23)
(09) w0 @.24)

And according to the continuity equation, the egpren in brackets is equal to zero.

And the Navier-Stokes equations can be written as:

a(pU) /) — ap az-xx aTyX asz
e +D.(puV)——&+ P T +pf (4.25)
o(ov) _\_ op Or, 0r, Or
—— 747 -+ Wy Hypf _

ot ('OVV) dy O0x 0y 0z Pl (4.26)
2 (ow) G\ _op o7, 071, o

+0.( oW | =-—— E+—2Z+pf :
ot ( ) 62 6x oy 0z PL (4.27)

The components of shear and normal stress canitiennats follows:

I, —/lDV+2,u% (4.28)
ov
I, —)lDV+2,u— (4.29)
oy
ow
I, —/]DV+2,ua— (4.30)
ov odu
r.=T7.,.= 4.31
W =Ty ”[ax 3 (4.31)
ou oOw
T =T = 4.32
@ oo ”(az ax ( )
ow ov
T, =7, =Ul —+— 4.33
yz zy 'u(ay az ( )

With pthe molecular viscosity coefficient andithe bulk viscosity coefficient, with

A= —é,u often used.

In a vectorial form, Navier-Stokes equations cao &le written as:
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0(;\7)

+D.(p\7D\7) =-Op+0r+pf (4.34)

Wherep is the pressure is the stress tensor ar?drepresents body forces.

The terms of these equations represents the irdueh local acceleration, advection,
pressure gradient and viscous effect, and bodye$ostich as gravity, which influence

the trajectory of water particles.

4.1.3 The energy equation

The energy equation is based of the physical piet¢hat energy is conserved.

This equation comes from the first law of thermaalyscs:

Time rate of change of energy = Net rate of heded{ZQJ+ Net rate of work done

Which leads to:

a(a/t?e) +0f(pe+ V] =0(2)+p FV-0. 0k 4 (4.35)

—

With e the total energy per mass urﬁnhe rate of heat lost by thermal conductiors

the lost of heat by radiation by unit of volume.

Physically, this equation defines the rate of terapge change of a fluid element

because of the local acceleration derivative apchttvection derivative.

4.1.4 Turbulence equation

All flows are totally described by the continuit;jomentum, and energy equations

described above, and they can be resolved andlytinasome simple cases. However,

MSC BY RESEARCH- SCHOOL OF ENGINEERING- OENA GROUP— CRANFIELD UNIVERSITY 34



industrial or practical flows have to be resolvadnerically by CFD methods. Small
disturbances can appear because of the fluid mationnduced by the surface
roughness, where they will be amplified in the cli@ of the flow. That is what

happens for a circular cylinder at high Reynoldmbars, when inertia forces are much
more important than viscous effects. Small distodes are then amplified and the
turbulence starts to occur, which means that ranflootuations are existing in the

fluid. One of the parameters fluctuating can beuelecity, which can be represented

versus time as a mean velociﬁ/, and from there, turbulent fluctuations'are

oscillating around this mean value. Hence, thiegple of formulating variables as the
sum of the mean value and turbulent fluctuations loa applied to the equation of
continuity and to the conservative form of momentand energy equation [36]. For
example, the momentum equation can be written @suim of time averaged equation
and additional terms known as Reynolds stressesrau® of fluctuating components.

This can be seen on Equation 4.36, written foxtbemponent.

U —0U —oU _ dp. d( oUu) o ou) _au? 9a(u'v)
it pU N — = | || g— |- - 4.36
pat P 0x P oy 0X ax{ OXJ ay(”ayJ p 0 X p oy ( )

The time averaged equation is the same as thenaligiomentum equation but with
time averaged velocities. To take account of tueboé effects, the two additional terms
on the right of the equation, called Reynolds seesare modelled. They are treated as

additional viscous stresses, and hence Equatidhcal be written as:

U —oU —oU_ dp 0 U o U
gl oy —=-4 = + — |+—= + _— 4.37
i T v oy  0x ax[(” ”T)axj ai(” ”T)ayj (4:37)

The instantaneous components are replaced by the nedocity components and an
additional turbulent viscosity is added to the wisty, due to the turbulence of the flow.
To complete the turbulence modelling, the turbublgstosity can be found from the

other flow variables [33].

That is why two differential transport equations aadded to the system. These
equations are similar to the momentum equations @egtribe the distribution of
turbulent kinetic energl and the distribution of the dissipation ratekafalled £ . K is

defined as:
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k :%(u'2+ v?) (4.38)

These equations means that the rate of change hen@dvection transport of the
turbulent kinetic energk or the rate of dissipation of turbulent energyequals the
diffusion transport combined with the rate of protien and destruction dfor &£ .

ok, 9(uk) o(vk) (WK _afu ok aﬁ%}ggﬁgjw_%

ot ox oy 0z ax_akax_ a_y_akay 0zo0,0

(4.39)

o a(us) 0(v5)+0(v\£) 0|V, 0 a'v_Ta_.s} LV de

==\t &CElP ng Dest
at ox oy 0z 0X o, 0x] 0yo,0y .9

&

(4.40)

where the production term
2 2 2 2
P=2v, (auj ov +(0—Wj +V; ﬂhﬂ’ +0—V+M +(0—W+a—j (4.41)
ox ay 0z oy 0X 0z 0y, Jdx 0

And the destruction ter._, = £
0,=1.0,0,=13,C,=144andC_,=1.92

These adjustable constants have been are issueathyfitting for a wide range of
turbulent flows [22].

When k ande are found by solving the differential transporuatijons, the turbulent

viscosity is calculated by Equation 4.42, witha constant which can be determined by
carrying out experiments for simple turbulent flows

k2
U= pcﬂ? (4.42)

This model is calledk—& model and is chosen because its performance hes be
assessed against a number of practical flows, apdcally because it predicts well

shear layers and boundary layers.
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4.2 |mportant dimensionless parameters

4.2.1 Reynolds number

The Reynolds number is a number used in fluid maickao describe the flow regime.
This is one of the first parameters to calculateaifiuid-structure interaction study,
because it is then used to calculate other parasnetdo know if other parameters can
be used. The Reynolds number is calculated asafsilo

up
v

Re= (4.43)

With U : velocity of the flow (ns*)
D : characteristic lengthni)
v : kinematic viscosity(m?.s™)

In cases met in this study, Reynolds numbers awedes the order of £Gand 16

4.2.2 Froude number

In a flow, the Froude number characterized thetiv"damportance of velocity forces
compare to gravity forces. This number is usedaer surface phenomenon, particularly

in naval architecture studies.

Fr=—— (4.44)

4.3 Discretization and solution theory

4.3.1 General principles

A review of general principles of how the CFD codlesys CFX works is performed
here. Indeed, from the Navier-Stokes equations mpavg the flow to CFD results, the

step of equations resolution has to be highlighted.

Governing equations of fluid dynamics can have ralydical solution only for a very

simple flow in ideal conditions. Then, a numeriegproach must be adopted to find

MSC BY RESEARCH- SCHOOL OF ENGINEERING- OENA GROUP— CRANFIELD UNIVERSITY 37



solutions for real flows. Hence, equations are réiszed in order to be solved by a

numerical method.

The domain where the flow needs to be resolveglisiato a large number of control
volumes through a mesh. Each quantity is conserveach control volume where the
equations are integrated on the volume [2]. Tm#divolume method has been first
introduced in two dimensions by McDonald in 1976][and MacCormack and Paulay
in 1972 [24]. It then extended in three dimensibpRizzi and Inouye in 1973 [31].

If a mesh of a unit depth is considered, it canrdi@esented in two dimensions as

follows:

Element Face Center

Element

Finite Volume surface

Figure 4.2 : Control volume surface (Ansys-CFX tiysguide)

In the centre of each element of the mesh, the eslerface center defines a point.
When there are several elements, points in theeaiftthe elements define a set of
surfaces which defines the control volume. Conimlmes are surrounding a node,

where fluid properties and the solution of varigkdee stored.

Governing equations are then discretely approxidjab@ a base of series expansion
approximations of continuous functions, such asTiaglor series. This approximation
has an order-accuracy, which can be estimated éyfattor of the timestep in the

largest term truncated or the mesh spacing expomdost of the time, the order-
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accuracy is the order of the first term truncateanf the approximation. Increasing the
order of accuracy by using more terms in the appration is not always a good idea,
since it increases computational needs, and itiroghy a less robust behavior of the
code, which means that numerical instabilities davelop.

Differential equations are then integrated ovecoatrol volume and solutions are
stored at the mesh nodes. The operation is repeatédhe convergence criteria or the

maximum of iterations is reached, as can be sedtgure 4.3.

| Initialize Solution Fields and Advance in Time / False Time |

. Solve Mesh Displacement |

| Solve Wallscale -

- Solve Hydrodinamic System |

| Solve Volume Fractions |

L]

| Solve Additional Variables |

y

| Solve Radiation |

Advancein
False Time

Iteration within
the Timestep

| Solve Energy |

Advancein
Tima

| Solve Turbulence |

| Solve Mass Fractions |

_Nl}

| solve Full Coupled Particles |

Maximum No v No Convergence

Time Reached? - Transient? — Criteria/Max

Iteration Satisfiad
Yes
Y. Coefficient Loop
es Criteria Satisfied qJ

Yes + Yes

| Solve One Way Coupled Particles

Figure 4.3 : Process used to reach solution offlhe in Ansys CFX (Ansys-CFX

theory guide)
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4.3.2 Convergence

It is considered that the flow solution can betbte only if the run is converged, but

what does convergence mean?

Stability and consistency are two necessary andicmudt criteria to obtain
convergence. The stability is verified if errore aot propagated and amplified through
the numerical solution process, this condition dsdhe code to diverge. Consistency is
when the truncation error approaches zero whertithe step or the mesh spacing
approaches zero [36].

A numerical method is said to be converged if tlgelaraic equations system has a
solution approaching the true solution of the pardifferential equations. In other

words, the computed solution from discretized equnat should approach the exact
initials partial differential equations. For itekeg solving, (used in CFD runs), the

errors of the discretized equations are calleddugds and are monitored on each time
step. To say that the numerical process is condetyese residuals must be below the
residual convergence criteria set for the run, achenode, and adding more iterations
to the run must not change the solution. In ordegdt a satisfactory convergence, the

residuals are supposed to decrease as the nunmocaks goes on.

4.3.3 Accuracy

If the mesh is refined enough, the accuracy ofgletion, is the same as the order-
accuracy of the equations approximations, this means the order of the first
truncated term in the Taylor series approximatibmincrease accuracy, a higher order
approximation can be used in accordance with a meiieed mesh. However, an
accurate configuration can be insufficient for arencomplicated case. Hence, the best
way to get an accuracy solution is to perform a gndependency study, to determine

the better mesh configuration, keeping in mind cotagonal efficiency of resources.
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Chapter 5: CFD modelling

5.1 Introduction

The software package used in this study to perfGFD calculations on the hydrofoils
is ANSYS-CFX V11. CFX is based on a Reynolds Aveth{Navier Stokes (RANS)
finite-volume solver. The mains characteristicstlnis simulation are unsteady, one

phase flow, and use of a velocity profile and barmgdayer meshing.

The main characteristics of the calculations pentet for each stage of the process are
presented in this section. Geometry and meshingiderations are shown first, then
parameters for pre-processing stage, solver fegtemvergence and post-processing

point of interests.

5.2 Geometry and meshing

5.2.1 Choice of Geometry

The first task is to define the size of the domdepending on the size of the structure
in this domain. If the domain is too small, thewles not established when it leaves the
domain. If it is too large, it has more nodes andryer calculation time for results
with no added benefits. Several first tests weréopmed to get the optimum size of the
domain depending on the number of nodes and tiiselt was decided to use a 40 m
length, 35 m depth and 0.04 m width domain, whika iquasi-2D model to perform
studies on foil shape design. When running the delta shape, the domain is much
larger, of 130m length by 35 m depth and 75 m width

The axis basis is situated in the centre of thie Tdie positive y-axis is oriented in the

surface direction. Hence, when a lift result isipes, it means the lift is generated
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upward, in the surface direction, whereas wherlithis negative, it is generated in the

direction of the sea floor, which is what is expeekt

5.2.2 Choice of Mesh

Being interested in drag and lift force, viscouteets around the structure have to be
perfectly described. The choice of using a boundiygr mesh around the structure is
made. From there, a size function is applied, sditite mesh near the structure can rise
slowly to a coarser shape elsewhere. The meshuiststed using a Cooper scheme. A
mesh sensitivity study is performed to get thedsetbmpromise between number of

nodes, calculation time and quality of results§&.3.1.2).

5.2.3 The Boundary Layer description

To represent correctly viscous effects near thie theé numerical simulation has to take
into account viscous effects at the wall and tmlkes the rapid variations of flow
variables that occur in the boundary layer regiims near wall region can be divided
in two regions: the closest one from the wall iBechthe viscous sub layer, where the
flow is almost laminar and the dominant role in nemtum and heat transfer is played
by molecular viscosity. Further away from the walitbulence dominates the mixing
process in the logarithmic layer. Between those it@&gions, a transition region called
buffer layer is a place of equal importance focwiss and turbulence effects.

With a k—¢& turbulence model used in this study, the flow mdelled in the boundary
layer by a function called “wall function” and imggeted in the code. This function is
based on the idea that a logarithmic profile apinates well the velocity distribution
near the wall, and then, at a given distance froenvtall, a log law provide a mean to
compute the fluid shear stress as a function ofvéiecity. The wall function method
does not actually resolve the boundary layer bes wsmpirical formulas that impose

suitable conditions near to the wall.

For accurate boundary layer computations, minireglirements have to be satisfied
when describing the boundary layer mesh, such esligtance of the first node from
the wall, the spacing between nodes and the nuwibeodes in the boundary layer.
They+ parameter is based on the distance from the wdhé first node and the wall

shear stress, and is defined as follows:
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Py y

y+= (5.1)
U
Where the friction velocity, can be written:
1
2
u = (ﬁj (5.2)
o
And the average wall shear stregs
2 Cf
Ty= w A (53)
2
And the friction coefficientC, :
C; _0.0296
= : (5.4)
Re®
So
[ = U 0.02196 (5.5)
Reb
And
0.0296
u =U T (5.6)
Re®
And finally
__ MYyt
y=——— (5.7)
0.0296
A 1
Re®

For the structure considered,ya =11is chosen. This value is based on experience of

engineers in CFD. More generally, a y+ chosen betwg and 50 allows a small
enough distance between the wall and the first nogeoduce accurate results. Hence,
a value in the order of 10 produces very good tesat the description of the boundary

layer.

Andy=1,5.10°kg nt s* for water at 5°C

0 =100kg ni®
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U =3m.s* velocity near the foil .
Re is the Reynolds number and it varies for casasidered in the study.

Once the distance of the first node from the waltalculated, a growth ratio factor
between 1.2 and 1.4 is set with a number of nodepproximately 10, to reach the

boundary layer thickness calculated as follows:

Another parameter called boundary layer thickngstefined as follows:

_ Dx0.385

5 (5.8)

1
Re®

5.3 Pre-processing stage

5.3.1 Boundary conditions

Boundary conditions were applied on the seven sasfaf the domain. As can be seen
on Figure 5.1, INLET, OUTLET, BOTTOM, TOP, SIDES®&RIPE are the name of

the surfaces to set the boundary conditions.

* At the INLET, the condition of velocity inlet is seand then a file with the

characteristics of the velocity profile describé@%a.3.2 is set as input.

e At the OUTLET, the condition of OUTFLOW is set widn average static

pressure of 300000 Pa or a mass flow rate.

« On the BOTTOM and PIPE, a condition of no slip sthowall is set. This
means that the roughness is small on these boesdand it is the same for the

bottom and on the structure.

* On the TOP, a condition of free slip wall is sehieh means that the free
surface can be represented as a wall boundary temmddut without any
roughness. A free surface boundary condition isusetd to simplify the case,
and because this boundary condition wouldn’t braudgitional information
since the underwater structure is deep enough amanterfere on the free

surface.
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* At SIDES, a condition of symmetry is appli This condition allows using
very small thickness for the domain, and havinguas-2D doman instead of

representing the 36 m length of the p

INLET SYMMETRY OUTLET

oy SOTTOM

[ BN —— s
2,500 7.500

Figure5.1 : Boundary conditions

5.3.2 A special boundary condition : the velocity inlet

To replicate tidal flows, a velocity profile has beemreate: at the inle. Indeed, in the
sea, the velocity at theea floo is equal to zero, because of viscous effecr the sea
floor, and is maximaht the sea surface. Between sea floorand the suace, the
velocity has a profilevhich can be defined by a numerical expressThe velocity
profile used is a turbulent profile, commonly uselden designing a tidal turbine. T
velocity profile is calculated in each vertical pbas follows

_u (YY)
u=U,_ (Fj (5.9)

h : Depth of the sea
y : Vertical position of the point where the vekyas being calculate

U, : Maximum velocity at sea surfe
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For a maximum velocity at sea surfacedodbms™, and a depth 085 m this is the

velocity profile:

Vi dy profle Faorlfinfsd Smk
L}

oW

Distance from the seafloor (mj)

2 25 i 14 £ a3

Valoeity u (m/s)

Figure 5.2 : Velocity profile for a depth of 35 mdaa maximum velocity of 4. s

The Matlab script written to compute this velocpyofile and the output velocity

profile file are shown in Appendix 2.

5.3.3 Simulation type

For all simulations, the steady case was run fiBstt because of alternately vortex
shedding in the wake of the cylinder, a pictur¢hef flow taken at a timewon’t be the
same as a picture taken at a later time. Thisectaracteristic of unsteady flows and
so the simulations are then run in unsteady moderuh an unsteady case, a file,
describing the initial conditions issued from teasly run results, needs to be loaded.

For the unsteady run, the total simulation time #redtimestep need to be set up. To
calculate the timestep, the following rule is folied:

U:Ad

~ (5.10)
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With U the velocity near the pipedd the finest mesh size near the pipe aktdhe
timestep. Another important parameter is the nunebeuter loop iterations performed
during one timestep. As shown on Figure 4.3 in 84.8uter loop iterations are
iterations performed during one timestep and aigeafft number of outer loop
iterations allows a better convergence of unsteadsy.

5.4 Solver stage

The high resolution advection scheme is used lEeause of the high velocities and
high gradient velocities considered. The seconcrolzhckward Euler is applied for
transient scheme. Theskturbulence model was chosen for the computatieng &

robust, handles rotational flow and changes inulartt length scale well, and is an

industry standard, allowing for fair comparisongtevious computations.

A number of between 10 and 500 maximum coefficleops is set in convergence
control, depending on the case considered andilitydo converge quickly or not, and
a residual target of 1.10is requested as the convergence criteria. Thés fasctor of

hundred lower than the default setting, as it It tfeat the flow pattern is of greater

importance for unsteady flows.

As only residuals are plotted in Ansys-CFX Solarchecking of the drag and lift
force evolution needs to be performed from a marifite in the pos-processing stage:
when drag and lift forces reach regular oscillagionith a constant mean, the run can

be considered as converged.

5.5 Post-processing stage

A first view of results can be obtained with thespprocessor included in Ansys CFX:
velocity, streamlines or vectors can be plottecqtane to have a visual representation
of the flow around the structure. But for accuregseults, to have data of the forces
(such as drag and lift force) exerted on the stingcat each timestep, a monitor options
file is written. Indeed, much information are waitt is this file, like the force and

moment exerted in all direction and on all boundeoyditions. So to get the main
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interesting information, which is the drag and &ft the structure, the file needs to be
post-processed, to get the full drag, the dradnénxt and y direction need to be added,
and the same operation is performed for the liftisToperation is carried out with the
help of a Matlab script, and drag and lift evolaticharts are also plotted (cf Appendix
3). For unsteady runs, drag and lift evolution thatlows monitoring the convergence
of drag and lift coefficients, and help to decifi¢hie numerical process is converged.
Indeed, drag and lift coefficient residuals, whiate plotted with Fluent, are not in
CFX, and hence, this technique is required to chimskeady runs convergence.
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Chapter 6: Validation calculations

6.1 Introduction

Because the case of the circular cylinder has leersubject of a large number of
studies, from the theoretical point of view to nuite ways, in CFD or in panel
method, it makes a good validation case to starsthdies. The presentation of the case
is first performed, with geometry and mesh paramet€hen, parameters used in the
set-up of the case are described, and to finightseare shown in a last section. For the
particular case of the cylinder, lift and drag feswith two different boundary layer
meshes are shown and compared to theoretical sesiudin a sensitivity study on the
number of nodes in the mesh is performed, thenrtthgence of the velocity on the
quantity of lift force generated is presented, andsual description of the flow from

CFD results is made and compared to descriptiamsdfan literature.

6.2 Geometry and set up

The considered geometry is quasi-2D, it uses a Bxmeater cylinder, the centre of
which is situated 2.5 m from the sea floor. The donused is 35m depth by 40 m long
and since it is symmetrical along the height of ¢lgender, only a 4 cm wide slice is
modelled, to reduce the number of nodes. A bouni@ger is set up (cf § 6.2.2) and the
mesh is growing up gradually from this boundaryelalyp a coarser mesh through a size

function.

1 at the sea surface at inlet, and an

The case ran with a velocity profile of 4 s
average pressure of 300 000 Pa at the outletn linst steady and then unsteady, with a

k-g turbulence model. The others important parameter€alculated here.
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6.2.1 Reynolds number

For the studied structure, the cylinder centratisated at 2.5m from the sea floor. At

this depth, the velocity i8=3.09 ms* according to the velocity profile lavD, the

characteristic length is the diameter of the pipd & 2 m. And v the kinematic

viscosity is1,520.10°m? s'if the water is at 5°C .

So at 5°C,Re= 4,06.10 and the flow around the pipe is turbulent.

6.2.2 Boundary layer

Knowing the Reynolds number for the flow aroundyincler case, the parameters used

to build the boundary layer mesh from 8§ 5.2.3 carddculated:
y =1,5.10"m is the distance of the first node from the wall.
0 =3,7.10°m is the boundary layer thickness for the structanesidered.

To reach this boundary layer thickness from thst firode, 14 rows in the boundary

layer mesh are used, with a growth ratio of 1.4.

6.2.3 Drag coefficient for a cylinder near a wall

For a circular cylinder, the drag coefficient idctdated according to the following

chart;
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Figure 6.1 : Drag coefficient for various roughnega circular cylinder for steady

flow in critical flow regime [10].

The drag coefficient in infinite domain for the Reyds number ofl0° is about 0.33.

This coefficient is multiplied by a correction factfor a cylinder close to a fixed
boundary (cf Figure 6.2).

a0 0.2 a4 0.6 0.8 10
HI/D

Figure 6.2 : Influence of a fixed boundary on thagdcoefficient of a circular cylinder
[10].

For the structure considered here, this coeffidizen{ci =1.08
doo
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So the drag coefficient for the circular cylindemsidered near a fixed boundary is
C,=1.08xC,, =1.0& 0.33 0.35€

From this theoretical drag coefficient, the theicadtdrag force can be calculated,
rag

according to 83.4F, —%pACDuz( y). To estimate the velocity, which depends on

the depth, a constant value is taken as a firgtoappation.u = 3.09m.s*, which is the
velocity at 2.5 m above the sea floor. A is therabteristic area and is equal Bbx L ,
with D=2m and L the length of the pipe (4 cm in CFD runs).

So the theoretical drag force is calculatedgs=139.5\ for the slice of 4 cm. And

for a pipe of 25 m length the theoretical drag éoicthen 87 200.

6.3 Reaults

6.3.1 Mesh sizeinfluence

6.3.1.1 Boundary layer mesh

Two different boundary layer meshes are tested terghow the importance of an
appropriate boundary layer grid to describe viscefiscts around the structure. As
described in 85.2.3, the quality of the boundaygtalepends on ther parameter. The
first boundary layer tested hag-a of 700 and the second one of 11.

Y+ =700 Y+=11

Figure 6.3 : Influence of y+ parameiarboundary layer mesh quality
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For a 25 m length pipe, the comparison betweertvtbemeshes and theoretical results

are shown in the following table:

Theoretical y+=11 y+ =700
Lift 0 -7 000 N -4 800 N
Drag 87 200 N 86 000 N 91 000 N

Table 6.1 : Drag and lift around a 25 m cylindartivo different boundary layers

These results show that the boundary layer buth wi+ equal to 11 produces a drag
force which can be compared to the theoreticallt®sthe lift force can not really be
compared because of the shear flow induced by eleciy profile and the proximity

from the ground which can influence the lift force.

These results confirm the fact that viscous effents better described with a thin

boundary layer, in this case witlya equal to 11.

6.3.1.2 Number of nodes, sensitivity study

A sensitivity study is performed to find out thesbenesh size to use for simulations.
Three different mesh sizes are tested, from 25 008es to 200 000. The drag
coefficient is then computed for each simulatiod anchart is plotted (cf Figure 6.4).
The drag coefficient calculated theoretically in.288 is also plotted, to identify the
point where the two lines meet each other, andiolit@ best number of nodes for the

simulations.
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Mesh size sensitivity study
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Figure 6.4 : Mesh sensitivity study

It appears that the best number of nodes to matebudt close from the theoretical one
would be 200 000. Further simulations are thenqoeréd with a boundary layer
described by a y+ of 11 and about 200 000 nodes.

6.3.2 Velocity influence

The influence of velocity on drag and lift forcesisown for the flow around the circular
cylinder. As the lift and drag force are dependzfrihe square velocity (cf §3.4), they
both are more important for a greater velocity thama slower one, as can be seen on

the following table:

2m/s 45m/s
Lift -900 N -7 000 N
Drag 19 000 N 86 000 N

Table 6.2: Drag and lift force for two velocitieand the 25 m length cylinder
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6.3.3 Comparison with theory

As can be seen drigure6.5, the turbulent wake can be compared to the onerobd
in the last case of &2z The wake is qui small and vortices are shed behind
cylinder. The wake does start at 120° from the mmicg flow direction, as mentioned
83.2.

INNSH

0.000e+00

m sh-1]

7.000 (m)

Figure 6.5 Vortex shedding and wake at 120° for a Re of°

The drag and lift coefficients are calculated fr@#D results and are presented in

following table:

2m/s 45m/s
Lift coefficient -0.0088 -0.0286
Drag coefficient 0.1854 0.3515

Table 6.3 Drag and lift coefficient for two velocities anotdithe cylindel

The drag coefficient obtained for a velocity of 4n%s is 0.3515 and is comparable
the drag coefficiendf 0.3564obtained from theory (86.2.3).
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6.4 Conclusion

The visual comparison between CFD results and yhieorthe flow around a cylinder

shows a first point of agreement. This result isfconed by more accurate results, with
a boundary layer efficiently described, and a nundfe€200 000 nodes in the domain,
the drag coefficient issued from CFD runs for fllogv around a cylinder also matches
the theory presented in 86.2.3. Hence, paramesa&d i this chapter to perform CFD
calculations proved to produce accurate resultschviaire comparable to the theory.
These parameters are used again to mesh and rurc@¢dations of the flow around a

hydrofoil, since both flows are in the same coahs.
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Chapter 7: Design of a foill generating

negative lift

7.1 Preliminary studies of the hydrofoil

7.1.1 Introduction

After validating the case of a cylinder, the fisthge of foil design can start. These
preliminary studies are conducted to get some mé&bion about how parameters such
as symmetry of the foil, distortion (or camber}lod foil, chord or distance from the sea

floor are influencing the drag and lift force.

7.1.2 Geometry and set up

The size of the domain is the same as for the dgfinwith 40x35x0.04m. A boundary
layer mesh with a y+ of 11 and a wall function ased to describe viscous effects on
the foil, and a size function allows to the meskytow up from the foil to the domain
boundaries. A typical mesh of 260 000 nodes useth&se studies is shown in Figure
7.1.
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3.000  {m}

Figure 7.1 : Typical mesh used for preliminary sggdn the hydrofoll

The inlet is a velocity profile with a maximum of54m/s and the outlet is an average
static pressure of 300 000 Pa.

7.1.3 Comparison between ideal symmetrical and asymmetrical wing

To start the shape optimization, a comparison sthdiween a symmetrical and
asymmetrical foil with a longer chord is performdthe symmetrical one is named A,
and the asymmetrical one called B. These foilsnaade with ideal plates around the
cylinder, it means that the plates do not havethitkness, as in an ideal case. Note the
hydrofoil has to be designed so it fits around 2ne diameter horizontal pipe of the
structure and also such that three hydrofoils caraécommodated on the structure.

This can be achieved if the foil does not exceedhdBngth for a chord of 6 m.
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Figure 7.2 Velocity field around the foi(A) : symmetrical foil; (B) asymmetricafoil

Since all cases are run unsteady, residuals in @d&Xot show if the convergence

reach for drag and lift. To verify the convergemdehe run, a plot of drag evolutic

versus time is performed. A first rt of the curves show a decrease of values ve

time, and on a second part, values are oscillaiogind a stable mean value wh

means drag and lift are converged. This mean vialube one considered in rest

presented. For cases A and B, thes of lift force time series (cf Figure 7.3) show

that the asymmetrical foil genere more downward lift force than the symitrical

one.

Lift on the slice of pipe (N)
$ 3

. Lift, velocity = 4.5 mis
Lift, velocity = 4.5 mis i
T T

Lift
Mean Lift = -357.189 N
N

Lift AV
A,
Mean Lift = -39.8465 N 500

400 \
300 N\
200 A\

100 -

Lift on the slice of pipe (N)

Time (s) Time (5)

A B
Figure 73 : Lift force on a 4 cnslice of foils A and |
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When the drag force time series is plotted (cf Fegu.4) it appears that the

asymmetrical foil B has a larger drag force tham siymmetrical foil A. This result

seems logical, because the symmetrical foil A hiasteer hydrodynamic shape than foll

Drag on the slice of pipe (N)

Drag, velocity = 4.5 mis
T T T

28
Drag
Mean Drag - 215177 N
4 Error drag oscillation / mean drag= 1.18855 %
26 ‘
224
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\ A
\
28 | A /\/\f‘/’ “\[M
W W
\f/\ A N
216 A W Ay
WA\ e Py
s P
e ‘ R
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Drag on the slice of pipe (N)

Drag, velocity = 4.5 mis
T T T

Drag
Mean Drag = 35.3978 N
Error drag oscillation / mean drag= 2.15155 %

Figure 7.4 : Drag force on the 4 cm slice of foibAd B

When the drag and lift force are multiplied to galues on the 25 m length foil, results

obtained are shown in the following table:

Drag and lift coefficient are shown in Table 7.2.

A B
Lift -25 000 N -223 200 N
Drag 13 000 N 22 000 N

Table 7.1 : Drag and lift for the 25 m length faiand B

A B
Lift coefficient -0.0339 -0.3041
Drag coefficient 0.0183 0.0301

Table 7.2: Drag and lift coefficient for foils A dB
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The following charts are generated by plotting rtbe pressure distribution on a line

around the foil versus the x-coordinate dividedhmsy chord:

Pressure coefficient on the foil
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Figure 7.5 : Pressure one a line around foils ABnd
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These charts show that for a symmetrical profilg, fAe pressure distribution is also
symmetrical on both faces of the foil, whereas difeerence of pressure on the two
faces of asymmetrical profile B is more explicilasepends on the position on the foil.
Indeed, for profile A there is almost no differermtween the upper and lower face of
the foil and the lift force is almost equal to zefwound extremities of profile B, which
means for x/c < 0.3 and x/c > 0.7, the pressurdficmat on the lower face is greater
than for the upper face, and this can be seen apward lift on these parts of the foil.
For the centre of the foil, which means for x/c B @nd x/c < 0.7, the pressure
coefficient is greater on the upper face than anltdwer and this can be seen as a
downward lift on this part of the foil. The tot#t lobserved on the foil can be related to
the difference of areas defined by the curve: thetral area is greater than extreme
areas and hence, the downward lift is greater thanupward lift, so the total lift is

downward for profile B.

7.1.4 Comparison between real asymmetrical wings.

According to the idea that the lift force is greater asymmetrical foils, when the
distance along the bottom part is bigger than tistadce on the top to induce an
anticlockwise circulation and produce a downwaft two asymmetrical profiles are
now tested. The plates used to create the proéilee mow a thickness of 10 cm, to
replicate the actual dimension of the foil when ofantured. To build a profile with

this thickness, this one needs to be larger onldwen part of the foil.

The profile named C has the same construction pa@stprofile B, but is built with
plates of 10 cm thickness. Profile D is more digtdrthan profile C, since the sides
points of profile D are 0.75 m above the cylindentce in the Y direction, whereas side

points of profile C are 0.5 m above the cylindantoe in the Y direction.
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Figure 7.6 : Veocity field around asymmetrical foilsC and D

The pressure distribution on a line around thil is plotted versus the-coordinate

divided by the foil lengt:
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Pressure coefficient on the foil
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Figure 7.7 : Pressure distribution on a line arofaild C and D
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The central area defined by difference of presbetereen the upper and lower face of
foil C is not as big as foil D, whereas extremeaarare approximately the same. This
means that foil D produces more negative lift thahC. It can also be noted that in
both cases, the peak corresponding to the lowert pbthe foil is centred on two drops.
These drops in the curve are due to the geometilieofoils and the way they have

been constructed can imply that they are not piéyfemooth.

The results obtained from the interpretation of pinessure coefficient matches well

with results presented in the following table foagl and lift force obtained for a 25 m

length foil.
C D
Lift 40 400 N -59 000 N
Drag 32000 N 63 200 N

Table 7.3: Drag and lift force for the 25 m length C and D

C D
Lift coefficient 0.0553 -0.0806
Drag coefficient 0.0436 0.0862

Table 7.4: Drag and lift coefficient for foils C G
Hence, profile C provides an upward lift force, ahhis the opposite of what is needed.
However, the more distorted profile (D), producedosvnward lift force of 59 000 N
for a 25m length foil. This force is equivalent3® tons of downward lift force for one
foil.
This is a start, but it is not enough to maintéie structure at its location. Indeed, 250
tons of downward lift would be needed for a velpat 4.5 m/s, and with foil D, about

17.7 tons could be generated for the structure thghthree foils.
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7.1.5 Influence of the foil chord

Regarding the poor downward lift forccreated bythe previous foil, a study of the
influence on the chortlas been performed. The thickness of the platssllislO cm,

but instead of being 6 length like profile C, the chord @irofile E is now 10 r length.

NS

Figure7.8 : Influence of the foil length

Figure 7.9 showghe pressure distribution on a line around the versus the x-

coodinate divided by the cha.
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Figure 7.9 : Pressure distribution on a line arofmiid C and E
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It is clear that the difference of pressure betwiees of profile E is valuable, and it
takes effect on 80% of the foil chord compare t&odfor foil C. In the centre of the
curve of profile E, a much bigger area is defined the difference of pressure
coefficient between the two sides of the foil tharofile C. Hence, profile E can

produce a much more important downward lift thaofife C.

This observation matches with results presentefarfollowing table which show that
the shortest and less hydrodynamic shape C prodartagoward lift and a sizeable

drag, compared to the long chord profile E.

C E
Lift 40 400 N -726 600 N
Drag 32 000 N 21900 N

Table 7.5: Drag and lift for the 25 m length foile@d E

And associated drag and lift coefficient are présgin the following table:

C E
Lift coefficient 0.0553 -0.5940
Drag coefficient 0.0436 0.0180

Table 7.6 : Drag and lift coefficient for foils Q@& E

Unfortunately, and as shown in the previous pagggrahape C cannot be used on the
structure since it does not produce the requirddcefof downward lift. Shape E
produces a sizeable downward lift, with its 10 ndevchord. But it can not be used
either because 10 m wide is too large to be fittedhe triangular structure. It would
require too much space and too much material touide and hence, shape E is more a

proof of concept than a proper solution.

7.1.6 I nfluence of the distance from the sea floor

To understand why the lift force of shape C is uply#he centre of the same shape as

been placed 10m away from the sea floor in casel@i2 it was only 2.5 m in case C.
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Figure 7.1Q Influence of the distance from tsea floorfor shape (

Figure 7.11 showshe pressure distribution on a line around the versus the x-

coodinate divided by the cha.
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Figure 7.11 : Pressure distribution on a line adbiails C and C2
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Areas defined by the pressure coefficient curveaggroximately the same for foil C
and C2. Areas of curve for foil C2 are slightly ¢y than for foil C. But the general
shape stays identical since the foil shapes aretlgxhe same.

Results are shown in the following table, and thi#uence of the ground near the
structure is not very big in the sense of quarity the direction of the lift force is
different. For a same foil shape a downward lifcéois generated when the foil is far

away from the ground whereas the force is genengtadird when the structure is near

the ground.
C C2
Lift 40 400 N -10 500 N
Drag 32000 N 32500 N

Table 7.7: Drag and lift on a 25 m length shapeoCdifferent distances above the

ground
C C2
Lift coefficient 0.0553 -0.0144
Drag coefficient 0.0436 0.0443

Table 7.8: Drag and lift coefficient around foilsa@d C2

This information is important because it means thatlift would have been greater if

horizontal pipes (and hence profiles) would beagéd further from the sea floor.

7.1.7 Conclusion

The influences of three shape parameters have testad: the distortion of the foil in
ideal and real condition, the chord of the foil dhd distance from the sea floor. It has
been shown that all these parameters are influgribenquantity of lift generated by the

foil, but the increase of the chord and the digtarare the most influent.
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7.2 Shape optimization on the hydrofail

7.2.1 Introduction

Preliminary studies showed that main parametelsanting the quantity of the lift

force are the distortion and the chord of the peofror cost reasons, the profile cannot
be too large, because the larger the quantity dbmads is, the more expensive the
profile becomes. That is why different chord aistdd, between the one of 6 m and the
one of 10m tested in 87.1.5. The profiles whichdpiee the best downthrust are kept to

perform distortion studies on.

7.2.2 Geometry and set up

The geometry used is quite the same as in the&sigraph, meaning the size of the
domain is still the same, with 40x35x0.04m. A baanydlayer mesh with a y+ of 11 is

used to describe the viscous effects on the fod, asize function allows to the mesh to
grow up from the foil to the domain boundaries. ypital mesh of 260 000 nodes is
used for these studies. A velocity profile with@/S surface velocity is used and the

outlet boundary condition is set as an average gisgssure of 300 000 Pa.
7.2.3 Results

7.2.3.1 Chord optimization

The foil dimensions can be defined by a ratio eqaaghe maximum thickness of the
foil divided by the chord. The profiles tested ii7.8.5 had a ratio of 1/3 (profile C) and
1/5 (profile E). Since the profile C does not proeltenough downward lift and the
profile E is too large to be reasonably constructeder ratios can be tested. Profile F
has a ratio of 1/3.5 and profile G of % . The pietuof the flow around the foils (Figure
7.12) already show that profile G has a much bétgdrodynamic shape than F.
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Figure 7.12 : Profile F : thickness to chord ratid/3.5. Profile G ratio of %
Figure 7.13 shows the pressure distribution oma &around the foil versus the x-
coordinate divided by the chord.
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Figure 7.13 : Pressure distribution on a line adbiails F and G
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The area defined by the difference of pressureficaait between the upper and the
lower face in the middle part of the foil is graater foil G than for foil F. Foil F
presents peaks value on the middle of the foilcvlwan be related to its shape, which
IS not as smooth as profile G on the higher ancigeoints of the foil.

The results of the 7m and the 8.4 m profile arenshan the following table. The
difference between the profiles is important, beedoy increasing by 20% the chord of
the foil, the lift increases by 800%.

F G
Lift -54 700 N -488 900 N
Drag 22 000 N 18 100 N

Table 7.9: Drag and Lift on a 22 m length profife/an chord (F) and 8.4 m chord (G)

F G
L ift coefficient -0.0675 -0.5419
Drag coefficient 0.0272 0.0200

Table 7.10 : Drag and lift coefficient on foils RhG

It's then clear that for a reasonable size, thdilpr&, with a chord of 8.4 m, produces a
much better downward lift than profile F. Henceistlprofile should be tested for
different distortion parameters.

7.2.3.2 Distortion optimization

In this section, profile G is tested with two digton parameters, like in 87.1.4. Profile
G has its side points 0.5m above the cylinder eeintithe Y direction whereas profile

H has its side points 0.7m above the cylinder eeintthe Y direction.
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Figure 7.14 : Profile G : 8.4 m chord, side at O.Bwofile H : 8.4 m chord, side at 0.7

Figure 7.15 shows the pressure distribution onediround the foil.
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The area defined by the difference of pressurefictait between the upper and lower
face of profile H is bigger than profile G and rikésunatches well with this observation,

as can be seen in the following table:

G H
Lift -488 900 N -620 400 N
Drag 18 100 N 24 700 N

Table 7.11 : Drag and Lift of a 22m length profii&. side at 0.5m. H: side at 0.7m

G H
Lift -0.5419 -0.6864
Drag 0.0200 0.0276

Table 7.12: Drag and lift coefficient for foils GdH

Results in the previous table show that the moseoded profile produces 25% more
lift than the less distorted one. The results wexpected, since the effect of distortion
on the rise of downward lift force production hasb shown in 87.1.4. Hence profile H

is the profile which generates the most downwdtd li

7.2.4 Conclusion

The optimum chord for the profile was found to bé . From this chord, a distortion
study showed that the more distorted profile H dqarbduce 62 tons of negative lift on
a 22m foil facing the flow while the less distortaae, profile G would produce 50 tons.
The two foils behind the flow could probably nobguce as much lift as the foil facing
the flow, because they are in the wake of the ffoilt and because they will have an
inclination of 30 degrees compare to the flow diet Hence, with profile H, the
maximum lift generated would be 186 tons, where¢dsas been shown in §2.4 that
between 250 and 311 tons are necessary to math&astructure at its location, but this
amount of negative lift generated could still hedpreduce the amount of dead ballast

used in anchoring.
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Profile H generates the biggest downward lift husinot chosen to be built for tank
testing, since the distortion could be a problem feanufacturing. Furthermore,
connection between edges would be too sharp angrtige could be brittle. Hence,
profile G is the one which is constructed for taegting, since it is the foil shape which
produces the most important downward lift and retpehe cost and material

constraints.
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Chapter 8: Comparison of tank testing and
CFD results

8.1 Tank testing results

8.1.1 Introduction

Tank testing of the DeltaStream structure was peréa in the IFREMER water tunnel
in Boulogne sur Mer in July 2009, by Dr Florent fieax of the OENA group and Mr
Christopher Freeman, who is a consultant with tiledmachinery group. Ifremer’s
testing basin in Boulogne sur Mer is designed &b tievices towed on the sea floor,
submersed, anchored in deep water or floating erstiiface. The basic principle is to
provide a homogeneous water flow around the modéh® device being tested. The
latter is maintained in the channel by either aingwdevice or the force and
behavioural measuring devices. The tank overalledsions are a length of 34 m, a
width of 5 m and a height of 9 m. The working sectdimensions are a length of 18 m,
width of 4 m and height of 2 m. With its free swdavertical loop with water flow, and
two 250 kW propeller pumps, the tank allows to gateean adjustable speed from 0.15
to 2 m/s. The goal of tank testing is to compargsmlal tests with results obtained in
CFD, as it is still done in naval architecture afiidhore engineering when designing a

new structure.

8.1.2 Installation and set up

The DeltaStream structure is scaled to 1/a0d the Froude similitude is applied to
make the link between full scale and small scaleupaters, and hence, a range of
velocities from 0.6 to 1m/s are tested. The fosige process, described in Chapter 7,

through a series of chronological events, wouldehkead to the employment of the
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profile known as profile C” in §7.2.3.2 But because of time and monconstraints,
the profile testedh small scal, which is called “profile 1", wa built with sharper edge
than its CFD basis, profile G. The difference betwerofie G and profile (converted
to full scale) is showwn Figure 8.1. Foot 1 and 3 attee feet facing the flow, and fo
2 is situated behind. A picture of the small stnuetbeing tested in the tank is showi

Figure 8.2.

Geometry Foils

I
Profile G

Profile |

1 | | | | | 1 | |
-4 3 2 R 0 1 2 3 4

X
Figure 8.1 Difference between profile G (green) and proffi{ead)

Figure 8.2 Small scale deltstream structure being testedhe Ifremer water tar
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8.1.3 Resaults

A comparison of the lift and drag force obtained tbe structure without and with
profiles is shown respectively on Figure 8.3 anguFeé 8.4. The lift force is calculated
by adding the three components on each foot (tojing of Figure 8.3 and Figure 8.4).
Positive values represent a compression on lodd, aghich means a negative lift,
while negative values represent tension on load eeld indicate a positive lift. For the

drag force, both starboard and port components beuatided.
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Figure 8.3 : Lift force (top picture) and drag fer(bottom picture) measured on the

structure without profile
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Figure 8.4 : Lift force (top picture) and drag fer(bottom picture) measured on the

structure with profile |

Without any profile, an upward lift of 20 and 27i8lobserved for the feet facing the
flow, while a downward lift of 32 N is observed ftbre foot behind. With profiles | on
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the structure, an upward lift of 35 N is observedthe feet facing the flow while there
is a downward lift, of 42 N now, on the foot behifithe drag, around 130 N without

profile, decreases until 110 N with profile | oretstructure.

8.1.4 Conclusion

These results were not expected, since a very gownward lift is produced by the
structure, even with profiles on. These resulty & poor because of several reasons:
it could be a problem of similitude between fulakcand small scale structure. Indeed,
the Froude similitude is generally used in navahgecture studies, because it takes
into account free surface phenomena and gravitefand hence it is used to model a
structure in waves or when free surface effectsmapertant. But when free surface and
gravity are not governing the flow, as for hydrastic behaviour of risers in the stream,
other similitude relationships have to be consideréhe Reynolds similitude, for
example, respects viscous effects [28]. So thede@militude used here may be one
cause of these unexpected results. Another reasald be the sharper edges on the
small scale profile (profile 1), which could makeddference from the results obtained

in CFD on a similar shape with smoother edges (pr&).

8.2 Complementary two dimensional CFD results

8.2.1 Introduction

Because of unexpected results obtained from tarstingg complementary two
dimensional CFD runs are performed, to reach sonuenstanding of the situation.
CFD runs on profile I, (small scale and sharp eflges performed to be compared with
tank testing results, to make sure that CFD resukkscomparable to the tank testing
results. 12 profile (full scale and sharp edgesplso compared with profile G (full
scale and smooth edges) to find out if the shagagres can produce a significant

difference of lift force compared to smooth edges.

8.2.2 Geometry and set up

The size of the domain is the same as for the sed in Chapter 7:, with 40x35x0.04

m for the full scale domain. For the small scalemdm, it is 2x1.16x0.04 m. The
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boundary layer is described by a dedicated bounidger mesh. The model employs a
wall function formulation that dispenses with theed to resolve the viscous sublayer.
The y+ is 11. A size function allows the mesh grigvup from the foil to the domain
boundaries. A typical mesh of 260 000 nodes is tigethe full scale domain, and 50

000 for the small scale one.

A velocity profile with 4.5 m/s at the surface ised at the inlet boundary condition for
full scale test, to be comparable with profile Gtla# same velocity. For small scale
tests, the same velocity profile as the one medsuarthe water tank in Ifremer is used,
with a surface velocity of 1 m/s. At the outlet, @rerage static pressure of 300 000 Pa

is set in both cases.

8.2.3 Results

8.2.3.1 Comparison between small scale sharp foils and tank testing

The plot of the pressure coefficient distributiom @ line around the foil (Figure 8.5)
shows that, contrarily to previous pressure coefficplot, the pressure on the lower
face on the foil is not smaller than the pressurdhe upper face in the central peak
area. The curve of the pressure coefficient oridiver face only crosses the one on the
upper face in few points, making a very small aveaegative pressure and hence of
negative lift. Hence, this curve shows that thelsatale profile produces a positive lift
in CFD results.
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Figure 8.5 : Pressure distribution on a line arofaid

The CFD results for the small scale profile areradpction of upward lift force of
0.227 N on a 4 cm slice of foil, and 0.058 N ofglr@io get the total drag and lift on the

structure in CFD, some assumptions have to be made:

- Foils of 20 m length were considered in full gcathich means that they are 0.667 m
in small scale. So results on the 4 cm slice arkipfiad by 25 to have the value on a
one meter foil, and multiplied again by 0.667 towdnahe value on the foil facing the

flow in tank testing scale.

- There are three foils on the structure, but ezfctihe two foils which are not facing
the flow is expecting to produce half of the lifir€ée produced by the foil facing the

flow.

To get the total drag and lift produced by the &tite in tank testing, values shown on

Figure 8.4 are considered, and total lift and @nagcalculated as follows:

- For the lift, the resulting value is the sum of thdividual components on each

foot.

- For the drag, both starboard and port componenst beuadded.
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So results are comparable and presented in thawiold) table:

Tank CFD prof |
Lift -28 N 75N
Drag 110N 3N

Table 8.1 : Drag and Lift on the structure for taekting and CFD results in small

scale.

When considering lift results, tank testing resdt®w a small downward lift while
CFD results are producing a very small upward Bfit the order of the quantity of lift
produced is the same and around zero. For thefdreg, results from tank testing are a
bit more substantial than CFD results, but stilltihe same order. Small differences
observed between both ways of estimating drag ifinchh be explained because tank
testing was performed on the whole structure withihes on, whereas CFD results are
only made on a very small slice of the foil and 'da@onsider the turbines. The main
conclusion of this comparison is, when keeping indhthe structural differences in the

two tests, CFD results seem to match tank tesésglts.

8.2.3.2 Full scale comparison between sharp and smooth shape

NS

G 12

Figure 8.6 : Full scale comparison between sma@)raid sharp (12) edges profile.
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Figure 8.7 shows the pressure distribution oneadiround the foil.
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Figure 8.7 : Pressure distribution on a line aroimiid G and 12
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The difference of shape appears clearly with tlesgmce of peaks value on the sharper
edges of foil 12, which decrease significantly t#wea defined by the difference of
pressure coefficient between the upper and therléage of the foil, representing the
quantity of negative lift. Hence, the quantity afgative lift is much greater for profile
G than for profile 12, while the only difference tiveen these two foils is the sharp

edges.

The quantity of lift and drag generated by profdeand 12 is shown in the following

table:
G 12
Lift -488 900 N -187 000 N
Drag 18 100 N 35200 N

Table 8.2 : Drag and Lift of a 22 m length full Ecprofile. G: smooth, 12: sharp.

The comparison of two profiles of comparable shape, being smoother than the other
one, is very significant in that it highlights theportance small details can have on the
overall hydrodynamic behaviour. As shown on Fig8tr6, the wake separation on
profile 12 appears just after the bottom sharp edgd creates a much bigger wake than
profile G, with an oscillation of the wake behirttetprofile. In terms of drag and lift
influence, profile 12 produces only 38% of the dovemd lift generated by profile G,
whereas the drag of profile 12 is twice the dragegated by profile G. Hence, small
changes on geometry can produce drastically diftexsults in terms of hydrodynamic

efficiency.

8.2.4 Conclusion

Tank testing and CFD results comparison in smalesshows that CFD produces
consistent results, when comparable profiles angl@yad. Hence, even if tank testing
does not validate the interest of foil “I” to prasudownward lift, it does validate that
CFD produces trustworthy results since they matgiether. Hence, CFD results have
shown that in full scale, the profile 12 is nottsible to produce a sufficient quantity of
downward lift, compared to a similar smoother shapkis happened because of

sharper edges which create angles, and these amgtesirage the wake to detach
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upstream. The effect of angles on the pressurdicieat distribution has been shown
since peak values are present where sharp edgae emegles, and this feature shows

the importance of having a perfectly smooth prablgenerate lift.
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Chapter 9: Conclusion

The main objectives of this study were to show ttatnward lift can be produced by
fitting a hydrofoil to the delta structure and tudy the influence of different foll

parameters on the size of downward lift generated.

The first stage of the hydrofoil investigation stushowed that a distorted profile
provides a larger downward lift force than a symmat profile. Hence, a more

distorted shape can produce an amount of downwfgrd/hich even if it is not enough

to maintain the structure in its location can n#éwaess help reduce the cost of
traditional mooring by dead ballast such as coeapetsteel.

However, the performance of the deformed profiearednt is not enough to produce the
expected downward force, because of the proximdgnfthe ground which reduces the
lift potential of the foil. One result presentedtims study shows that a profile produces
a lift force which is dependent on the distancevalibe ground. Hence, the further the
profile is away from the ground, the greater thevislward lift force is. An additional

parameter which can be changed is the chord gprtbie: as the profile chord grows

so the lift rises and the drag decreases, showatga longer chord profile has a better

hydrodynamic shape to obtain the downward lift éorc

However, the requirements of the industrial projegiose that an easy to build profile
be used, structurally sound and not too expensiveohstruct. These requirements are
essentially met by using the smallest amount ofilprg material. The distance from
the sea floor is set at 2.5 m for the prototype aad not be changed if foils are
positioned on the horizontal structural pipes. Ehesnstraints imply that the profile
shouldn’t be very distorted, because it would iretlee occurrence of large regions of

separated flow and lead to reduced negative tiftchord can not be too large, because
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it would imply a large quantity of glass fibre te built, and if it is set on the horizontal
pipes that make up the delta structure, it canb®ofurther away from the ground,

because the horizontal pipes are 2.5 m from thélcea

Keeping in mind those aspects, only the profilerdrepuld actually be changed, and a
thickness to chord ratio of ¥ is shown to be th& bempromise. Based on this shape,
tank tests were performed, and the very small daavdwift observed in these tests, led

to further investigations being carried out to explthose results.

Two major facts could be pointed out as the reasbrssich a difference between tank
testing and CFD results. First, the similitude lamployed in tank testing can either
conserve the Froude number or the Reynolds nurktzge, the choice to conserve the
Froude number could be the cause of a bad repeggenof viscous effects, and hence,
of lift and drag forces. Second, the shape testdatie tank trials was slightly different
than the shape modelled in CFD, it had sharpersdgd these encouraged boundary

layer separation.

In order to examine if these hypotheses were coraesumber of additional runs were

performed in CFD. In the first one the same geoyna$r used in the tank testing was
modelled. The model had the same dimensions, tine gaofile with sharp edges and

was simulated at the same velocity used in the tests. The numerical results showed
the same order of results as those obtained in testing, and the difference can be
explained by the presence or not of vertical piath the turbines. The second run

showed the difference of lift force between praileaving the same characteristics but
one having sharper edges than the other. The sldggs profile produced only 38% of

the lift produced by the smooth edges profile.

Hence, these additional runs show that the CFD rames not the source of the
discrepancy between the experimental tank testim raumerical results since when
modelling the same thing, both results are in ataace. The CFD runs don’t prove
that Froude similitude was a problem, but they prthat the profile shape needs to be
smooth as what could look like a small buildingadleinakes a significant difference in

term of drag and lift produced.
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The outcome of this work is that yes, such profibeild potentially provide enough or
contribute significantly to the generation of dottmust. It is not possible at this stage
of the project to confirm the exact proportion afah-thrust required for the device to
remain stationary on the seabed. The reason ifoHlloging: the velocity at which the

turbine starts to shed power is 2.25m/sec so tha@muen thrust (horizontal force on

the device) is to be found at that flow velocitheTmaximum horizontal force is the
sum of the thrust generated by each turbine (3n@®reach) and the hydrodynamic
drag on the supporting structure which has beematdd to 40 Tonnes at 2.25 m/sec
so the max horizontal force will be 130 Tonnes & &/sec. The reason is that the
turbine thrust decreases sharply after 2.25 m/sectd design peculiarities of that

turbine.

To conclude, the main merit of this study was g@ghhght the fact that negative lift can
be produced such as to dynamically anchor, if otally at least to a large measure, a
tidal generation device. The performance of thishanage method could however be
further exploited if free from the current induatrconstraints. The different parameters
influencing this negative lift generation have betailed, and two major foil shapes
are proposed. At a thickness to chord ratio of ome distorted profile can produce
more lift force but could be more expensive andehav less structurally sound
configuration. The less distorted profile produeggproximately 20% less lift but is

cheaper to construct and likely safer structurally.
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Chapter 10: Futurework

There is a need for extensive evaluation of thteg@nerated by hydrofoils in a tidal
stream current, to get more information about tifte fbrce in both tidal stream
directions. Additional ideas of how to increase lifieforce generated are proposed as

well.

The observations presented in this thesis wereopeed on the basis of individual
sections of the foil facing the flow on the deltaape. These sections are a small
thickness of 4 cm, and the results obtained ane mhaltiplied to get the lift on a 25 m
length hydrofoil. In order to estimate the lift geated by the two other foils of the
delta, cases could be run with an angle betweenntbe velocity and the foil. This
would give an estimation of the drag generated h®y tivo other foils in the two

directions of the tidal stream.

However, to take into account the interaction betwéhe three foils, and since this
interaction is not the same depending on the sttabm direction, an estimation of the
lift generated by the three foils would producetdretesults by directly computing the
three dimensional model of the structure.

To increase the quantity of lift generated, an idesired from high-lift devices on
aerofoils, such as slats, to accelerate the boynager and to retard the boundary layer
separation could be considered. The case of al@nefth a slat could be studied to

estimate in how much quantity the lift force woblkelimproved.

The findings of this work are valuable contribusoto the offshore industry, with
particular regards to the proof of concept of tlevedlopment of a new anchoring
system. This proof of concept has to be consideréae range of conditions tested here
and further investigation will determinate the apgion of the concept to other

conditions.
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APPENDIX 1. SUMMARY OF PROFILE NAMESAND

CHARACTERISTICS

Name of the . .
. Name of the file .res in e .
profile in the Description of the profile
. CFX
thesis
symmetrical profile, no plate thickness, height to width
A tubel_3_Omesh_004 .
ratio 1/3, at 25 m from the ground
B tube2 20 004 asymetrical profile at 0.5 above centre, no plate
ubes_sb_ thickness, ratio 1/3, at 2.5 m from the ground
asymetrical profile at 0.5, with plate thickness, ratio 1/3,
C tube3 008
- at 2.5 m from the ground
o tube3 3 002 asymetrical profile at 0.5 , with plate thickness, ratio
- = 1/3, at 10 m from the ground
b tube2F 009 asymetrical profile at 0.7, with plate thickness, ratio 1/3,
at 2.5 m from the ground
asymetrical profile at 0.7, with plate thickness, ratio 1/5,
E tube3_2_ 003
at 2.5 m from the ground
. tube3 8 004 asymetrical profile at 0.5, with plate thickness, ratio
u
- 1/3.5, at 2.5 m from the ground
asymetrical profile at 0.5, with plate thickness, ratio 1/4,
G tube3 4 002
- - at 2.5 m from the ground
asymetrical profile at 0.7, with plate thickness, ratio 1/4,
H tube3 7 002
- - at 2.5 m from the ground
| profile4_reducedscale2_ |asymetrical profile at 0.5, with plate thickness, ratio 1/4,
012 with sharp edges, scale 1/30
asymetrical profile at 0.5, with plate thickness, ratio 1/4,
12 profile4_fullscale_009 'y 'cal proti with p I o1/
with sharp edges, full scale
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APPENDIX 2. MATLAB SCRIPT TO COMPUTE THE
VELOCITY PROFILE ACCORDING TO 7" POWER LAW

1 #lpan & file and write the heading necessary Tor a velocity profile in CFX
2 - fid = fopen ('velocity_ dpS_half_struct.csv','w');

3 - Tprintf(fid, '# 4.5 mss profile boundary conditionsnyn'l;

4 - fprintf(fid, '[Mame]l n');

5 - fprintf{fid, 'FrofiledpSnsOpldy2pSxlsnn'l;

6 - fprintf{fid, '[Spatial Fields]lsn');

7 - Tprintf(Tid, 'x , ¥ , Z\n');

g - fprintf(fid, '[Datalsn')

9 - fprintf(fid, '=xDm], wOnl, z[m], ulm sA-11, v[m sA-11, wlm sA-1]%n")

10

11 #Initialize all variables to their future size and fi11 of zeros

12 - ¥=zeros(71,1);

13 - y=zZeros(71,1);

14 - Z=zeros(71,1);

15 - U=zeros{71,1);

16 - v=zeros({71l,1);

17 - w=zeros(71,1);

18

19 # change the Winf= change the infinite yelocity at the bea surface (top of
20 % domaind

21 - Uinf=4.5;

22

23 %start the Toops

24 % Jj: step along the thickness oT the domain  z directiond

25 % i: step along the depth of The domain v direction)

26 - [Ifor j=0:0.02:0.04

= Hfor-i=l:71

28 %alhe velocity profile will be set at the entrance of the domain,

29 % In x=-15 compare to the centre of the XYI axis

30 % with a depth v varying from -2.5m ta 32.5 m

31 % with a thickness z varying Trom O to 0.04 n

32 - ®(i,1)=-15;

= ¥(1,1)=0(1-6)%0.5];

34 - r.d a P o

35 # The velocity in each point is calculated accarding to Seventh power Jaw
36 — Ui, D=-lint*({y(i,1042.5),/350A01/7) ;

37 % The velocity in each direction is written for each point on the inlet:
38 - Tprintf(fid, '%5.2F, %5.2F, %5.2T, ®5.2T, %5.2F, ¥50.2™n', x(i), v(i), (i), uCi), v(i), w{i))
39

0 - ~eand

41 - -end

42 - status=fclose(fid);
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APPENDIX 3. MATLAB SCRIPT TO PLOT DRAG AND LIFT
EVOLUTION FROM MONITOR POINTSFILE

€~ W P

: ’
% This routine computes:

% Inputs are: Forces normal and tangent /#&Y drag and 11Tt
% 0utputs are: plot of drag and 17TC versus time

% Date:

% Monitor file options .out is converted to a Tiled named ...out.csy
% Data from the ...out.csv Tile is read from Tine 32500 (where our
% considered data starts to be written, must be change in each file)and

% stored in the variable called "data"

data=csvread(' /homeCCNT/C119304 /profiledfullscaleprofiled fullscale_o09outh

@and in the 17th column.

S e wmE wE wE
i G S -

=

FORCEXnormal=datal:,17];
FORCEYnormal=datal:,187;
FORCEXtangent=datal:,20);
FORCEYTangent=data(:,21);
time=datal:,4);

% As drag and 1ift are oscillating, we want to calculate a mean value when
% drag and 11Tt are oscillating around a stable mean value (converged zone).
% In the mean value will be calculated on the 10 000 Tast walues of the

v

% drag and 1ift vectors,
n=length{FORCEXnormall;
indstart=n-10000;
indend=n;

% calculation of drag and 11ft, and mean values
drag=FO0RCEXnormal+FORCEXTangent;

17 ft=FORCEYnormal+FORCEYtangent;
meandrag=meanidrag(indstart:indendd);
meanlift=mean(1ift{indstart:indend));

% Tind the higaest and the smallest value of drag and TiTt in the converged

% zone
maxdrag(l,1)=max(drag(indstart:indend)];
maxdragll,2)=min(dragdindstart:indend));

I for i=indstart:indend

it maxdrag(l, 1)==dragii)
indmax(l,13=1;

end

it maxdrag(l, 2)==drag(i)
indmax (1, 2)=1;

end

~end

t_maxdrag(l, Li=timedindmax(1l,137;
t_maxdrag(l, 2)=timneindmax(1,2));
ahs_var_drag=abs(maxdrag(l, 1i-maxdragl,23);
err_drag=(abs_var_drag®100) /meandrag

max1ift=nax{1ifriindstart:indendd);
minlift=min{lift{indstart: indend));
for i=indstart:indend
i max1ifr==11i (i)
inTmax=1;
end
if minlift==11ift(i)
intmin=i;
end
end
T_maxlifr=time(inlnax);
t_minlift=time(iniminl;
abs_var_lift=abs(max1ift-minliftL);
err_lift=ahs_var_11fr*100/abs (meanlift)

10.11.08

Farameters written in the .csv Tile are first 1isted, starting by @start
and Tinishing by @end. IT the Torce normal in X direction is the
variable name to be Tisted after @start, data will be written after the

In our case columns. used in .csy Tile to calculate the drag and 1ift are:

csy',32500,03;
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55
56
57
58
59
(=]
61
62

64
&5
=]
&7
&8
&8
70
VI
P
3

75
76
T
78
79
B0
81
g2
&3
24

85
a7
a8
=]
a0
a1
92

max1ift=max{1ifr{indstart:indend’);
minlift=min{1ift{indstart:indend’);

Jfor i=indstart:indend

iT maxlifr==1ift(i)
inlmax=i;
end
AT minlifr==1iTt(i)
inlmin=1i;
end
end
t_maxlifr=time(inlmnax);
t_minlift=time(inlmind;
abs_var_lifr=abs(max1ifr-minlift);
arr_lift=abs_var_11fc*100/abs(meanlift)

% plot of drag and 1ift versus time

figure(l)

plotitime, drag,time(indstart:indend),meandrag, 'r'J;
hold on

plot(t_maxdrag,maxdrag, '+k', 'Harker5ize',8)
¥1abel('Time (s1')

ylabel('Drag on the slice of pipe (M) ')

title ('Draa')

legend('Drag’,sprintf('Mean Drag = %g N',meandrag),sprintf('Error drag oscillation /

print Drag_profiledfullscale 009 -dpng

Tigurei2)

plotitime, 1ift);

hold an
plot(time(indstart:indend),meanlift, 'r')
plot Ct_max1ift, max1ift, '+k', 'Harkersize',B)
plot(tominlife, minlifL, '+k', 'MarkerSize',8)
¥label {'Tima (s3]

ylabel{'Lift on the slice of pipe (N} '3
title('Lift')

Tegend('Lift',sprintf{'Hean Lift = %g N',meanlift))
print Lift_profiledfullscale_0028 -dpng

nean drags %

oens
s
sy

When running the Matlab script for profile D forample, the code make the two

following pictures :

Drag on the slice of pipe (N)

110

105

Drag, velocity = 4.5 m/s Lift, velocity = 4.5 mis
r 150 T T T T

T
Drag
Mean Drag = 101.251 N

Error drag oscillation / mean drag= 13.0869 % 100~ /\ \/\ \

Iy
1

Lift on the slice of pipe (N)
&
£
T
—
—_—

Lift

"~ Mean Lift = -94.6658 N

I I | | 1 I Time (s)

5 10 15 20 25 30
Time (s)

Drag profile D Lift profile D
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