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Abstrat

This work aims to ontribute to the researh being done on marine renewable

energy of tidal urrents. A devie for apturing the energy of the tides

through a set of sails moved by the stream has been hosen to design the best

on�guration of the blades and thus generate more power, trying not to erode

the seabed and thereby harming the environment (TidalSail S.A., 2014). For

this, we studied the aerodynami of the sails as �at plates moved at di�erent

veloities U , against to the urrent veloity V , di�erent separations between

the �at plates, and di�erent angles of insidene in relation to the urrent.

The Reynolds number and the semi-aspet ratio of the plates were kept

onstants, Re = 5.66 · 104 and sAR = 3 respetively. A numerial ode

validated with experimental results by Pelletier & Mueller (2000) was used

in the numerial simulations. Two turbulent models have been onsidered

and ompared, the k − ω and k − ǫ models, �nding that the k − ω model

was the best reproduing the experimental data. A train of in�nity sails, in

asade on�guration, allowed to study and analyze the best aerodynami

on�guration of the assembly.

In the seond part of the thesis work, the sour generated by the �at

plates and the urrent on the seabed has been simulated experimentally in a

hydrauli hannel, seeking for the optimal height that must be set so that the

environmental impat is as low as possible. For this, the Reynolds number
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was �xed at maximum ahieved in the hydrauli hannel to examine the im-

pat of turbulene in the sour proess. The available hydrauli hannel had

very small dimensions and did not permit the use of standard tehniques

for 3D surfae reonstrution. For this reason, we have designed and im-

plemented a methodology and a ode in Matlab that allows to reonstrut

3D patterns by a series of projeted lines in parallel on the surfae to san.

Reonstrution of the submerged surfae was obtained in atual dimensions.

With this tehnique were measured the amount of sand that it is eroded,

the volume of the generated dunes, the ontour of the sand, the underwater

3D surfae reonstrution and the surfae pro�les in di�erent planes. This

experimental study has been made for di�erent heights of the �at plate from

the seabed, h, and di�erent angles of the �at plate with respet to the ur-

rent, α, for a given Reynolds number (maximum allowed by the hydrauli

hannel), given width of the �at plate, and given type of sand.
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Chapter 1

Introdution

1.1 Bakground

The marine energies have an important role in the renewable energies due

to the fat that about 71 perent of the Earth's surfae is water-overed,

and the oeans hold about 96.5 perent of all Earth's water (U.S. Geologial

Survey, 2014). Furthermore, the vast and powerful oean ould have enough

energy to meet worldwide demand for power many times over (Pel & Fujita,

2002).

The general advantages of the renewable energies ould be applied to the

sea energy:

1. It ontributes to respet and onserve natural resoures for use in future

generations and produes no residue di�ult to treat (Ossai et al.,

2014).

2. They are native. There is a distintive resoure that an be used as

renewable energy in eah loation (Droege, 2008).

3. It generates a energy independene for a ountry by using their own
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energy resoures and not depend on the raw material of other ountries

(Heide et al., 2010).

4. The energy mix of all renewable energies an largely replae the fossil

energy (Heide et al., 2010; Droege, 2008).

5. These energies are seemingly endless for the human being.

However, there are some drawbaks that should be investigated:

1. There is an irregularity in the generation of renewable energy. There

is not always wind, waves ... However, in the ase of tidal energy

onsidered in this work, the tides are preditable and there exist areas

with onstant oean urrents. In any ase, the intermitteny ould be

solved by the energy mix (Heide et al., 2010).

2. The integration in the environment has to be onsidered to redue

the environmental impat: Whether noise, visual impat, risk to the

wildlife, et. (Shields et al., 2009). In relation to this, the marine

energy is the fous of researhers to improve the tehnologies ensuring

that the new developed systems do not harm the marine environment

(Pel & Fujita, 2002).

3. They need spei� sites, that is, ertain resoures are only found in

ertain loations.

Among all types of extration energy systems from the oean or sea, it is

possible summarize them in �ve main areas:

1. Tidal energy. It is the energy that harness the rise and fall of sea level

(C., 2003).
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2. Energy of marine urrents. Use of the kineti energy of urrents, in-

luding tidal urrents. There is a di�erene between tidal energy in

general and tidal urrent energy, and their relation is not the same in

all sites: the �rst is related to the potential energy due to the vertial

movement of the sea level (rise and fall), the seond to the horizontal

�ow, generated by tides, whih is very intense in ertain plaes (C.,

2003).

3. Oean thermal energy. Harnessing of the thermal gradient between the

surfae and the seabed (Rajagopalan & Nihous, 2013).

4. Saline energy gradient. The di�erene in salt onentration of the water

produes a movement whose energy an be extrated (Jia et al., 2014).

5. Wave power. There are many tehniques to extrat the energy of the

oean waves (Fadaeenejad et al., 2014).

Among all these, in this thesis it is studied a devie that aptures the

kineti energy of tidal urrents. In theory, there is a dissipation of 3000

million kilowatts with the rise and fall of tides of whih one third is generated

in the shallow seas (C., 2003). The onversion of the kineti energy of river

or sea urrents into eletriity is ommonly made by systems of turbines and

other non-turbines devies (Khan et al., 2009; Rourke et al., 2010). Sine tidal

power has potential to play an important part in the future of sustainable

energy, there are many researh work to improve these systems, but most

of these systems are proof-of-onept or part-system R&D stage (Ro et al.,

2014; Khan et al., 2009).
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1.2 Tidal Sail devie

Figure 1.1: Sketh of the design of �at plate asade (TidalSail S.A., 2014).

In this ontext, a Norwegian ompany has developed a new non-turbine de-

vie onsisting of a asade of 'sails' that are moved by the sea urrent in

a �xed diretion (see Fig. 1.1) to �nally generate eletriity (TidalSail S.A.,

2014). The sails are linked to a rail that supports and allows movement in

one diretion, as shown in Fig. 1.2. Furthermore, the rail has three sides re-

ating a equilateral triangle shape with mooring in every orner (see Fig. 1.3

for more details), so that it is more e�ient with less spae. The system

has harateristis that make it advantageous over other similar devies for

apturing energy from urrents, suh as (see TidalSail S.A., 2014, for details):

• The sails have a slow enough movement so that minimize the harm to

the fauna. A problem that show up with turbine devies.

• Optimizing its design, it is possible to get muh more �ow power with

a smaller area. Furthermore, the prodution plant is equals to 30 on-

ventional turbines with a slow motion.

• The system is invisible, and thus no visual impat.

• The devie weight against energy produed is muh less than other

systems
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• The moving parts of the devie have a orrosion treatments and lubri-

ating that no harm the environment.

• The sails are auto leaned, auto adjusted and operate very slowly.

• This ompated struture allows to extrat energy not only from the

sea but also from rivers.

Figure 1.2: Sketh of the tidal energy system of the sail devie of the Nor-

wegian ompany TidalSail S.A. (2014).
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Figure 1.3: Sketh of the mooring for the tidal energy system of the Norwe-

gian ompany (TidalSail S.A., 2014).

Tidal Sails ompany has a small sale demonstrator operating in a stream

outside Haugesund, Norway, with a nominal apaity of 28KW. But it is

ready to sale up the range of several MW. The hydrodynami fores work

exatly the same in any sale (TidalSail S.A., 2014).

For the devie be e�ient and have a great potential for energy extration

some fundamental hydrodynami problems on the drag and lift harateris-

tis of a asade of sails moving in a partiular on�guration in relation to the

tidal urrent have to be analyzed. This is one of the objetives of the thesis,

and for that the devie is simpli�ed to a asade of �at plates moving perpen-

diularly to the �ow of the tide, whih is one of the on�gurations of greatest

interest. For this study, a numerial ode with appropriate turbulene model

has been disaggregated.

A drawbak of this devie is its impat on the seabed, whih an be

eroded. Obviously, it is important an optimization of the height of the devie

and the anhors to the seabed to protet the marine environment and prevent

sand partiles have aess to mobile parts that an get to damage the system.

This is the seond objetive of the thesis, for whih an experimental study
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has been arried out in a sediment water hannel.

1.3 Objetives and outline of this thesis

The hapters of this thesis are arranged as an introdution in the Chapter 1,

where it is desribed the advantages and disadvantages the renewable energy

systems that extrat the tidal urrent energy and the objetives of this thesis.

The �rst part of this thesis is a review of previous works on aerodynamis

of �at plates, whih are used to study an optimal on�guration of a devie

that extrat the tidal energy in order to get the maximum power. For it, in

the Chapter 2 is showed the aerodynami oe�ients for one, two, three and

an in�nite set of �at plates, in a asade on�guration for di�erent angles

and Reynolds number. For this study, di�erent on�gurations are arried

out using turbulent models for the simulation. In addition, k − ǫ and k − ω

turbulene models are ompared to use the best �ts for experimental results.

At the end, researhing the optimal maximum power point for a asade of

�at plates. For this, the sails have to have a ertain angle with respet to

the diretion of the urrent, a optimal veloity of the �at plates with respet

to the urrent and the best separation between them.

The goal of the seond part is a review of previous works on sedimenta-

tion and sour aused by objets on the seabed in order to know the best

on�guration that must to have the devie that extrat energy from the tidal

without harm the environment. Seeking and applying the best methodology

for the underwater three dimensional surfae reonstrution that it resulted

to be the reation of a new ode and methodology for this purpose in the

Chapter 3. With this ode, the best on�guration of the �at plates height

with respet to the seabed has been researhed for di�erent angles of ini-
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dene in relation to the urrent and di�erent heights. For this, the Reynolds

number and the semi-aspet ratio has been �xed to Re = 5.66 · 104 and

sAR = 3 respetively in the Chapter 4.

In the end there is a disussion of the onlusions and future possible

works enouraged by this thesis, in the Chapter 5.



9

Chapter 2

Flat plates model of the tidal

urrent energy onverter

2.1 Introdution

In the Chapter 1 is possible to see the tidal energy systems in the Fig. 1.2.

The aim of this hapter is to get the maximum power of the tidal urrent and

for this it is neessary to use turbulent models in order to simulate the marine

urrent, suh as the experimental result of Fedoul et al. (2014). For that, it

is used the turbulent libraries for inompressible �ows of OpenFOAM. There

are multiples methods that may be used (Ferziger & Peri¢, 1996). The �rst

one is alled Reynolds-average simulations (RAS) (Iaarino et al., 2003).

The governing equations are solved as a average. The use of RAS resolve

better the equations lose to the wall in general. Large eddy simulation

(LES) is another method that allow to resolve zones of great turbulenes

muh better that the RAS method, so that may be improved the alulation

of the equations in the omputational domain (Sagaut & Drikakis, 2010).

There are other models as Detahed eddy simulation (DES) (Spalart, 2009)
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and Diret numerial simulations (DNS) (Ferziger & Peri¢, 1996). The �rst

of two is an hybrid method that operate between RAS and LES and the

seond one solves the equations of Navier-Stokes without turbulent model

needing muh longer of alulation. Among all of these methods is used RAS

method beause the aim is alulate the aerodynami oe�ients through

the �at plate surfae that give information of the fores that move the sails.

OpenFOAM has di�erent models for the RAS method, for instane, k−ǫ and

k − ω. The �rst one simulates the turbulene using two parameters k and

ǫ and the results are really good in the �ow study. In this work is analyzed

the k − ǫ and k − ω methods to know whih one is better for alulate the

aerodynami oe�ients. The study of Pelletier & Mueller (2000) is used to

validate the turbulent models that OpenFOAM has.

2.2 Formulation of the problem

The �ow in the study of the aerodynami oe�ients is osidered as an

inompressible �ow of a uniform (tidal or river) urrent of veloity V through

a asade of retangular �at plates of hord length c and height b moving at a

veloity U perpendiular to the urrent V (see Fig. 2.1(a)). The separation

between the parallel plates is s and their inidene (stagger) angle γ. For

the numerial simulations it is onvenient to use a referene frame moving

with the plates in whih the x axis oinides with the diretion of the relative

veloityW (Fig. 2.1(b)). In this referene frame, the e�etive angle of attak

in relation to the relative veloity is α = γ − θ, where θ is the angle between

the urrent veloity V and the relative veloity W.

The Reynolds number based on the urrent speed V (≡ |V|) and the hord
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length c,

Re =
V c

ν
, (2.1)

where ν is the kinemati visosity, will be �xed in all the numerial sim-

ulations to a harateristi value (see Se. 2.3). For this given Re, we shall

analyze the e�et that the asade speed U , the separation between plates s,

and the stagger angle γ (or angle of attak α) have on the power extrated

from the urrent. That is, we shall vary the non-dimensional parameters γ,

ξ ≡ U

V
= tan θ, and σ ≡ c

s
, (2.2)

to �nd out the values of these parameters that maximize the power ex-

trated from the urrent for a given Re and for the on�guration of Fig. 2.1(a)

where the asade moves perpendiularly to the urrent.

From a numerial point of view, we shall ompute the total (pressure

plus visous) fore F that the �uid exerts on a plate in the asade when the

inident �ow speed is W and the angle
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Figure 2.1: Sketh of the asade of �at plates moving perpendiularly to

the inident urrent V (a) and in the referene frame where the plates are

steady and the relative veloity W is in the x -diretion (b).

of attak is α; this fore is deomposed in a �lift� omponent L and �drag�

omponent D (see Fig. 2.1(b)). The Reynolds number based on W is related

to (Eq. 2.1) by

ReW ≡ Wc

ν
=

Re

cos θ
= Re

√

1 + ξ2. (2.3)

For given ReW , ξ, and solidity σ, we shall ompute the nondimensional

lift and drag oe�ients,

CL =
L

1

2
ρW 2cb

, CD =
D

1

2
ρW 2cb

, (2.4)

where ρ is the �uid density, for inreasing values of α. This proess will

be repeated for di�erent values of ξ (that also modi�es ReW , see Eq. 2.3)

and σ. At the end, we will be interested on how these parameters a�et

the e�etive power extrated to the urrent, whih is proportional to (see
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Fig. 2.1(b))

PU = (L cos θ −D sin θ)U. (2.5)

We de�ne the following power oe�ient:

CP ≡ PU

1

2
ρV 3cb

= (CL − ξCD)ξ
√

1 + ξ2, (2.6)

whih will be optimized in relation to γ, ξ and σ for given Re and as-

pet ratio b/c. Note that CL and CD will be obtained from the numerial

simulations as funtions of α for di�erent values of σ and ξ, being

γ = α + θ = α+ arctan(ξ). (2.7)

2.3 CFD methodology, equations and valida-

tion of the turbulent models

The governing equations are the Reynolds-averaged Navier-Stokes equations

for an inompressible �ow (onstant density ρ), whih an be written as

∇ · v = 0, (2.8)

∂v

∂t
+∇ · (vv) = −∇p +∇ · [(ν + νt)(∇v+ (∇v)T )], (2.9)

where v is the mean veloity �eld, p the mean kinemati pressure (pres-

sure divided by ρ) �eld, and νt is the kinemati eddy visosity. For the

numerial omputations we used the open soure CFD software pakage
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OPENFOAMr, produed by OpenCFD Ltd, OpenFOAM (2014) with dif-

ferent two-equation turbulene models to ompute νt,Rodi (2000),Cebei

(2004).

In partiular, we used two di�erent turbulene models: a Re-Normalisation

Group (RNG) k− ǫ model Yakhot et al. (1992) and a Shear Stress Transport

(SST) k − ω model, Menter (1994) both implemented in the OPENFOAM

toolbox. The turbulene model equations and some numerial details are

summarized in Appendix A. To selet the best upstream values of the di�er-

ent turbulent variables for the present problem, together with the optimum

omputational grid, we simulated numerially the three-dimensional (3D)

�ow around a single �at plate with semispan aspet ratio(semi)-aspet ratio

(sAR)=3,ReW = 8x104 and di�erent angles of attak (see Fig. 2.2) for the

omputational domain and mesh). The reasons for seleting this test ase

were that there exist aurate experimental data for the lift and drag oef-

�ients obtained in a water tunnel by Pelletier & Mueller (2000) and that

both the aspet ratio and the Reynolds number are in the range of interest

for the tidal �ow around the submerged sails in the devie that motivated

the present study TidalSail S.A. (2014). Smaller values of sAR, between 1

and 3, would also be appropriate. Note that the plane z = 0 (see Fig. 2.2) is

a symmetry plane in the omputational domain, both for the single �at plate

and for the asade, thus reduing to half the number of mesh nodes needed

in the numerial omputations. This on�guration and the plate geometry

oinide with those onsidered experimentally for a single plate Pelletier &

Mueller (2000).
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Figure 2.2: (a) General view of the omputational domain and mesh with

3300198 ells used in the omputations for the 3D �ow around a �at plate

with sAR=3 and angle of inidene α = 10o. (b) Plan view of the mesh with

a detail of the leading edge of the plate. The dimensions of the omputational

domain are: −3c ≤ x ≤ 7c,−c(3 + sin c) ≤ y ≤ 3c, and 0 ≤ z ≤ 4.5c.

The boundary onditions used in the numerial omputations are the fol-

lowing: In the inlet setion x = −3c (see Fig. 2.2) a uniform veloity in the

x�diretion was �xed, given by the seleted Reynolds number, together with

zero normal gradient (alled �slip� ondition in the OPENFOAM toolbox)

for the pressure and �xed given values for the turbulent parameters. These

upstream values of the turbulent parameters were varied to best �t the nu-

merial results (see Table 2.1 and disussion below). In the outlet setion,

far downstream the plate (x = 7c), the pressure was set onstant to its ref-

erene value (zero) and �inlet/outlet� onditions were used for the veloity

and turbulent parameters. On the upper (z = 4.5c) and lateral surfaes

(see Fig. 2.2) slip onditions were used for all the variables, while symmetry

onditions were used on the lower surfae (z = 0) where the �at plate is

anhored. Finally, at the solid wall surfaes of the �at plate the veloity was

set to zero, a slip ondition was used for the pressure, and several spei�

wall onditions, implemented in the OPENFOAM toolbox and using stan-

dard wall funtions, were used for k, ǫ and ω in the di�erent models (see
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the Appendix for these and other omputational details). To generate the

omputational mesh we used the OPENFOAM �snappyHexMesh� program,

with the imported form of the �at plate (see inset in Fig. 2.2(b)), whih

was previously generated using MATLAB. To solve the equations, we used

the �GAMG�Generalised geometri-algebrai multi-grid� solver for the pres-

sure, and the �smoothSolver� for the remaining variables, both implemented

in the OPENFOAM toolbox OpenFOAM (2014). They are based on iterative

methods for sparse linear systems Saad (2003).

Most of the reported omputations were made in a omputer luster with

5 nodes and up to 22 parallel proessors managed by the Linux Ubuntu

server 10.04. Not all the nodes have the same harateristis, so that there

existed a great variety of omputational performanes when using di�erent

ombinations of the number of nodes and the number of parallel proessors.

It su�es to say here that the omputation speed for a typial ase reported

below was inreased almost 13 times when using all the 5 nodes with 22

parallel proessors, in relation to just one 64-bit proessor Intel(R) Core(TM)

2CPU 6600 at 2.66 GHz and 2.99GB of RAM.

To hek the auray of the numerial results against the experimental

data ited above we seleted di�erent meshes, and several upstream values of

the turbulent kineti energy (k∞), dissipation (ǫ∞), and spei� dissipation

rate (ω∞) in the two turbulene models. In partiular, for eah set of up-

stream turbulent parameters onsidered (about �ve sets for eah turbulene

model), and for several angles of attak, a grid independent study was on-

duted using meshes with inreasing resolution (see below). The numerial

results onverged appropriately in most ases, but the agreement of these

onverged numerial results with the experimental ones depended on the set

of turbulent parameters used. To simplify the presentation of this ompar-
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Case Number of Mesh ells Turbulent model Parameter values CPU time (h) δt(s)

1 983941 RNG −k − ǫ 42.6

k∞ = 0.0074, ǫ∞ = 0.032 10−2

2 3300198 RNG −k − ǫ 206.8

k∞ = 0.0074, ǫ∞ = 0.032 6× 10−3

3 3300198 RNG −k − ǫ 171.4

k∞ = 0.096, ǫ∞ = 0.00552 7× 10−3

4 5208203 RNG −k − ǫ 611.6

k∞ = 0.0074, ǫ∞ = 0.032 6× 10−3

5 983941 SST −k − ω 23.0

k∞ = 0.0074, ω∞ = 0.389 8.3× 10−3

6 3300198 SST −k − ω 265.9

k∞ = 0.0074, ω∞ = 0.389 1.4× 10−2

7 3300198 SST −k − ω 284.5

k∞ = 0.0096, ω∞ = 0.05175 7× 10−3

8 5208203 SST −k − ω 563.7

k∞ = 0.0074, ω∞ = 0.389 6× 10−3

Table 2.1: Number of mesh ells and upstream values of the turbulene model

parameters in eah one of the 8 di�erent omputational ases onsidered in

Fig. X for the �ow around a single �at plate (k in m

2/s2, ǫ in m

2/s3 and ω

in s

−1
). Also inluded in the last olumn is the omputational time in hours

to advane 10−1
units of non-dimensional time for α = 10o (see Fig. 4(d)),

using just one CPU and the mean time step ∆t (see main text).
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ison with the experimental results, we report here only 8 di�erent ases, as

summarized in Table 2.1: 3 di�erent grids with inreasing number of ells,

ombined with two di�erent sets of parameters for eah turbulene model in

the ase of the �medium� mesh (that depited in Fig. 2.2), and only one of the

sets of parameters for eah turbulene model in the ases of the �oarse� and

the ��ne� meshes (although all the other upstream turbulene model param-

eters were also heked with these meshes). The oarse and the �ne meshes

had a similar distribution of ells in eah model but with smaller and larger

number of ells, respetively (see Table 2.1). On the other hand, the values

of the upstream turbulene model parameters for eah set given in Table 2.1

orrespond to those reommended for eah model in the OPENFOAM tool-

box 8 for similar 3D aerodynami �ows and Reynolds numbers (ases 3 and

7), and those omputed by us using the turbulene intensity and its stream-

wise variation rate measured in a wind tunnel faility in our laboratory, for

the given Reynolds number (remaining ases). Many more values of k∞ ; ǫ∞

and ω∞ were tested, but we report here only a seletion of them, inluding

the ases that best �tted the experimental data for eah model. Table 2.1

ontains also information about the omputational time and the time step.

At eah instant the time step was adjusted to a Courant number of 0.2, and

Table 2.1 shows the approximately onstant values reahed after the initial

transient.

Some results for α = 10o are shown in Fig. 2.3 and 4. In partiular,

Fig. 2.3 shows the eddy visosity ontours when omputed with both tur-

bulene models (ases 2 and 6 in Table 2.1). Note that their values and

distributions are quite di�erent, explaining the signi�ant di�erenes in the

lift and drag oe�ients omputed with eah model observed below. Figure

4 shows some relevant results when the parameters of ase 6 are used: a de-
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tail of the �nal steady state of the non-dimensional streamwise veloity and

pressure �elds in the viinity of the �at plate, the �nal values of the pressure

and frition oe�ients on the upper and lower surfaes of the plate, and the

temporal evolutions of the lift and drag oe�ients. The pressure and fri-

tion oe�ients, Cp and Cf , are both made dimensionless with

1

2
ρW 2

, and

it is observed that Cf is muh smaller than Cp. Note also in Fig. 4(d) the

osillations at the initial stages of the numerial simulations, whih are due

to the fat that the omputations started with the �ow at rest. However, a

steady state was already reahed at non-dimensional time tW/c ≃ 0.40 (the

results plotted in Figs. 4(a)�4() are for tW/c = 0.5 ).

Figure 2.3: Contours of the omputed eddy visosity νt on a portion of the

middle plane z = 1.5c for the 3D �ow around a �at plate with sAR =3,

ReW = 8 × 104 and α = 10o when the RNG −k − ǫ and the SST −k − ω

turbulene models are used. In partiular, (a) orresponds to ase 2 in Table

I and (b) to ase 6.

Figure 5 ontains the omparison of the experimental results of Pelletier

& Mueller (2000) for the lift and drag oe�ients as funtions of the angle

of attak α with the values of CL and CD omputed numerially with eah

one of the 8 ases given in Table 2.1. It is lear from this �gure that the SST

−k−ω model works muh better for this problem than the RNG−k−ǫmodel,

espeially when the seond set of upstream turbulent parameters mentioned
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above is used. In addition, it is observed that the results obtained with the

medium mesh pratially oinide with those obtained with the �ne mesh.

Therefore, we seleted the medium mesh, sine the omputational time and

memory are both muh smaller than for the �ne mesh, together with the

SST −k − ω turbulent model with k∞ and ω∞ given by the seond set of

parameters. That is, we seleted the parameters of ase 6 in Table 2.1 for

most of the omputations reported below.

However, for higher values of the angle of attak than those depited in

Fig. 5 (i.e., α & 20, for whih no previous experimental data exist to om-

pare with), we used the �ne mesh in the omputations (ase 8 in Table 2.1).

In fat, to hek the auray of the numerial results we also alulated

the relative errors of eah mesh using Rihardson extrapolation, Rihardson

(1911) in addition to the above omparison with previous experimental re-

sults. Partiularly, we omputed the fourth-order estimate of CL for eah α

with Rihardson extrapolation using the medium and �ne meshes (grid re-

�nement ratio r ≃ 1.6; see, e.g., Roahe (1998) for the details), and with this

value estimated the relative errors in CL when omputed with the medium

and the �ne meshes, respetively, for eah α. Table 2.2 ontains the results.

One an observe that for α = 25o and 30o the relative errors estimated for

the mean �nal values of CL are not su�iently small when obtained with the

medium mesh, while they remain aeptable when using the �ne mesh. This

is a onsequene of the osillatory behavior of the wake behind the �at plate,

due to vortex shedding after �ow separation, when the angle of attak α & 20

(Se. IV). Therefore, we used the �ne mesh in the omputations of the �ow

around a single plate when α > 20o, and the medium mesh for α ≤ 20o.
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Figure 2.4: Plan view of the omputed non-dimensional streamwise veloity

omponent (a) and pressure (b) ontours on a portion of the middle plane

z = 1.5c for the 3D �ow around a �at plate with sAR=3, ReW = 8 × 104

and α = 10o when the parameters of ase 6 in Table 2.1 are used. The

results are for the �nal steady state; the veloity is non-dimensionalized with

the inident speed W and the pressure with

1

2
ρW 2

. () Distribution of the

pressure and frition oe�ients, Cp and Cf , on the upper (

+
) and lower (

−
)

surfaes of the plate for the same time (s is the oordinate along the plate;

note that (b) is the distribution of Cp on z = 1.5c). (d) Computed temporal

evolutions of CL and CD.
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Figure 2.5: Comparison between the experimental results of Pelletier &

Mueller (2000) for CL (a) and CD (b) vs. the angle of attak α for a �at plate

with sAR=3 and ReW = 8 × 104 and the numerial results obtained whih

eah one of the 8 ases given in Table 2.1. For referene sake, the potential

2D �ow result CL = 2π sinα is also inluded in (a)

For a asade of �at plates, the mesh used in the numerial omputations

reported below is similar to, and has the same resolution of, the medium

one depited in Fig. 2.2 for a single plate, but ontaining several �at plates

in a omputational domain suh that one may set periodi boundary ondi-

tions (see Fig. 6). In partiular, all the boundary onditions are the same

as those desribed above for the ase of a single �at plate, exept for the

yli boundary onditions for all the �uid variables (inluding the turbulent

funtions k, ǫ and ω) whih are set between the �inlined� surfaes partially

seen in the plan view depited in Fig. 6. We have seleted this on�guration

and domain size, with at least three plates (width 3s perpendiular to the

yli plane, where s is the separation between plates), to simplify the nu-

merial implementation, sine it was easier to adjust the number of plates to

a �xed periodi domain (sometimes we had to add frations of a plate) than

to hange the shape and the size of the omputational domain whenever the

separation between plates or the angle of attak was varied.

To selet the appropriate mesh for eah angle of attak, we also esti-
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α(o) Error in CL(%) 1 plate Medium mesh Error in CL(%) 1 plate Fine mesh

5 1.45 0.36

10 1.00 0.25

15 1.94 0.48

20 4.16 1.04

25 38.81 9.70

30 37.11 9.28

Table 2.2: Estimations of the relative errors in the �nal mean value of CL

for a single plate omputed with the medium and �ne meshes, in relation to

the extrapolated Rihardson estimate, for di�erent values of α.

mated the relative numerial errors in CL using Rihardson extrapolation

with medium and �ne meshes (see Table III). Now, the omputational errors

with the medium mesh were aeptable (muh below 10% in most ases) even

for high values of the angle of attak, as a onsequene of the fat that the

�ow remains attahed to the plates in the asade (see Se. IV). Therefore,

sine the neessary omputational time and memory are both muh larger

with the �ne mesh than with the medium mesh, we used the medium one in

all the omputations reported below for a asade of �at plates.
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Figure 2.6: Plan view (onstant z) of a detail of the (medium) omputational

mesh used in the numerial simulations for the asade of �at plates with

ξ = U/V = 1(θ = 45o), σ = c/s = 1 and α = 10o. It is similar to that

depited in Fig. 2.2, but with a periodi array of three �at plates. The

omputational domain is (x along the yli plane and y perpendiular to

it):−3c ≤ x ≤ 3c, 0 ≤ y ≤ 3s, 0 ≤ z ≤ 4.5c. The total number of ells is

6123575.

2.4 Results and disussion

We have performed a series of numerial simulations using the numerial ode

disussed above with the objetive of �nding out the optimum on�guration

of the asade of �at plates that extrats the maximum power from a given

tidal urrent. In partiular, we �xed Re = 5.66 · 104 (whih orresponds to

ReW = 8 · 104 for ξ = 1) and sAR=3, as the referene values (like in Se.

III XXX ), and looked for the optimum value of α (or γ) whih yields the

maximum CP when ξ and σ are varied. These results are ompared with the

orresponding ones for an isolated �at plate.
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The main aerodynami e�et of a asade in relation to a single blade is

that the lift oe�ient of eah element in the asade ould be substantially

inreased in relation to the same isolated element if the stagger angle and

the separation between blades are onveniently seleted, as already predited

from the two-dimensional potential theory of a asade of �at plates (see,e.g.,

Weinig (1964) in partiular, for γ → 90o and σ ≈ 1, the 2D potential lift

tends to in�nity). When visous and 3D e�ets are taken into aount, this

potential inrease in the lift oe�- ient annot be so pronouned as predited

by the 2D potential theory, but still it may be very signi�ant, mainly due

to the �streaming� e�et of the asade, that delays the stall as the angle of

attak is inreased. Thus, higher lift oe�ients an be attained for a plate

in a asade than for an isolated plate when the angle of attak is su�iently

high and the lift of the single plate has already dropped. However, as we

shall see, the drag oe�ient for the plate in the asade may be larger than

for an isolated plate, and the lift oe�ient may be smaller, depending on the

partiular on�guration, so that the global e�et of lift and drag oe�ients

on CP has to be analyzed for all the di�erent on�gurations, or di�erent

values of γ, ξ and σ.
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α(o) Error in CL(%) asade Medium mesh Error in CL(%) asade Fine mesh

5 2.19 0.55

10 0.59 0.15

15 5.85 1.46

20 0.33 0.08

25 0.27 0.07

30 2.32 0.58

Table 2.3: Estimations of the relative errors in the �nal mean value of CL

for a plate in a asade omputed with the medium and �ne meshes, in

relation to the extrapolated Rihardson estimate, for di�erent values of α.

(ξ = 1, σ = 1, sAR = 3, ReW = 8 · 104)

Figure 2.7: Plan view of the omputed non-dimensional streamwise veloity

omponent and pressure �elds (the veloity is saled withW and the pressure

with

1

2
ρW 2

) on a portion of the middle plane z = 1.5c for the 3D �ow around

a single �at plate (a) and (b), and a asade with σ = 1 and ξ = 1 () and

(d), for α = 25o (sAR=3, ReW = 8 · 104 ).
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To illustrate this, Fig. 2.7 and Fig. 2.8 show a omparison between the

veloity and pressure �elds around a single plate and through a asade of

�at plates with ξ = σ = 1 and α = 25o. For this angle of attak, the single

�at plate is already stalled, and the wake behind it beomes osillatory due

to the vortex shedding, as it is lear in the time evolution of CD and CL

of Fig. 2.8() (the images in Fig. 2.7(a) and (b) orrespond to an instant of

time after the permanent osillatory regime has been reahed, and one an

learly identify two vorties in the pressure �eld piture of Fig. 2.7(b), whih

are evolving in time). On the ontrary, the �ow in the asade for this high

angle of attak is still attahed to the plates, with just a narrow region of

�ow reirulation on the upper surfaes of the plates lose to the leading

edge. This divergene between the �ow regimes in the two on�gurations

starts at a value of α between 15

o

and 20

o

, above whih the �ow over a single

plate beomes separated and the mean value of CL eases to inrease like in

the ase of a asade (see Fig. 2.9). The osillatory wake is learly observed

for angles of attak α above 25

o

, approximately, as indiated in Fig. 2.9 by

the error bars attahed to the mean values of CL and CD for a single plate,

whih measure the amplitude of the omputed osillations around their mean

values. The amplitude of the osillations in CL and CD for an isolated plate

is even larger for α = 30o than for α = 25o (see Fig. 2.10(a)). In ontrast,

for the asade, a stationary steady state is always reahed for all the values

of a onsidered here (up to α = 30o), and CL keep inreasing with α (see

Fig. 2.9(a)). As a onsequene, the maximum value of the power oe�ient

(6) for the asade (whih in the present on�guration with ξ = 1 is given by

CP =
√
2(CL−CD)) is reahed at a relatively high value of α, and CP beomes

larger than for an isolated plate (see Fig. 2.11). It is worth ommenting here

that although the maximum in the mean value of CP for an isolated plate is
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reahed in this ase for an angle α in the same range than for a asade, the

large osillations in CL and CD, due to the osillatory wake behind the plate

for these high values of α, make useless this maximum of CP for an isolated

plate from a pratial point of view. Thus, the other relative maximum of CP

for a single plate, reahed for a smaller value of α (see Fig. 2.11), is the most

interesting one from pratial point of view. In either ase, this maximum of

CP is, in the present on�guration, smaller than that for a plate in a asade.

Figure 2.8: Distribution of the pressure and frition oe�ients, Cp and Cf

, on the upper (

+
) and lower (

−
) surfaes for an isolated plate (a), and for a

plate in the asade (b), for the same ases of Fig. 2.7 () and (d): Computed

temporal evolutions of CL and CD for the same ases of Fig. 2.7
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Figure 2.9: Comparison between CL (a) and CD (b) vs. α for an isolated

plate and for a asade with σ = 1 and ξ = 1 (sAR=3, ReW = 81̇04).

The error bars indiate the amplitude of the temporal osillations around

their mean values due to the osillatory wake behind an isolated �at plate.

The experimental results for a single plate by Pelletier & Mueller (2000) are

inluded. Also inluded in (a) for referene sake is the 2D potential �ow

result CL = 2π sinα sin a for a single plate and the orresponding potential

result for a asade of �at plates Weinig (1964)

Figure 2.10: Computed temporal evolutions of CL and CD for the same ases

of Fig. 2.7, but for α = 30o
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Figure 2.11: Comparison between Cp vs. α for an isolated plate and for a

asade with σ = 1 and ξ = 1 (sAR)=3, ReW = 81̇04). Only the mean values

are plotted for the isolated plate

This qualitative behavior as the angle of attak is varied is not the general

rule for all the values of σ and ξ onsidered in this work. For instane, for the

same σ = 1 but for larger ξ = U/V (e.g., ξ = 2.5, see Fig. ??), the maximum

value of CP is higher for an isolated plate than for a plate in the asade, and

in both ases this maximum is reahed for a similar, relatively low, value of

the angle of attak α. This is due to the fat that the role of the drag CD in

CP beomes more important as ξ inreases (see (6), and note also in Fig. 2.1

that the angle θ inreases with ξ), so that the maximum of CP is reahed

in both ases at low values of α for whih CL for an isolated plate is larger,

and so is CP (see Fig. 2.12). On the other hand, for ξ = 1 and σ ≃ 1.43

(Fig. 2.13), whih orresponds to a smaller separation s between the plates in

the asade, the situation is qualitatively similar to that depited in Fig. 2.11,

but now the maximum value of CP for a single plate is slightly larger than for
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a plate in the asade beause CL remains lower in this last ase even in the

range of values of α where CP,max is reahed for the asade. The reason for

this di�erent behavior has to be found in the �ow through the asade, whih

is shown in Fig. 2.14 for α = 25o, orresponding roughly to the maximum

of CP . Comparing Fig. 2.14(a) and (b) with Fig. 2.7 () and (d), the main

di�erene is that the reirulation region above the plates is larger when the

separation between plates is smaller (σ = 1.43 in Fig. 2.14(a)) due to the

larger speed between the plates in the asade. As a onsequene, the lift

oe�ient is smaller than for σ = 1 (ompare Fig. 2.8(d) with Fig. 2.14(d)),

and so it is CP,max.

Figure 2.12: Comparison between CP , CL, and CD vs. α for an isolated plate

and for a asade with σ = 1 and ξ = 2.5

Fig. 2.15 summarizes CP,max for all the values of ξ and σ onsidered in this

work. In partiular, urves of CP,max as funtions of ξ are plotted for di�erent

values of the solidity σ (in fat, the non-dimensional plate separation σ−1
).

Also inluded is the urve of CP,max for an isolated plate as a funtion of
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ξ. Obviously, this last urve approahes that of a plate in the asade when

the separation is very large (σ−1 −→ ∞ note that the urve for σ−1 = 10 is

already quite lose to that of a single plate). It is observed that CP,max for a

plate in the asade is larger than for an isolated plate only in a small range

of values of σ lose to unity, provided that ξ is also near unity.

Figure 2.13: Comparison between CP , CL, and CD vs. α for an isolated plate

and for a asade with σ = 1 and ξ = 2.5
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Figure 2.14: Plan view of the omputed non-dimensional streamwise veloity

omponent (a) and pressure (b) ontours on a portion of the middle plane

z = 1.5c for the �nal steady state of the 3D �ow through a asade with

ξ = 1; σ ≃ 1.43 and α = 25 (sAR=3, ReW = 8 · 104). The veloity is non-

dimensionalized with W and the pressure with

1

2
ρW 2

. () Distribution of

the pressure and frition oe�ients, Cp and Cf , on the upper (

+
) and lower

(

−
) surfaes of a plate in the asade for the same time (s is the oordinate

along the plate, z = 1.5c). (d) Computed temporal evolutions of CL and CD

for a plate in the asade.
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Figure 2.15: CP,max as a funtion of ξ for di�erent values of σ
−1
. Also inluded

is the urve for a single plate as a funtion of ξ. (sAR=3, ReW = 8 · 104)

Fig. 2.16 depits the angles of attak a orresponding to the CP,max in

Fig. 2.15. For large ξ the values of αmax for a plate in the asade are rela-

tively small and quite similar to the values for an isolated plate, as explained

above. As ξ dereases, αmax inreases for both the asade and the isolated

plate. Note the �zigzag� behavior of the urve for the isolated plate in the

low ξ region, whih is due to the fat that αmax is within the stalled region

for a single plate. The asade results in Fig. 2.16 are almost independent of

σ and an be approximated by the relation αmax ≃ 24.874ξ−0.876
.
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Figure 2.16: Values of the angle of attak α(o) orresponding to the CP,max

in Fig. 2.15

The results in Fig. 2.15 show that CP,max inreases as r dereases (the

separation between plates inreases) and ξ inreases, approahing the values

for an isolated plate as σ−1 −→ ∞. However, CP,max is not very appropriate

for seleting the optimum values of σ and ξ beause one has to take into

aount that the total power arried by the asade obviously inreases with

the number of plates per unit length; i.e., it inreases linearly with the solid-

ity, or blade paking density, σ. For this reason, it is onvenient to de�ne a

new power oe�ient,

CP ≡ σCP = (CL − ξCD)ξ
√

1 + ξ2σ, (2.10)

whih is proportional to the nondimensional power extrated per unit

length of the asade of plates. The maximum values of this quantity with

respet to α as ξ is varied, for seleted values of σ, are plotted in Fig. 2.17.

It is lear from this �gure that the optimum value of σ (yielding the highest

values of CP,max) is lose to unity. This an be explained as a ompromise
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between small values of σ, for whih CP,max is larger but the blade paking

density is smaller, and high values of σ, for whih the proximity between

blades diminishes the lift oe�ient of eah blade, as we have seen above.

Within σ ≈ 1, the optimum performane is reahed for ξ between 2 and

2.5. However, these values of ξ are perhaps too large for pratial interest,

and one may selet the other relative maximum observed in Fig. 2.17 for

σ = 1 around ξ = 1.5. All this is better appreiated in Fig. 2.18, where the

maximum values of CP are potted in a ontour map in the plane (σ−1, ξ) by

interpolating the urves shown in Fig. 2.17. The top value of CP is reahed

for σ between 0.9 and unity when ξ is between 2 and 2.5. However, there is

another relative maximum, also with σ lose to unity, when ξ ≈ 1.5, whih

is probably preferred beause ξ & 2 might not be attained from a pratial

point of view. These two maxima of CP for σ ≈ 1 are related to the shift

disussed above from small optimum angle of attak αmax , when ξ is large

and the drag oe�ient is more relevant for CP , to higher values of αmax

when ξ diminishes (see Fig. 2.12 and Fig. 2.11, respetively). In any ase,

this �gure tells us that the best operating onditions are in a broad region

with σ between 0.8 and unity and ξ between 1.5 and 2.5, approximately.

To �nd out the optimum values of the stagger angle γ = α+θ of the plates

orresponding to these top values of CP , Fig. 2.19 shows the ontour map

of γmax in the plane (σ−1, ξ) orresponding to the maximum of CP depited

in Fig. 2.18. Remember that θ = arctan(ξ), so that γmax basially inreases

with ξ, exept for the additional variation of αmax with ξ and σ (Fig. 2.16).

For σ ≈ 1 and ξ ≈ 2.5 the optimum value is γmax ≈ 79o, while for ξ ≈ 1.5;

γmax ≈ 75o. Note that the derease in αmax as ξ inreases ommented on

above is more than ompensated by the inrease of θ with ξ, resulting in a

similar value of γmax for both optimum values of ξ.
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Figure 2.17: CP,max ≡ σCP,max as a funtion of ξ for di�erent σ.

Figure 2.18: Contour plot of CP,max in the (σ−1, ξ)-plane.

It is interesting to plot the distribution of turbulene kineti energy for

the ase of maximum power, and ompare it with some other on�gurations,
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sine it yields useful information about the intensity of the vorties and it

has been shown in wind turbines that its vertial �ux is of the same order of

magnitude as the power extrated by the wind turbines Cal et al. (2010). It

is seen in Fig. 2.20 that the turbulent kineti energy is highly onentrated

above the leading edge of the blades, Subhra Mukherji et al. (2011) and it is

slightly larger in the ase where a relative maximum of the power oe�ient

is reahed (for ξ = 1.5 and σ = 1) than in the other two ases for whih the

power oe�ient is smaller (ξ = 1 and two di�erent values of σ; note that

Fig. 2.20(b) and () orrespond to the same ases plotted in Fig. 2.14 and

Fig. 2.7, respetively).

Figure 2.19: Contour plot of γmax(
o) in the (σ−1, ξ)-plane orresponding to

CP,max in Fig. 2.18
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Figure 2.20: Plan view of the omputed turbulene kineti energy k (m

2/s2)

on a portion of the middle plane z = 1.5c for the �nal steady state of the 3D

�ow through a asade with σ = 1; ξ = 1.5 and α = 35o (a), σ = 1.43, ξ = 1

and α = 25o (b), and σ = 1, ξ = 1 and α = 25o (). (sAR=3, ReW = 8 · 104,
k∞ = 0.0074m2/s2)

2.5 Summary and onlusions

In this study, we have performed a series of detailed CFD simulations with

the objetive of �nding out the optimum hydrodynami on�guration of a

partiular devie for extrating energy from tidal or river urrents, TidalSail

S.A. (2014) using a simpli�ed model of the devie onsisting of a asade

of �at plates moving perpendiularly to the urrent. The nondimensional

parameters whih have been varied in the present study are the angle of

the blades (stagger angle γ in relation to the tidal urrent), the separation

between blades (solidity σ = c/s) and the blades speed (ξ = U/V ), while

the Reynolds number Re of the tidal urrent and the (semi)-aspet ratio

(sAR) of the blades have been kept onstant. We have hosen values of
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Re and sAR whih are in the range of interest for the tidal energy devie

under onsideration, and for whih there exists reliable experimental data

for a single plate to validate the numerial simulations. Thus we seleted the

turbulene model and the values of their upstream turbulent parameters that

best �tted these experimental results, in addition to the optimum number of

mesh ells for the omputations in eah ase.

For the partiular on�guration seleted that moves perpendiularly to

the tidal urrent, and for �at plates with the given aspet ratio and seleted

Reynolds number, we �nd that optimal results (maximum power oe�ient

per unit length of the asade CP ) are obtained when the solidity σ ≈ 1, the

stagger angle γ ≈ 79o and the blades speed, related to the the tidal urrent,

ξ ≈ 2.5. A seond best on�guration, with a relative maximum value of CP

slightly smaller, is σ ≈ 1, γ ≈ 75o and ξ ≈ 1.5. This last on�guration is

preferred beause its smaller value of n would be more easily obtained from

a pratial point of view. In either ase, the optimum solidity is about unity

and the best stagger angle around 75

o

. Although the hydrodynami perfor-

mane of the devie will obviously improve if airfoils with more sophistiated

pro�les than a simple �at plate were used in the asade, we believe that

the present aerodynami study ful�lls the basi objetive of �nding out a

�rst approximation for the optimal asade on�gurations in terms of γ, σ,

and ξ. Further studies, both experimental and omputational, using blades

with di�erent pro�les and aspet ratios, and moving in a asade at di�erent

angles in relation to the tidal urrent, with di�erent Reynolds numbers, are

needed to re�ne the optimal on�gurations here obtained, whih may be used

as starting points.
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Chapter 3

Methodology and validation of a

3D surfae reonstrution

tehnique by image proessing

3.1 Introdution

The interest of digitizing 3D underwater surfaes is with the aim of obtaining

a quanti�ation of the sour ommonly generated by the moving sails of

devies used to extrat tidal energy explained in the Se. 1.2. One the

dimension of the devie are known, it is possible to at aordingly to thereby

minimize the environmental impat. To that end, we will try to quantify the

erosion on a sandy bottom due to the presene of the sail in a tidal urrent

depending on the proximity between the sail and the bottom, and on the

angle of attak between the urrent and the sail.

The main problem one has to overome dealing with 3D underwater sur-

fae reonstrution is the poor visibility due to light sattering in the media

(Shehner & Karpel, 2004). There are many tehniques to reonstrut the
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non-uniform surfae of a sandy bottom by means of image manipulation (see

Koak & Caimi, 2005, for a review).

In general, there are multiple methodologies in the literature for digitizing

bodies (Pavlidis et al., 2007; Rohini et al., 2001). Perhaps, one of the best

known methods is the surfae reonstrution by taking pitures from di�erent

shot angles, and use the ommonly known as the Struture-From-Motion

(SFM) and Dense Multi-View 3D Reonstrution (DMVR) algorithms to get

the real magnitude of the surfae (Liu & Zhang, 2014; Koutsoudis et al.,

2014; Westoby et al., 2012). To use this type of methodology, one has just

to work with an open soure software that allows easily to san surfaes

(see VisualFSM, 2014). Although it would be ideal to use this method in

this work, these tehniques arry out the 3D reonstrution of the surfae

by manipulating multiple images at di�erent angles and without onsidering

the refration of light due to water-air media hange. For that reason, in this

work we develop a tehnique that allow to work with the water-air media

hange.

There are other reonstrution tehniques by using the method of density

of points. They an alulate the distane between points aording to their

intensity on image (Gühring, 2000; Munro & Dalziel, 2005; Lv et al., 2013).

This tehnique requires a light soure under the sand bed that allows to have

regions with di�erent light intensities aording their di�erent depths. This

method is, however, very ompliated in our hydrauli hannel due to its

dimensions, so there is not enough spae to plae the light bulbs under the

sand. In addition, the tehnique here developed is heaper.

Some authors work exlusively with the underwater 3D surfae reon-

strution, but they do not take into aount the hange from one media (air)

to other (water). To that end, all the devies they use to apture the images
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are under the water (Bruno et al., 2011). As it has been said previously, the

size available in our laboratory to digitize the sour generated on the seabed

of the hannel is very tiny to introdue the large objets this tehnique re-

quires. However, there are other non-intrusive methods that solve the hange

of air-water media, but they need very expensive lienses to be used with full

features, suh as the ones desribed by Munro et al. (2004).

Therefore, we have onsidered neessary to develop a new non-intrusive

tehnique to extrat the 3D information of a sand bed deformation originated

by any mehanism and without introduing large objets inside the hannel

or reservoir, allowing both the apture of images through the hange of air-

water media and the derease in ost of the experimental methodology to

reonstrut the 3D surfae of a eroded, or non uniform, sandy bottom.

3.2 Taking pitures in the laboratory

The proposed method in this work onsists, mainly, in a tehnique for un-

derwater surfae reonstrution by transforming a known point target and

projeting lines on the surfae to san. First, the target is set in the losest

projeted line to the amera and a photo is taken, Fig. 3.1(a). A seond

photo of the target loated in a di�erent line is then taken see Fig. 3.1(b).

It is important to remark that during the di�erent steps of the methodology

the amera an not be moved. One the images of the targets have been

taken with a ertain angle between the amera and the horizontal, they are

proessed in a omputer using the same point pattern but with all the points

aligned horizontally and vertially, Fig. 3.1(d). Then, a group of mathing

points are pointed on two pitures. In the �rst one, the target appears dis-

torted, as taking by the amera, and standing on the surfae to san, while
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in the seond piture the same pattern appears alone with the points aligned

with the horizontal and vertial. As a result of the pattern point mathing, a

bilinear transformation is obtained, whih will be later apply to the piture

of the projeted lines on the sand to get the real magnitude of the surfae

on whih they are projeted.

(a) (b)

()

(d)

Figure 3.1: Images needed to start the surfae reonstrution methodology:

(a) Pattern of points in the �rst projeted line; (b) Pattern of points in the

last visible projeted line; () Piture took from the plan view of the set

of lines (XZ plane). The green line indiates the position of the plate; (d)

Known Pattern with horizontal and vertial points

This tehnique needs, to work properly, some other devies, as it an be

seen in Fig. 3.2. They are going to be desribed brie�y in what follows:
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Figure 3.2: Overview of the whole 3D reonstrution system.

A video projetor, that is used to draw lines on the surfae to be reon-

struted. These lines must over all the surfae to be sanned. A amera and

a tripod, that are used to take images of both the targets and the deformed

surfae where the lines are projeted. And a omputer, that is used to send

the lines to be projeted to the video projetor, and later used to arry out

the image manipulation.

Although this tehnique an be applied to other ontexts, and not just

for surfaes submerged in water, in this work it will be used to analyze and

study the sour generated by a �at plate loated at a known distane from

the bottom and with a given angle of attak with respet to the tidal urrent.

To do this, we have a sediment hydrauli hannel and a stati objet (in our

ase, the �at plate, or sail, used to extrat the energy from the tidal urrent).

One the �at plate is loated in the middle of the hannel, it is onsidered

as an obstale for the urrent. The �ow aeleration, due to the redution in

setion, will be the reason for the sours and dunes to appear. These sours

have a depth and size stable for a spei� urrent (or Reynolds number),

distane from the plate to bottom, and angle of attak of the �at plate.
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To reonstrut the surfae, it is important to indiate the oordinate axis

used during the proess. In partiular, the ones used throughout this hapter

are established in Fig. 3.3, where the x-axis indiate the streamwise dire-

tion, the y-axis orresponds to the perpendiular to the sand plane (gravity

diretion), and �nally the z-axis is the spanwise oordinate, perpendiular to

the �ow diretion.

Figure 3.3: Cartesian oordinates to be used during the reonstrution pro-

esses.

The steps of the proposed method are the following:

The �rst thing to do is to �atten the seabed in the hydrauli hannel,

so that it is as horizontal level as possible. On the sand, a series of lines,

that serve to san the surfae, will be drawn thanks to the projetor. The

more lines one projets, the more auray is ahieved when reonstruting

the surfae. The limit is on the number of lines the amera is able to apture

without mixing pixels of di�erent lines. It is important that all these lines

are parallel and start at the same x oordinate. When the image proessing

�nishes, all the graphs will be drawn from the beginning of the line and it will

be given the oordinate, say, zero. The thikness of lines and their separation
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will be proportional to the �nal error of the results. Thus, it has sense to use

lines as thin as possible as long as they are aptured by the amera and no

information is lost.

The next step is to set the tripod oriented to the zone where the sour

is expeted to happen after the experimental test simulation. To start, the

user has to take three photos, two of the targets and a plan view of the

projeted lines, see Fig. 3.1. These three pitures must be taken only one

and they are enough to alibrate the system for digitizing pitures. The �rst

piture is with the target on the �rst line, the losest one to the amera

trying that all the points are plaed as horizontal and vertial as possible,

Fig. 3.1(a). The seond one is the same image but with the target another

line, the last one, if possible, Fig. 3.1(b). Thanks to these two images, we

an measure any distane in the XY plane along the �rst and last line and,

by linear extrapolation, it an be also alulated for any line between them.

The third image is the one that has to be done in a di�erent angle out of the

tripod. Atually, it is a plan view of all the projeted lines, as it an be seen

in Fig. 3.1(). With this image, any distane in the XZ-plane an be known,

and thus the separation between the projeted lines and the distane from

the �at plate to their beginning, point hosen as x=0.

From now, we ould say that there are two variations in methodology

and in the way of obtaining the reonstrution of the sanned surfae. The

di�erene between both variations is whether it is taken an image of the

�at bottom at the beginning of the experiment or not. In the �rst ase,

when an initial image is not taken, it is only neessary to take an image

of the deformed bottom, Fig. 3.4(b) and, initially, the bottom must be as

more uniform and horizontal as possible, thing that the user must ensure.

In the other option, it is also neessary to take an image before the test
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starts with the �at and uniform bottom, Fig. 3.4(a) and Fig. 3.4(b). This

last methodology will allow us to see the real di�erenes with respet to the

initial state of the bottom, although it must be as more horizontal as possible,

as it has previously been said, but in this ase this fat is not so ritial. One

the experimental simulation has �nished, the erosion and thus, the shape of

the bottom an be alulated taking just a new and last piture with the

projeted lines on it. The seond option, and the most reommended, allows

to the software to alulate the di�erene between the bottom lines before

and after the erosion proess took plae. This last option also avoids errors

in making a good �attening of the sandy bottom and inauraies in the

horizontally of the patterns. In the end, all these pitures are proessed in a

omputer for its analysis.

(a) (b)

Figure 3.4: Images of the projeted lines on the sand: (a) Before the erosion

proess; (b) After the erosion took plae.

3.3 Analysis of the projeted lines and surfae

reonstrution.

The software developed for reonstrution of the surfae by means of the

projeted lines has been programmed in Matlab (Matlab, 2014). The ode
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only needs the three above mentioned initial images, the two target images

and the plan view of the lines, as shown in Fig. 3.1, together with one,

or two, or more, depending on the methodology �nally used of the bottom

illuminated with the projeted lines, as shown in Fig. 3.4. When the user

wants to know the relative di�erenes of the eroded bottom with respet the

initial state, the two pitures are needed.

At the beginning of the software, a initialization �le is alled to load

the options needed for the ode and initializes the objets (patterns and

tests) with their own information. In this moment, the software loads the

initial settings. Then, the �rst library "patternZ" is loaded. With it, the

information of the plan view is loaded, that is the ZX-plane, as shown in

Fig. 3.1(). Thanks to the known width of the hannel, appearing in the

plan view image, it is possible to know the real separation between the lines,

the position of the �at plate with respet to their beginning and the total

amount of lines that will be digitally proessed, beause any of them ould

lie out of the hannel width.

Afterwards, the information of the XY-plane is loaded, and shown in a

Matlab �gure, by means of the library "patternXY". First of all, the image

with the pattern plaed in the �rst line is loaded, with whihever angle the

amera has, Fig. 3.1(a), together with another image that has the same point

pattern but with all the points plaed in horizontal and vertial, as shown in

Fig. 3.1(d). Now, the user is asked to use the mouse to math pairs of the

same points in both pitures, being neessary, at least, six points. One instant

of this proess an be seen in Fig. 3.5. After this, a bilinear transformation

is used to transform the image of the target in the hannel in order to have

all its points seen without distortion, that is, to have the target seen by the

amera but projeted in a vertial plane. This is done by a transformation



50

matrix given by:

Figure 3.5: Seleting the mathed points.

[
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]

=
[

1 x y x ∗ y x2 y2
]

∗
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, (3.1)

where u and v are the oordinates of the mathed points in the distorted

image to transform, and x and y are the oordinates of the points in the image

with the aligned points. The matrix oe�ients (a,b,...) are 12 unknowns

needed to make the matrix of transformation, and that is the reason why, at

least, 12 points (six pairs) are needed. The orresponding subroutine to do

this is ommented in Appendix B.

One the oe�ients are known, it is possible to projet any image to the

vertial plane, as it an be seen in Fig. 3.6, where the bilinear transformation

is applied to one of images of the target. Sine the angle of the amera does

not hange during the test, this transformation an be also applied to the
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last image taken by the amera, that with the lines projeted on the eroded

bottom.

(a) (b)

Figure 3.6: Target transformation to be vertially projeted: (a) Seen by the

amera; (b) After the bilinear transformation is applied.

Next, the ode onverts the images loaded in pixels to length dimensions,

mm in our ase, in order to be able to have dimensional pro�les of the eroded

bottom as well as of the size of the eroded region. To do that, a ratio pixel-

mm must be found. The only important thing one has to take into aount is

that di�erent lines will have di�erent pixel-mm ratios, but this ratio is linear

with depth (x oordinate) and the ode is able to alulate it. To do it, the

ode needs, at least, another di�erent image of the target to alulate the

pixel-mm ratio. That is the reason why a seond image of the target, loated

in the last projeted line, must be taken. In order to know the pixel-mm

ratio, the software asks the user for known distanes in both target images,

the ones shown in Fig. 3.1(a) and Fig. 3.1(b), and sine the relative loation

of the dots in the targets are known, they will be used to obtain pixel-mm

ratio in both planes and also its linear variations with depth.

The next step the software does is the automati reognition of the pro-

jeted lines on the sandy bottom. The value of the light intensity of eah

pixel of the image is extrated and is onsidered only as part of a line if it
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exeeds a threshold value set by the user at the initialization step. There is

an iterative proess where the user an modify these parameters until a good

result is obtained. It is important that the lines have a greater luminous

intensity than the rest of the image, so that the ode is able to automatially

identify whih pixels are part of a line. There are further information of the

automati reognition of the lines in the Appendix C. One the line reogni-

tion is made, the ode shows a �gure with the lines as di�erentiated objets

by olours of agglomerates of isolated pixels, as an be seen in Fig. 3.7, where

the projeted lines of Fig. 3.4(b) have been reognized. At the end, a �lter

is applied to remove objets with a number of pixels below a user de�ned

value, and to avoid fake objets due to noise in the image.

Figure 3.7: Projeted lines one they have been reognized by the software.

Di�erent olours indiate di�erent objets.

Now, and by means of an iterative proess, the threshold value of the

luminous pixel intensity to be onsidered as part of an objet is modi�ed

automatially, as well as the minimum number of pixels an objet must have

in order to be aepted as suh entity.

The next step is to speify whih objets belong to the same projeted
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line. Thanks to this proess, the lines are �nally de�ned as a unique entity

and next, the user spei�es the number of visible lines in the image in order

to know the real distane along the z-axis from the �rst to last one.

Next, the ode alulates the lines as a set of points in two ways, de-

pending on the hoie the user did at the beginning of the proess. The �rst

option is that whih uses just one image orresponding to the steady state

of the eroded bottom. What the software does with this image is to onvert

the pixels of the same lines into points with their orresponding oordinates.

The seond option uses the image at the beginning and at the end of the

test. Again, the pixels are onverted into points and, the di�erent between

both states an be alulated, see Appendix D for further information.

The way the software obtain the oordinates of the points of the lines is

by automatially deteting a whole line and getting, for eah x-oordinate

of the line, a mean y-value based on its thik. With this step, not only the

mean y-oordinate is obtained, but also its orresponding error proportional

to the thik of the line. If a line had hidden parts, they are interpolated with

the other visible parts of it, as it is desribed in Appendix D.

One all the operations are done, the x,y,z oordinates of the eroded

3D surfae are known, and from them, any information related with the

surfae, suh as, their maximum or minimum values, ontour urves, volume

of eroded regions, plots of longitudinal pro�les along any oordinate, et, an

be obtained.
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Figure 3.8: Frontal view of the seashell.

3.4 Validation of the methodology. Shape re-

onstrution of a seashell.

A seashell, loated underwater in a sand bed, has been seleted to validate

the methodology to reonstrut 3D underwater surfaes. The seashell has

known dimensions, thus we have digitized it using the tehnique developed

in this Thesis, whih will allow us to draw its level urves, reonstrut its 3D

surfae and also alulate the volume of the seashell.

The seashell, loated on the sandy bottom of the hannel together with a

ruler to have an idea of its dimensions, an be seen in Fig. 3.8 and Fig. 3.9.

From them, it is easy to see that the seashell has 15 mm high, 37 mm wide

and 40 mm long. As it has been said previously, the reonstrution proess

needs some images to work orretly. In partiular, one the amera has

been set with an angle with respet to the hannel, two images of the target

must be taken, Fig. 3.1(a)-(b), and a plain view of the projeted lines on the
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Figure 3.9: Plan view of the seashell.

�at bottom, Fig. 3.1(). One the two targets are analyzed and the bilinear

transformation obtained, it is applied to the image of the seashell, whih

gives the result shown in Fig. 3.10. From this �gure the di�erent lines an be

extrated as objets and its pixels onverted in mm by means of the pixel-mm

ratio obtained from the target images. When this is done, the surfae an be

reonstruted, but for now, with just the same number of lines projeted on

it. And, all this pro�les an be also plotted together in a x-y plot (Fig. 3.11).

This set of pro�les an now be used to interpolate the height (y-oordinate)

of any point in the x-z plane. Thanks to this, a 3D surfae (Fig. 3.12), or a

ontour of iso-surfaes of onstant height (Fig. 3.13) an be obtained. From

these �gures, the reonstruted values of its width, height and length an be

obtained, giving 14.5 mm height, 37 mm width and 42 mm long, very lose

to the real ones of the objet under study. From the digitized lines projeted

on the surfae, the seashell in our ase, the software also gives the error of

eah points whih depends on the width of the line. In Fig. 3.14 is depited
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Figure 3.10: Seashell lighted by the projeted lines

the pro�le of the seashell along its middle with the orresponding errorbars.

The mean error for this pro�le was 0.5952, while for all the seashell surfae

was 0.6170.

In addition, the software an also alulate the volume of a ertain region

of the surfae. In our ase, the volume inside the seashell will be alulated

in order to ompare it with the real one to have an idea of how auray of

the proposed methodology is. First of all, this volume has been alulated

experimentally with a syringe and fulling of water the avity of the seashell,

see Fig. 3.15. The result of the experimental measured volume inside the

seashell was 7068 mm

3
. And the result given by the software was 7290 mm

3
,

whih means an error of about 3%. The di�erene with respet to the real

value is due to the thik of the seashell, that it has not been taken into

aount in the experimental alulation.
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Figure 3.11: Longitudinal pro�les of the seashell shape for the z values given

in the legend.

Figure 3.12: Reonstruted 3D surfae of the seashell.
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Figure 3.15: Method to alulate the volume of the seashell avity.

3.5 Summary and onlusions

To analyze digitally the eroded surfae by the presene of �at plates in a tidal

urrent, it has been neessary to develop a method and a omputer program

to reonstrut 3D underwater surfaes. The method has been validated with

the dimensions of a seashell and it has been shown to be valid for sanning 3D

surfaes with an auray proportional to the thikness of the lines projeted

on the surfae to reonstrut. The error did not exeed the value of 1 mm in

the validation sample (5% with respet to the �at plate hord). The software

also an alulate the maximum and minimum values of the surfae in the

vertial diretion, either absolute or in a small region, as well as, alulate

volumes of di�erent regions of the surfae.

This methodology may be aepted with these results knowing that the

error is less than 5%, depending the thik of the projeted line, and assuming

that the �nal piture does not have hidden parts of the lines. If this happens,

the hidden parts an be interpolated.

Finally, we an onlude saying that this method is valid for digitizing
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ontinuous surfaes, without too muh sharp edges, as long as the image taken

by the amera have not too muh hidden parts, in order to minimize the error.

This method is also reommended for studies of surfaes whih have di�ult

aess to take the images of their surfae, avoiding also the problems of the

di�ration of light due to the media hange. Another important advantage

of this tehnique is that the error is really tiny and proportional to the line

thikness and spae between them, getting errors of the order of 1 mm (5%

with respet to the �at plate hord).
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Chapter 4

Experimental measurements of

the sour generated by a �at

plate over a sand bed

4.1 Introdution

Sours on the sea or river beds, originated by the presene of either �oating

or touhing strutures near their bottom, is the fous of interest of many

researhes in order to protet not only the environment but also the struture

(Whitehouse, 1998). There are, for instane, a lot of previous works that have

studied the sour generated by submerged pipelines on the seabed either

experimentally (Mao, 1987), or numerially (Brørs, 1999; Li & Cheng, 1999),

or even there are empirial funtions to predit the maximum sour depth due

to submerged pipelines for a given urrent (Chiew, 1991). Others authors,

however, have studied the sour made by submerged piles when they are

anhored to the bottom (Melville & Coleman, 2000; Roulund et al., 2005;

Khosronejad et al., 2012). However, the lak of detailed suspended objet
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studies inside the water and lose to the sea/river bottom enourages the

present researh. Only very few works have been found about this topi, suh

as the ones done by Gao et al. (2006),Gonzalez-Juez et al. (2009). But, this is

not our only motivation, beause tidal energy onverters frequently use sails

to extrat energy from the urrent and they ould be so lose to the bottom

that the e�et on it ould be important. Thus, from an environmental point

of view, it an be interesting to know the height above whih the impat on

the bottom an be negleted.

In this hapter, we use the software and methodology developed and

explained in Chapter 3 to reonstrut underwater 3D surfaes and so digitize

the sour produed by the �at plate model desribed in the Chapter 2.

The goal in this hapter is, thus, to be able to quantify the erosion on a

sandy bottom due to the presene of a steady �at plate in a tidal urrent,

and loated lose to the bottom. The governing parameters of the problem

are the angle between the �at plate and the urrent, α, and the separation

of the �at plate with respet to the sandy bottom, h. It is also onsidered to

be perfetly �at, so that any disturbane on it will be assume to be due to

e�et of the �ow around the plate. Regarding the sand used in the sediment

hannel (SiO2 with M.=60.09), it has got a mean diameter of d50 = 0.3

mm, a loss on drying of 0.2%, and the soluble matter in HCl is 0.2%(a size

onsidered as medium sand) (Merriam, 2003; Krumbein & Aberdeen, 1937).

4.2 Experimental set-up

The study desribed in this hapter has been arried out in a sediment water

hannel, with the sand loated at its bottom. In fat, only a entral fration

of the hannel was used, with a wedge at the beginning and end of the sand
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region to gradually adapt the �ow to and from the sand region. An sketh of

the experimental set-up an be seen in Fig. 4.1, where not only the hannel

but also the hydrauli iruit, the amera to take the photos, and the video

projetor to draw the lines on the sand, are shown.

Figure 4.1: Sketh of the water hannel.

Water �ows through the hannel thanks to a pump with a maximum

�ow rate of 5330 l/h. This �ow an be regulated by a valve. In this work

the maximum �ow rate is used in order to have a Reynolds number as big

as possible. A reservoir, loated on the laboratory �oor, allows to lose

the hydrauli iruit, storing the water to be reirulated later during the

experiment. As one an see in Fig. 4.1, the �at plate is loated above the

sand, and it is mounted in a mehanism whih allows to adjust both the

angle of the plate and its distane to the sand. A video projetor, �xed on

the hannel struture, is used to projet the lines on the sand that will serve

to san the 3D eroded surfae, as explained in the Chapter 3. The projeted

image with the lines an be generated by any ommonly used graphi software

(see Fig. 3.1()) and it is sent to the projetor by a omputer, whih also

will be used later to proess all the images. Finally, a amera, mounted on
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a tripod, and with an angle with respet to the hannel, is used to take the

photos needed to reonstrut the shape of the 3D surfae. It must be noted

that the amera must remains steady (its relative position to the hannel

and its angle) during the time the experiment takes plae.

The hannel is 65 mm wide and 260 mm high. Its total length is 2580

mm, while the entral test region with a sand is only 95 mm high and 775

mm long (see Fig. 4.1). The height of the sand layer is 130 mm, so that

the water depth in the sand region is 130 mm. Using the maximum pump

�ow rate of around 5330 l/h and the water hannel setion above the sand

of around 65x130 mm one an alulate the mean (harateristi) veloity of

the water, U , giving a value of around 0.18 m/s. Taking also into aount

the kinemati visosity, ν, of water at working temperature and using the

hord, c (= 20 mm), of the plate as the harateristi length, the Reynolds

number of the �ow, de�ned as

Re =
Uc

ν
, (4.1)

is around 3500. All the results have been obtained at this maximumReynolds

number. So that, for future works, it is reommended to try to inrease this

value to see how di�erent the erosion proess and the resulting eroded surfae

are.

For this Reynolds number, it has been observed that when the water �ows

without any submerged obstale at the maximum pump �ow rate, it is not

able to resuspend the sand, or in other words, to make any erosion, so we an

assume that any sour generated on the sand surfae is made by the presene

of the obstale (the �at plate in our ase). Regarding the size ratio between

the sand and the plate, the former is about 67 times smaller than hord of

the latter, whih is onsidered as a representative ase of a real tidal energy

extration system mounted above the seabed ompared with a �ne sand.
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In Fig. 4.2 is depited a sketh of the experimental on�guration, with

two views of the entral region of the hannel just where the plate is mounted.

Here, it is easy to see the angle α between the plate and the urrent, and

the distane h from the plate to sand. The plate is 1 mm thik and made by

steel.

(a) Plan view

(b) Front view

Figure 4.2: Sketh of the problem to study in the hydrauli hannel

We have arried out a set of experiment with di�erent angle values of the

plate, starting at 0

◦
, whih is the one that auses the maximum erosion, as

it will be shown later. Other angles used are 30

◦
, 45

◦
, and 60

◦
, the later

ausing very little erosion on the sand. We have also tested, for eah angle,

di�erent plate-to-sand distanes, starting from 0 mm, with the plate standing

just on the sand, and inreasing the distane every 2 mm until no erosion is

observed.

4.3 Results and Disussion

The results for a series of experiments for Re ≃ 3500 and di�erent values of

α and h are presented here. For this Reynolds number, and as we will see

later, it is important to take into aount that the vorties emerging from
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both sides of the plate ould play an important role on the erosion proess.

When manipulating images to extrat from them information, as we are

going to do, it is important to think about the most important soures of

error: a right lighting projetor, the image quality and resolution, the good

horizontal and vertial alignment of the targets before shotting the amera

to get an image of them, the initial �atness of the sand, independently the

method hosen uses, the di�erene between the initial and �nal sand state,

the thikness and number of the projeted lines, and the angle of the amera

to be able to apture the whole lines avoiding, if possible, their hidden parts.

However, the most important, beause it has a high impat on the results, is

the error due to the thikness and number of projeted lines. This error will

be quantify later for eah experiment.

We have studied 4 values of the angle of attak α (=0

o

, 30

o

, 45

o

, 60

o

),

and 9 plate-to-sand distanes, ranging from 0c to 0.8c, at intervals of 0.1c.

However, for eah angle, the highest distane used is that for whih no erosion

on the sand was found, so that above it, the sand bed remains unhanged. As

it will be shown later, the highest distane for that to happen dereases when

the angle inreases, that is, it dereases with the alignment of the plate with

the urrent. That is the reason why at large angles the number of studied

distanes are fewer. The disussion of the results will be done by means of

the reonstruted 3D surfaes of the sandy bottom given by the software

developed in this Thesis.

In Fig. 4.3 is depited the 3D surfae for a plate on�guration and it

is going to be used to de�ne some sand strutures observed in all experi-

ments, suh as the �rst and seond sours, �rst dune, side sours, and side

and longitudinal dunes, as well as, some omments about the olours of the

surfae. Regarding the later, green olors indiate the unperturbed origi-
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Figure 4.3: Reonstruted 3D surfae of bottom for α = 0o at h = 0c. Some

omments have been inluded to identi�ed the strutures of the sand.

nal sand, whereas blue ones erosion zones and reddish yellow deposition of

eroded sand (mountains). In addition to this, the software also draws the

real position and orientation of the plate, as a transparent grid, for a better

understanding of the results. For all plate angles, the axis sale in all �gures

will be the same in order to be able to ompare the resulting erosion on the

sand. To start with, the angle α = 0o, and the di�erent studied distanes

from the plate to sand bed, h = 0c, 0.1c, 0.3c and 0.6c, will be presented.

However, most of the subsequent result are presented in Appendix E. The

bottom reonstrution, one the sand reahes a steady state, an be seen

in Fig. 4.4. As one an see, all �gures present a symmetry line along the

middle (symmetry line) of the hannel, and the observed pattern of the sand

in the steady state is quite similar in all of them. Starting with the plate

standing on the sandy bottom, Fig. 4.4(a), what one observes is that, �rst
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of all, a deep sour appears just under the �at plate, whose depth dereases,

as it will be seen later, when the plate-to-sand distane inreases. Seondly,

and downstream the �rst sour, a sand elevation or dune appears, whih

is thought to be originated by the sand re-suspension from the �rst sour.

Thirdly, a seond sour appears downstream the �rst dune due to the �ow

aeleration when leaving it. This seond sour is also surrounding by two

small longitudinal dunes, whih extend from the �rst dune to two new side

dunes loated downstream the seond sour and preeded by two side sours.

These two both side dunes and sours seem to extend until the lateral walls

of the hannel. This fat means that the hannel walls are playing an impor-

tant role on how the sides of the eroded bottom looks like. If the hannel had

been wider what we would have found is also a wider erosion zone. Neverthe-

less, the main hanges on the bottom, those like the �rst and seond sour,

and the �rst dune, are not a�eted by the hannel lateral walls. Probably,

both the side dunes and sours would have been wider, but still appearing

as e�et of the presene of the plate. In this point, it is important to wonder

about the mehanism responsible of the side sours and dunes. It is believed

that these side strutures are due to the tip vorties emerging from the �at

plate sides, giving rise to the �rst dune not to extend laterally too muh,

and, downstream of it, to a sand suspension (side sours) and then to its

deposition (side dunes). This explanation will be reinfore later when other

�at plate angles are disussed.

What one observes when the distane between the plate and the sand is

inreased is that all sizes of the di�erent dunes and sours are redued, as it

an be seen in Fig. 4.4, for distanes ranging from 0.3c to 0.6c. This e�et an

be also seen in Fig. 4.5, where longitudinal sand bed pro�les for 3 di�erent

values of z, zm ≡ z = 1.625c (the middle of the hannel) and z = zm±0.8125c,
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are depited for all plate-to-sand distanes. However, sine the axis sale is

the same in all �gures, it is remarkable that when h = 0.3c the side sours are

a little deeper than for the smaller previous separation. This is thought to

be beause, for this distane between the sand and the plate, the tip vorties

are stronger than for any other distane, having the highest erosion apaity.

To see this e�et learly, in Fig. 4.6 is depited the spanwise sand pro�le at

x = 6c, around 3.6c from the plate, of the �at plate, where the side sours

have their maximum depth. As ommented on and shown in Fig. 4.6, for

h = 0.3c the side sour is the deepest.

Next, how the angle of attak of the plate, α, a�ets on the sand erosion

will be ommented. To that end, only some new pitures of the 3D bottom

surfae will be inluded in what follows, being all the remaining images in-

luded in Appendix E. When α = 30o, the size of the eroded region is smaller

in omparison with respet to α = 0o, not only in the streamwise diretion,

but also in the spanwise one. In Fig. E.4(a) is depited the 3D surfae of the

bottom when h = 0c, and one an see the depth, height and width of the

eroded region is smaller than when α = 0o (see Fig. 4.4(a)). However, and as

it before happened for α = 0o, when the plate-to-nozzle separation inreases,

all the sizes of the dunes and sours derease. It is important to notie, how

the eroded region takes plae just behind the plate, being also smaller aross

the hannel, loosing even the symmetry it had when α = 0o. One an also

see in Fig. E.5(e),(f), how the needed plate separation from sand to not erode

the bottom is smaller when the angle inreases, and for this α = 30o when

h is greater than 0.6c the bottom is hardly eroded, see Fig. E.5(e),(f). In

addition to all this, it an also be observed the role of the tip vortex from

the plate sides, as Fig. E.4(g),(h) reveals, where side sours and dunes due

to that phenomenon again appears downstream the plate. When the angle
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Figure 4.4: Reonstruted 3D images of the surfae and the ontour for

α = 0o and the values of h indiated.



Chapter 4 71

0 1 2 3 4 5 6 7 8 9
−0.5

−0.4

−0.3

−0.2

−0.1

0

0.1

0.2

0.3

0.4

0.5

Length (x/c)

H
ei

gh
t (

y/
c)

Curve in Z=1.625c of 0o

 

 

h = 0c
h = 0.1c
h = 0.2c
h = 0.3c
h = 0.4c
h = 0.5c
h = 0.6c
h = 0.7c
h = 0.8c

(a) z = 1.625c

0 1 2 3 4 5 6 7 8 9
−0.5

−0.4

−0.3

−0.2

−0.1

0

0.1

0.2

0.3

0.4

0.5

Length (x/c)

H
ei

gh
t (

y/
c)

Curve in Z=0.8125c of 0o

 

 

h = 0c
h = 0.1c
h = 0.2c
h = 0.3c
h = 0.4c
h = 0.5c
h = 0.6c
h = 0.7c
h = 0.8c

(b) z = 0.8125c

0 1 2 3 4 5 6 7 8 9
−0.5

−0.4

−0.3

−0.2

−0.1

0

0.1

0.2

0.3

0.4

0.5

Length (x/c)

H
ei

gh
t (

y/
c)

Curve in Z=2.4375c of 0o

 

 

h = 0c
h = 0.1c
h = 0.2c
h = 0.3c
h = 0.4c
h = 0.5c
h = 0.6c
h = 0.7c
h = 0.8c

() z = 2.4375c

Figure 4.5: Sand bed pro�les in (a) the middle of the hannel (b) 1/4 of the

hannel width () 3/4 of the hannel width with α = 0o



72

0 0.5 1 1.5 2 2.5 3
−0.5

−0.4

−0.3

−0.2

−0.1

0

0.1

0.2

0.3

0.4

0.5

Width (z/c)

H
ei

gh
t (

y/
c)

Curve in X=6c of 0o

 

 

h = 0c
h = 0.1c
h = 0.2c
h = 0.3c
h = 0.4c
h = 0.5c
h = 0.6c
h = 0.7c
h = 0.8c

Figure 4.6: Spanwise pro�les for α = 0o and the plate-to-sand distanes

indiated in the legend.

of the plate ontinues to inrease to 45

o

(or 60

o

) the size of the eroded region

dereases, and even more when the nozzle-to-plate distane inreases, as it

an be seen in Fig. E.6(a),(b),(e),(f) and Fig. E.8(a),(b),(e),(f), for α = 45o

and 60

o

, respetively, where the surfae shape for h = 0c and the highest

value of h, for eah angle, is shown.

One the results for eah of the studied angles have been independently

disussed, in what follows, we are going to ompare the erosion produed for

a given nozzle-to-plate separation as a funtion of the angle of attak of the

plate. There are three distanes (h = 0c, 0.1c and 0.2c) that were studied

for all angles, so it is going to be drawn stream and spanwise pro�les of the

bottom in order to ompare relatively the produed erosion on the sand. On

the one hand, Fig. 4.7 depited the streamwise pro�le of the bottom along

the middle of the hannel, whereas Fig. 4.8, Fig. 4.9 and Fig. 4.10 depit

spanwise pro�les at three x loations from the �at plate position at 0c, 1c

and 4c. These �gures also inlude and sketh the �at plate in dash lines. If
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Figure 4.7: Streamwise pro�le of the bottom along the middle of the hannel

for di�erent angles: (a) h = 0c; (b) h = 0.1c; and () h = 0.2c.

we look along the symmetry line of the hannel, Fig. 4.7, it is observed that

for h = 0c, sub�gure (a), the �rst dune length is di�erent depending on the

angle of attak of the plate, and the higher the angle is, the loser the dune is

to the �at plate. In addition, there is a seond dune as soon as the �at plate

has a di�erent angle of 0

o

, beause of the symmetry of the erosion, that it

has been broken for α = 30o, 45o and 60

o

. However, for h = 0.1c, sub�gure

(b), there is a redution in size of the sour and the dune generated for all

the angles, and for h = 0.2c, sub�gure (), in the ase of α = 60o the sour is

nearly null, while for the other angles the eroded surfae has the same shape

but di�erent dimensions. All these omments an be also supported by the

ontour surfaes for onstant values of y shown in Fig. 4.11 for h = 0c and all

angles, where it has also been inluded a sketh of the plate. These �gures

show how the size of the eroded region is smaller as the angle of the plate

inreases.
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Figure 4.8: Spanwise pro�le of the bottom at a distane 0c downstream the

�at plate for di�erent angles: (a) h = 0c; (b) h = 0.1c; and () h = 0.2c.
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Figure 4.9: Spanwise pro�le of the bottom at a distane c downstream the

�at plate for di�erent angles: (a) h = 0c; (b) h = 0.1c; and () h = 0.2c.
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Figure 4.10: Spanwise pro�le of the bottom at a distane 4c downstream the

�at plate for di�erent angles: (a) h = 0c; (b) h = 0.1c; and () h = 0.2c.

On the other hand, regarding the spanwise pro�les, the �rst ones are

extrated from just under the plate, at x ≃ 2.4c, Fig. 4.8, and the other two

a little downstream, that is at x = 1c and 4c from the �at plate, Fig. 4.9

and Fig. 4.10, respetively. As one an see, the higher the value of the angle,

the higher the sour depth, under the �at plate, see Fig. 4.8. However,

downstream the plate, at x = 1c, the dune height is higher with the �at

plate angle of α = 30o than for α = 0o, beause this distane is not the

top of the dune for α = 0o but is for the 30o. At 4c downstream the plate,

Fig. 4.10, the seond sour has its maximum depth for α = 0o, while for the

other angles there is a dune. However, for an angle of 60

o

, the surfae is

nearly �at regardless of the plate-to-sand distane.

Thanks to the software developed, we an also alulate the maximum

and the minimum values of non-uniform surfae, as well as the volume of the

sours and dunes generated on the sand.
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Figure 4.11: Isosurfaes of onstant height for h = 0c and the values of α

indiated.
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Figure 4.12: First sour depth for α = 0o, 30o, 45o and 60

o

as a funtion of

h.

However, instead of plotting the absolute maximum of the surfae, it is

better to obtain the maximum depth of the �rst sour to see how it hanges

with h and α. Its evolution is depited in Fig. 4.12. One more, it is on�rmed

that the higher the angle of attak, the lower the depth of the �rst sour.

Downstream the �rst sour a dune is generated by the sand re-suspension.

In Fig. 4.13 is depited how its maximum height to see how it hanges with

h and α. As expeted, the higher the value of α, the smaller the height of

the dune for whatever value of h.

It ould be also interesting to know the volume of sand extrated from

the eroded sours and that of the generated dunes. This an be also obtained

from the software developed. Fig. 4.14 shows the sand volume evolution of

the �rst sour under the �at plate as a funtion of h for eah angle of the

plate. It an be seen how the size of the sour, and then its volume, dereases

rapidly when the angle inreases, being, as expeted, the angle 0 the one with
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Figure 4.13: Height in the �rst sour for α = 0o, 30o, 45o and 60

o

as a

funtion of h.

more apaity of erosion.

If we now represent the volume of the �rst dune, we will have the evolution

shown in Fig. 4.15, where it is remarkable the nearly linear hange of volume

with the separation h, when α = 0o.

It is important to have an idea the error of the above results. They an

also be obtained from the software and depend mainly on the size of the

digitized lines projeted on the sand. The lower the width of these lines, the

lower the error of the results. The mean error obtained in all experiments

are summarized in Table 4.1, where one an see that are all quite similar.

This is so beause the thikness of the lines, the amount of these, and the

separation are the same in all ases. The error is expressed in millimeters

and the total average result of 0.4782 mm, whih represents a 2.4% if it is

made relative to the �at plate hord.
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h (mm) α = 0o (mm) α = 30o (mm) α = 45o (mm) α = 60o (mm)

0 0.3896 0.4822 0.495 0.4417

2 0.5099 0.4833 0.5245 0.4761

4 0.3731 0.5368 0.521 0.4274

6 0.4659 0.4483 0.5223 -

8 0.4741 0.4623 0.5179 -

10 0.4563 0.5251 0.5189 -

12 0.4561 0.4754 - -

14 0.4991 - - -

16 0.5176 - - -

Table 4.1: Mean error in the experimental tests (dimensions in mm)
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Chapter 5

Closure

This hapter summarize all the results obtained in the work done in this

dotoral thesis and propose a number of possible future works for further

researhes.

5.1 Conlusions

Throughout the work of the dotoral thesis, the e�ort has foused on improv-

ing the aerodynamis of a devie used to extrat energy from tidal urrents,

and on mitigating its environmental impat. Following these motivations, we

have obtained the following results that are also explained in the respetive

hapters of this thesis:

• Di�erent numerial simulations have been performed of a simpli�ed

model of the devie that extrat energy from a tidal urrent. This

model onsists on a asade of �at plates moving perpendiular to the

�ow. In the simulations the Reynolds number and the semi-aspet ratio

of the �at plates were kept onstants, Re = 5.66 · 104, and sAR = 3,

respetively. The variables were the separation between the �at plates,
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or solidity, σ, the veloity of the asade relative to the urrent, ξ,

and the blade angle of attak with respet to the urrent, γ. To arry

out the numerial simulations it was also neessary to tune di�erent

turbulent model parameters to the experimental results of the �ow

around a single �at plate. In addition, a grid onvergene study was

done to �nd the optimum number of grid ells to perform simulations

e�iently.

• An optimal on�guration that extrats the maximum power, CP , from

the urrent was found with the above onstraints. It ours when the

stagger angle is γ ≈ 79o, the solidity is σ ≈ 1 and the blades speed

is ξ ≈ 2.5. However, there is a seond relative maximum value of CP ,

slightly smaller, when σ ≈ 1, γ ≈ 75o and ξ ≈ 1.5 whih is muh more

interesting for the on�guration of the asade of �at plates beause

the lower relative speed of the asade. In either ase, the optimum

solidity is about unity and the best stagger angle around 75

o

.

• To analyze the eroded surfae by the presene of �at plates in a tidal

urrent, it has been neessary to develop a tehnique and a omputer

software to reonstrut 3D underwater surfaes. The method has been

validated using a seashell of known dimensions, and it has been shown

to be valid for sanning 3D surfaes with an auray error proportional

to the thikness of the lines. From the image proessing, the error did

not exeed 1 mm in the validation sample (2.5% of the seashell hord).

The developed software also gives the user possibility of getting quan-

titative data from the 3D surfae suh as the maximum and minimum

values of the eroded surfae, the volume of sours or dunes in di�erent

regions of the surfae, et.
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• Regarding the potential erosion apaity of �at plates one they are

running in a tidal energy extration devie, a hydrauli hannel has

been used to study experimentally the erosion by an isolate �at plate

for a �xed value of the Reynolds number and for di�erent heights of

the �at plate with respet to the sandy bottom, and di�erent angles of

attak. Two di�erent phenomena are found to develop the sour. The

�rst one is the urrent �owing between the �at plate and the bottom,

that generates a �rst sour under the plate, a dune downstream the

sour, and a seond sour. As the height of the �at plate with respet

to the seabed is inreased, the volume of eroded regions, given mainly

by that of the �rst sour, deays exponentially. Moreover, the volume

of the �rst dune also dereases linearly with h, speially for small angles

of attak α. The seond phenomenon involved is related to the vorties

generated at both sides of the �at plate, responsible for the three sours

for small angles α, between 0

o

and 30

o

. Above α = 30o, only two sours

are generated and by the �at plate side vorties. We have quantitatively

haraterized in this thesis the sizes and distribution of these sand-bed

sours and dunes as the angle of attak α and the distane from the

plate to the bed h are varied.

5.2 Suggestions for future works

This thesis overs only some hydrodynami aspets regarding a tidal energy

system devie based on submerged sails, leaving open for future researh

many other aspets. With respet to the aerodynami of a asade of �at

plates, the possible future works ould fous on the next points:

• Comparison of the numerial results with the experimental data for the
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same on�gurations that have been studied numerially in this work.

• New numerial simulations of the �at plate asade for di�erent real-

isti Reynolds numbers to �nd out new on�gurations for whih the

maximum power an be extrated from the asade.

• The semi-aspet ratio of the �at plate in the numerial situation has

been kept onstant with a value of three, so it will also be interesting

to try di�erent semi-aspet ratios.

• Although we do not expet substantial hanges in the results with

di�erent pro�les of the blades or sails, it ould be possible to do a study

of the aerodynami of a asade but using di�erent �at plate shapes.

What we have studied here an be onsidered as a �rst approximation

for the optimal asade on�gurations in terms of γ, σ, and ξ.

Regarding the seond part of this thesis, we have worked with an hydrauli

hannel to see the surfae variations on a sandy bottom generated by a

single �at plate immersed in a tidal urrent, but obviously this work an be

extended or improved to onsider several other aspets:

• In order to validate and to be sure of the experimental results, we have

started developing a numerial ode to simulate the settling of sand in

liquid media. But it needs more time to be improved and tuned for

the harateristis of the hydrauli hannel used here, so a future PhD

student ould ontinue with these tasks.

• Compare experimental and numerial results.

• Di�erent sorts of sand, with di�erent sizes and densities, ould be

tested.
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• To use more than one �at plate to simulate the sand bed erosion of a

real asade of sails. Thus, one ould optimize the distane from the �at

plate to the sand bed in relation to the solidity and other harateristis

of the asade.

• The shape of the �at plate ould be hanged in order to know its

in�uene on the erosion proess.
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Appendix A

APPENDIX: TURBULENCE

MODELS

Two di�erent turbulene models are used in this work: a RNG k−ǫmodel,Yakhot

et al. (1992) and a SST k − ω model, Menter (1994). In the RNG−k − ǫ

model, the equation for the dissipation ǫ aounts for the di�erent sales of

motion through hanges to the prodution term, while the equation for the

kineti energy k does not di�er from that of the standard k − ǫ model, Rodi

(2000) and Cebei (2004). For a onstant density �ow,

∂k

∂t
+∇ · (kv) = ∇ · [(ν +

νt
σk

)∇k] + Pk − ǫ, (A.1)

∂ǫ

∂t
+∇ · (ǫv) = ∇ · [(ν +

νt
σǫ

)∇ǫ] + C1ǫ
ǫ

k
Pk − C∗

2ǫ

ǫ2

k
. (A.2)

In this model, the kinemati eddy visosity is given by

νt = Cµ
k2

ǫ
. (A.3)



88

The energy prodution term is

Pk = νtS
2, (A.4)

with S =
√
2S : S, the modulus of the mean rate-of-strain tensor, S =

[∇v+ (∇v)T ]/2, and

C∗

2ǫ = C2ǫ +
Cµη

3(1− η/η0)

1 + βη3
, η =

Sk

ǫ
. (A.5)

For the nondimensional onstants in the above expressions we use the

following ommon values, whih di�er from those ommonly used in the

standard k − ǫ model, Yakhot et al. (1992) and Cebei (2004): Cµ = 0.0845,

σk = σǫ = 0.7194, C1ǫ = 1.42, C2ǫ = 1.68, η0 = 4.38, and β = 0.012S.

The SST−k − ω model is diretly usable all the way down to the wall

through the visous sub-layer without any extra damping funtions, being

more appropriate than the k− ǫ model for low Reynolds number turbulene,

and is equivalent to a k−ǫmodel in the free-stream, avoiding the ommon k−
ω problem that the model is too sensitive to the inlet free-stream turbulene

properties, Cebei (2004) and Menter (1994). The maximum of the kinemati

eddy visosity, whih in the standard k − ω model is given by νt = k/ω, is

limited by foring the turbulent shear stress to be bounded,

νt =
a1k

max(a1ω, SF2)
, (A.6)

where a1 = 0.31 and F2 is an auxiliary funtion of the wall distane y

given by

F2 = tanh







[

max

(

2
√
k

β∗ωy
,
500ν

y2ω

)]2






. (A.7)
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The equations for the turbulent kineti energy k and the spei� dissipa-

tion rate ω an be written, for a onstant density �ow, as

∂k

∂t
+∇ · (kv) = ∇ · [(ν + σkνt)∇k] + Pk − β∗kω, (A.8)

∂ω

∂t
+∇·(ωv) = ∇·[(ν+σωνt)∇ω]+αS2−βω2+2(1−F1)σω2

1

ω
∇k ·∇ω, (A.9)

where now

Pk = min(νtS
2, 10β∗kω), (A.10)

and β∗ = 9/100,

F1 = tanh







{

min

[

max

( √
k

β∗ωy
,
500ν

y2ω

)

,
4σω2k

CDkωy2

]}4






, (A.11)

CDkω = max

(

2σω2
1

ω
∇k · ω, 10−10

)

. (A.12)

If we denote any of the model oe�ients β, α, σk, and σk as φ, they are

de�ned by blending the oe�ients of the original k − ω model, denoted as

φ1, with those of the transformed k − ǫ model, denoted as φ2, through

φ = F1φ1 + (1− F1)φ2, (A.13)

The spei� values of the non-dimensional parameters used here are,

Menter (1994): α1 = 5/9, α2 = 0.44, β1 = 3/40, β2 = 0.0828, σk1 = 0.85,

σk2 = 1, σω1 = 0.5, and σω2 = 0.856.

In Se. 2.3 we seleted the upstream values of k, ǫ and ω for eah model

that best �t the experimental data for an isolated plate, but we used the

ommon values of the turbulene model onstants given above.
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In relation to the boundary onditions on the plate walls, we used several

standard wall funtions (see, e.g., Pope (2000)) implemented in the OPEN-

FOAM toolbox. In partiular, these boundary onditions are applied at a

distane to the wall y = yp in the log-law region where y+ is around 50, where

y+ ≡ y/(ν/u∗) is the distane to the wall in wall units. They are

∂k

∂y
|y=yp = 0, ǫ = ǫp =

C
3/4
µ k

3/2
p

κyp
, ω = ωp =

√

ω2
vis + ω2

log, (A.14)

ωvis =
6ν

βy2p
, ωlog =

k
1/2
p

C
1/4
µ κyp

, (A.15)

with kp = k at y = yp, and κ = 0.41 the von Kármán onstant. In our

omputations with the medium mesh (e.g., ase 6 in Table 2.1), the minimum

value of y+ was 0.1 and its medium value for the wall grid ells was 3.1. The

orresponding minimum ell area in a onstant z plane was 3.1 × 10−6c2,

where c is the hord length.
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Appendix B

APPENDIX: Code to selet

mathed points and transform

image

The seletion of the mathed points is an important task to arry out when

an image seen by a amera with a ertain angle must be projeted to the

vertial plane. Matlab has di�erent libraries that an help us with this task

and it is possible to transform an image in a few lines of ode:

% get the pattern in the first line pattern1

im=imread(pattern1.path);

% get the real pattern with the points aligned to

% the horizontal and vertial

imRealPattern=imread(imRealPattern.path);

%display both image and math points in ommon

[inputPoints,basePoints℄=pselet(im(:,:,3),imRealPattern,'Wait',true);

set(gf,'units','normalized','outerposition',[0 0 1 1℄);
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% Calulation of the seond order transformation matrix

t=p2tform(inputPoints,basePoints,'polynomial',2);%

% the transformation matrix is assigned to both pattern objets

pattern1.data.t =t;

pattern2.data.t =t;

% projetion of the image in horizontal and vertial plane

fototrans_t=imtransform(im,t);

fototrans_t2=imtransform(im2,t);

% the horizontal and vertial image is assigned to both pattern objets

pattern1.data.fototrans_t =fototrans_t;

pattern2.data.fototrans_t =fototrans_t2;

%display the result

subplot(121)

imshow(im);

subplot(122)

imshow(fototrans_t)

set(gf,'units','normalized','outerposition',[0 0 1 1℄);

One the mathing of the points for the �rst pattern is done, then the

same ode will be loaded again for the seond pattern.

Finally it is neessary to know the pixel-mm ratio from both patterns.

imshow(pattern1.data.fototrans_t)
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set(gf,'units','normalized','outerposition',[0 0 1 1℄);

prompt={'Known distane in mm:',...

'Number of iteration to alulate the average:'};

name='Get relation pixel/mm';

numlines=1;

defaultanswer={'2.5','3'};

answer=inputdlg(prompt,name,numlines,defaultanswer);

distPoints=str2num(answer{1});

d=str2num(answer{2});

j=1;

zoom on

uiwait(msgbox('Selet HORIZONTAL known points',...

'Get relation pixel/mm'));

for i2=d:-1:1,

[x,y℄=ginput22(2,'KeepZoom','k*');

r=abs(x(2)-x(1));

rel(j)=distPoints/r;

j=j+1;

end

uiwait(msgbox('Selet VERTICAL known points',...

'Get relation pixel/mm'));

for i2=d:-1:1,
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[x,y℄=ginput22(2,'KeepZoom','k*');

r=abs(y(2)-y(1));

rel(j)=distPoints/r;

j=j+1;

end

lose all

%relaXY is the pixel/mm ratio for the XY plane

relaXY=mean(rel);

desv=std(rel);

pattern1.data.relaXY = relaXY;

data=pattern1.data;

%save in a file

save(matfile,'data');

Finally when it is known the ratio from the two patterns, it an be al-

ulated for whatever line in the spanwise diretion:

%Parameters to alulate the relation pixel/mm for whatever

%line using the equation relaXY=A+Bx

A=pattern1.data.relaXY;

B=(pattern2.data.relaXY-pattern1.data.relaXY)/pattern2.data.pos;
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Appendix C

APPENDIX: Code to

automatially selet the lines in

an image

The next ode is used in the software to automatially selet lines.

% get the image with the projeted lines

im=imread(resultImage.path);

% ask for the filter parameters

prompt={'First intensity for the filter:',...

'Pixel to be removed in isolated objets:'};

name='Selet filter parameters';

numlines=2;

defaultanswer={num2str(i1),num2str(i2)};

answer=inputdlg(prompt,name,numlines,defaultanswer);
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i1=str2num(answer{1});%First intensity for the filter

i2=str2num(answer{2});%Pixel to be removed in isolated objets

%first filter

%onvert to gray

I=rgb2gray(im);

se = strel('disk',i1);

tophatFiltered = imtophat(I,se);

I = imadjust(tophatFiltered);

% Seond filter

bakground = imopen(I,strel('disk',i1));

% Display the Bakground Approximation as a Surfae

figure, surf(double(bakground(1:8:end,1:8:end))),zlim([0 255℄);

set(ga,'ydir','reverse');

I2 = I - bakground;

I3 = imadjust(I2);

% Remove all objets in the image ontaining fewer pixels than i2 pixel

level = graythresh(I3);

im_bw = im2bw(I3,level);
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im_bw = bwareaopen(im_bw, i2);

%paint in different olor the bodies

 = bwonnomp(im_bw, 4);

labeled = labelmatrix();

Lrgb = label2rgb(labeled, �lines, '', 'shuffle');

%show the result

lose all;

imshow(Lrgb)

title(textTitle);

set(gf,'units','normalized','outerposition',[0 0 1 1℄)
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Appendix D

APPENDIX: Code to alulate

the points of a line using an image

The next ode alulates the points of the lines using the urves generated

in an image format.

% im is the projeted image with a single line

im=urva.im_sel_proj;

% relaXY is the pixel-mm ratio in the XY plane

relaXY=urva.relaXY;

% xsol, ysol and zsol are the set of points for all the urves

xsol=[℄;

ysol=[℄;

zsol=[℄;

% errorsol is the error done by the line thik

errorsol=[℄;

% firstX is the value of the first pixel seen in the x-axis
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firstX = -1;

% relfirstY is the position of the pixel where y must be 0

relfirstY=-1;

% loop to analyze all the pixel of the image

for x = 1:size(im,2)

% retrieve an array with all the pixels where there is

% part of the line

y=find(im(:,x)==1);

if isempty(y)==0

if firstX==-1

% first time to retrieve an x value

firstX=x;

end

%xsol is added to the array of x values, and alulate x

% as the different between the origin pixel and the urrent

% pixel

xsol=[xsol;(x-firstX)*relaXY℄;

%y is alulated with the mean value between the highest y pixel

% position and the lowest y pixel position

y1=min(y);

y2=max(y);

y=(size(im,1)-mean([y1 y2℄))*relaXY;

% first urve and value found for y in order to take it as

% referene and draw the urves for this value.

if firstY==-1

firstY=y;

end
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if relfirstY==-1

relfirstY=firstY-y;

end

y=y+relfirstY-firstY;

ysol=[ysol;y℄;

%zsol is alulated using the position of the urrent line

% in the z-axis

zsol=[zsol;(urva.pos-1)*Zplane.distZ+Zplane.ZeroPoint℄;

%error

error=(y2-y1)/2;

errorsol=[errorsol;error*relaXY℄;

end

end

% smoothing the urve

fo = fitoptions('method','SmoothingSpline','SmoothingParam',.1);

ft = fittype('smoothingspline');

% fitting with the mean value

f1 = fit(xsol,ysol,ft,fo);

% fitting with the min and max value

f2 = fit([xsol;xsol℄,[ysol-errorsol;ysol+errorsol℄,ft,fo);

% obtaining the height (y oordinate) from the fitting urve for eah

% x oordinate value

ysoli=f1(xsol);

xyz = [xsol ysoli zsol errorsol℄;
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Appendix E

APPENDIX: Other �gures

related to Chapter 4

In this Appendix all the 3D reonstruted surfaes will be shown for α =0o,

30

o

, 45

o

and 60

o

.
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Figure E.1: Reonstruted 3D piture and ontour of the surfae for α = 0o

at h = 0c
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Figure E.2: Reonstruted 3D pitures and ontours of the surfae for α = 0o

and from h = 0.1c to 0.4c
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(a) h = 0.5c
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Figure E.3: Reonstruted 3D pitures and ountours of the surfae for α =

0o and from h = 0.5c to 0.8c
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Figure E.4: Reonstruted 3D pitures and ontours of the surfae for α =

30o and from h = 0c to 0.3c
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(a) h = 0.4c
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Figure E.5: Reonstruted 3D pitures and ontours of the surfae for α =

30o and from h = 0.4c to 0.6c
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Figure E.6: Reonstruted 3D pitures of the surfae for α = 45o and from

h = 0c to 0.2c
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(a) h = 0.3c

−
0.

12
5

−
0.

07
5

−0
.0

25

−0.025−
0.025

0.025

0.025

0.025
0.025

0.
02

5

0.025

0.025

0.025

−0.075

0.075 −0.025

0.025 −0.025

0.1250.
07

5

0.075

−0.1250.075

0.025

Length (x/c)

W
id

th
 (

z/
c)

Contour to 45o h=0.3c

 

 

0 1 2 3 4 5 6 7

−1

0

1

2

3

4

−0.4

−0.3

−0.2

−0.1

0

0.1

0.2

0.3

0.4

(b) h = 0.3c

() h = 0.4c

−
0.

07
5

−
0.

02
5

0.
02

5

0.025

0.025

0.025

0.0250.025

0.025 0.025

0.025

−0.025

0.075

0.025

−0.025

0.025 0.025

−0.025

0.025

Length (x/c)

W
id

th
 (

z/
c)

Contour to 45o h=0.4c

 

 

0 1 2 3 4 5 6 7

−1

0

1

2

3

4

−0.4

−0.3

−0.2

−0.1

0

0.1

0.2

0.3

0.4

(d) h = 0.4c

(e) h = 0.5c

−
0.

02
5

0.0250.025

0.
02

5

0.025

−0.025

0.025

0.025

0.025

0.025

−0.025

0.0250.025
−0.025

0.025

0.025

0.025

−0.025

0.025

0.025

Length (x/c)

W
id

th
 (

z/
c)

Contour to 45o h=0.5c

 

 

0 1 2 3 4 5 6 7

−1

0

1

2

3

4

−0.4

−0.3

−0.2

−0.1

0

0.1

0.2

0.3

0.4

(f) h = 0.5c

Figure E.7: Reonstruted 3D pitures of the surfae for α = 45o and from

h = 0.3c to 0.5c
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Appendix F

APPENDIX: Resumen extendido

F.1 Introduión

Las energías marinas tienen un importantísimo papel en las energías renov-

ables debido a que era del 71% de la super�ie de la tierra está ubierta de

agua, y los oéanos poseen era del 96.5% del agua de toda la tierra (U.S. Ge-

ologial Survey, 2014). Además, el vasto oéano posee una energía su�iente

para abasteer la demanda energétia en el mundo on muha mayor longev-

idad que otras fuentes energétias omo las fósiles (Pel & Fujita, 2002). En

este trabajo se pretende ontribuir a las investigaiones que se están real-

izando atualmente sobre energías renovables y su obtenión a partir de las

orrientes de las mareas.

En este ontexto, una empresa Noruega ha desarrollado un aparato sin

turbina que onsiste en un onjunto de velas dispuestas en asada que se

mueven on la orriente en una direión estableida (ver Fig. 1.1) para

�nalmente generar eletriidad (TidalSail S.A., 2014). Las velas están unidas

a un raíl que las soporta y les permite el movimiento en una direión, omo

se muestra en Fig. 1.2. Además, el raíl posee tres lados reando un triángulo
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equilátero on amarradero en ada esquina (ver Fig. 1.3 para más detalles), de

modo que es más e�iente on menor espaio. El sistema tiene araterístias

que lo haen ventajoso on respeto a otros dispositivos similares para la

aptura de energía de las orrientes, tales omo (ver TidalSail S.A., 2014,

para más detalles):

• Las velas tienen un movimiento lo su�ientemente lento que minimizan

el impato sobre la fauna marina. Un problema que poseen los dispos-

itivos on turbinas.

• Optimizan su diseño; y por ello, es posible onseguir más potenia

de la orriente on menor área. Además, la planta de produión es

equivalente a 30 turbinas onvenionales on un movimiento lento.

• El sistema es invisible para el ser humano y no posee por ello un impato

visual.

• El peso del dispositivo frente a la produión de energía es muho menor

que otros sistemas.

• Las partes móviles del dispositivo del aparato tienen tratamientos an-

tiorrosivos y lubriantes que no dañan el medio ambiente.

• Las velas se auto-limpian, se auto-ajustan y operan muy lentamente.

• Esta estrutura ompatada permite extraer energía no solo del mar

sino de los ríos.

En nuestro estudios se ha elegido este dispositivo de aptaión de energía

de las mareas para estudiar la mejor on�guraión del mismo, tratando de

generar la mayor potenia posible, sin erosionar el fondo marino y evitando

dañar el medio ambiente (TidalSail S.A., 2014, ver). Para ello, y en una
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primera parte, se ha estudiado la aerodinámia de las velas usadas en el

menionado dispositivo. El �ujo de estudio es onsiderado inompresible on

una orriente de entrada uniforme de veloidad V a través de una asada

de plaas planas retangulares de longitud de uerda c y altura b moviéndose

a una veloidad U perpendiular a la orriente V (ver Fig. 2.1(a)). La

separaión entre las plaas paralelas es s y su ángulo de inidenia γ. Para

las simulaiones numérias es onveniente usar un maro de referenia que se

mueva on las plaas, en uyo eje x oinide on la direión de la veloidad

relativa W (Fig. 2.1(b)). En este maro de referenia, el ángulo de ataque

efetivo en relaión a la veloidad relativa es α = γ− θ, donde θ es el ángulo

entre la veloidad de la orriente V y la veloidad relativa W.

Se ha �jado un número de Reynolds a Re = 5.66×104 y una semi-relaión

de aspeto sAR = 3. El estudio de la aerodinámia de las velas se ha llevado a

abo mediante un ódigo numério que ha permitido realizar las simulaiones

turbulentas, omparando una únia vela on los resultados experimentales de

Pelletier & Mueller (2000) y así validar y ajustar los parámetros turbulentos

a la entrada. Para esta ejeriio se ha utilizado los resultados arrojados

por dos modelos turbulentos: un modelo �Re-Normalisation Group� (RNG)

k − ǫ y el modelo � Shear Stress Transport� (SST) k − ω. De los dos, el

k − ω se ha ajustado mejor a los datos experimentales, por lo que ha sido

�nalmente usado para simulaiones posteriores. Así, la validaión del ódigo

numério ha permitido que se pueda emplear para estudiar un tren de velas

in�nito, en forma de asada, y analizar la mejor on�guraión aerodinámia

del onjunto.

El trabajo llevado a abo en la segunda parte de la tesis se ha entrado en

estudiar experimentalmente la erosión que sobre un fondo arenoso produen

las plaas planas en un anal hidráulio; y on ello, busar el efeto que la
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separaión entre las velas y el fondo pueden produir en la arena, y disponer

de un onoimiento que nos permita tomar las mejores deisiones para pro-

duir el menor impato ambiental. Para esto, el número de Reynolds ha sido

�jado al máximo según nos permitía el propio anal hidráulio. Este posee

unas dimensiones muy pequeñas y no permite utilizar ténias estándares

de reonstruión de la super�ie erosionada, ya sea porque introduen ob-

jetos en un espaio limitado, requieren de lienias muy aras, no tienen en

uenta la refraión de la luz o porque pueden distorsionar el resultado �nal.

Por este motivo, se ha diseñado una metodología y realizado un ódigo en

Matlab que permite salvar estas di�ultades y que, mediante patrones de for-

mas onoidas y una serie de líneas paralelas proyetadas sobre la super�ie

erosionada a reonstruir, se obtiene la forma de diha super�ie sumergida

en dimensiones reales. Graias a las imágenes tomadas y al proesado de

las mismas, se pueden obtener diversos resultados, omo: el alulo de la

antidad de arena en unidad de volumen que se erosiona, la forma de las

dunas que se generan, las urvas de nivel del fondo, la reonstruión 3D de

la super�ie sumergida y los per�les de la super�ie en diferentes planos.

El método propuesto para la reonstruión 3D de super�ies sumergidas

onsiste, prinipalmente, en una ténia para la reonstruión de super�-

ies sumergidas mediante la transformaión de un onoido patrón de puntos

y una series de líneas proyetadas sobre la super�ie a esanear. Primero,

el patrón es oloado en la línea proyetada más erana a la ámara y se

toma una foto, Fig. 3.1(a). Se toma una segunda foto del patrón oloado

en una línea diferente, ver Fig. 3.1(b). Es importante remarar que durante

los diferentes pasos de la metodología la ámara no puede moverse. Una

vez las imágenes de los patrones han sido tomadas on un ierto ángulo en-

tre la ámara y la horizontal, estas son proesadas en un ordenador usando
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el mismo patrón de puntos, pero on todos los puntos alineados horizontal

y vertialmente, Fig. 3.1(d). Entones, un grupo de puntos en omún se

seleionan entre las dos imágenes. Como resultado de la unión de los pun-

tos, esta metodología permite apliar una transformaión de segundo orden,

dando omo resultado una matriz de transformaión que se utiliza sobre la

imagen de las líneas proyetadas en la arena para obtener en magnitud real

la super�ie 3D.

Desde un punto de vista metodológio, el proyeto de tesis dotoral ha

utilizado el método anterior expuesto para alular la altura de la plaa plana

on respeto al fondo arenoso h y el ángulo de esta plaa plana on respeto

a la orriente α. Realizando variaiones para minimizar la erosión produida

en el fondo marino, on valores onstantes del número de Reynolds máximo

permitido por el anal hidráulio y el mismo anho de la plaa plana on un

únio tipo de arena.

F.2 Conlusiones

Durante todo el proyeto de la tesis dotoral hemos entrado el esfuerzo en

mejorar la aerodinámia de un dispositivo de aptaión de energía de or-

rientes de marea o �uvial, y en la última parte se ha busado mitigar el

impato ambiental sobre el fondo arenoso de la zona en la que está el dispos-

itivo. Siguiendo estas motivaiones se han obtenido los siguientes resultados

que son también expliados ampliamente en los respetivos apítulos de esta

tesis:

• Se han realizado simulaiones numérias de un modelo simpli�ado del

aparato de aptaión de energía de orrientes onsistente en una as-

ada de plaas planas moviéndose perpendiular a la orriente. En
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los experimentos se ha mantenido onstante el número de Reynolds de

la orriente y la semi-relaión de aspeto sAR de las plaas planas se

mantiene onstante a sAR = 3. Sin embargo, se ha ido variando la

separaión relativa entre plaas σ y el ángulo de ataque de las mismas

relativo a la orriente α. Para ello, se han ido ajustando los parámet-

ros turbulentos del modelo on los que mejor reproduían los resultados

experimentales de una plaa plana. Y además, tras un estudio de on-

vergenia de malla, se ha enontrado el número de eldas óptimo para

realizar las simulaiones de manera e�iente.

• Para la on�guraión anterior se ha enontrado un resultado óptimo

que permite obtener máxima potenia CP uando el ángulo de ataque

tiene un valor aproximado de γ ≈ 79o, la ompataión o separaión

entre las plaas es σ ≈ 1, y la veloidad de las velas on respeto a la

orriente es ξ ≈ 2.5. Sin embargo, aparee un segundo valor máximo

de CP ligeramente más pequeño para σ ≈ 1, γ ≈ 75o y ξ ≈ 1.5.

Este último valor hae muho más interesante la on�guraión de las

plaas planas en asada porque, para igual valor de potenia en los

dos máximos, se emplea un menor número de plaas planas, reduiendo

ostes y espaio. En ualquier aso, la ompataión óptima está era

de la unidad, siendo el mejor ángulo de ataque aproximadamente 75

o

.

• Para poder analizar la super�ie erosionada por las plaas planas ha

sido neesario elaborar un método de álulo y un programa en Matlab

para reonstruir super�ies en 3D. El método ha sido validado alu-

lando las dimensiones de una onha marina, demostrándose que es

válido para esanear super�ies 3D on un error de preisión propor-

ional al grosor de las líneas. El error ometido no supera el valor de



Appendix F 117

1 mm en el ejemplo de validaión. Además, se ha omprobado que es

posible obtener los valores máximos y mínimos de la super�ie relativos

y/o absolutos, y alular volúmenes de diferentes regiones.

• Se ha usado un anal hidráulio para simular la erosión produida por

una plaa plana y la orriente, utilizándose un valor del número de

Reynolds �jo para diferentes alturas de la plaa plana on respeto al

fondo marino, y diferentes ángulos de la misma on respeto a la orri-

ente. Dos tipos de fenómenos se desarrollan en la erosión: el primero,

aparee oasionado por la orriente irulando por debajo de la plaa

plana y generando tres resultados: una primera erosión, una duna de-

trás, y una segunda erosión. A medida que se va aumentando la altura

de la plaa plana el volumen de erosión ae exponenialmente. Sin em-

bargo, la altura de la primera duna que se genera lo hae de manera

lineal. En un segundo fenómeno aparee debido a los vórties que se

originan en los laterales de la plaa plana. Este segundo fenómeno es el

último en desvaneerse, y onforme se gira el ángulo de la plaa plana

desaparee la terera erosión que se produe en la parte trasera para

ángulos on valores hasta 30

◦
, fusionándose en dos erosiones, una por

ada lateral de la plaa plana.

F.3 Sugerenias para trabajos futuros

Por la amplitud de objetivos y aspetos abordados durante el proyeto de

tesis realizado, a su onlusión nos enontramos on un amplio rango de

posibilidades para ontinuar otras muhas investigaiones.

Con respeto a la aerodinámia del onjunto de plaas planas formando

una asada se puede seguir trabajando en los siguientes puntos:
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• Comparar los resultados numérios on datos experimentales en un

anal hidráulio para el mismo Reynolds que se ha usado en este tra-

bajo.

• Probar diferentes Reynolds, para las mismas onlusiones que se han

obtenido al variar la separaión entre las velas, la veloidad del onjunto

frente a la orriente y el ángulo de las plaas planas on respeto a la

orriente. De esta manera, se podría estudiar la diferenia respeto a

usar Reynolds muy altos.

• La semi-relaión de aspeto de la plaa plana en las simulaiones numéri-

as se ha mantenido onstante on un valor de 3, por lo que sería muy

interesante probar diferentes semi-relaiones de aspeto.

• Aunque se espera que el resultado no varíe muho on diferentes per�les

en lugar de plaas planas, se podría haer un estudio aerodinámio

usando per�les diferentes. En este trabajo se ha heho una primera

aproximaión para la on�guraión óptima de una asada de plaas

planas en términos de γ, σ, y ξ.

Con respeto a la erosión originada por las plaas planas en el fondo

marino se puede seguir trabajando en los siguientes puntos:

• Terminar la elaboraión de un ódigo numério para simular la sedi-

mentaión, erosión y deposiión de arena.

• Comparar los resultados experimentales de la segunda parte on las

simulaiones numérias que se pudieran realizar.

• Experimentar diferentes tipos de arena.
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• Simular más de una plaa plana y onoer dónde estaría la altura y el

ángulo óptimo para una asada de plaas planas.

• Variar la forma de las plaas planas para onoer su in�uenia sobre el

proeso de erosión.
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