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EXECUTIVE SUMMARY

This study aims to build methodologies to simuthiwake of several turbines in a large basin using
the Telemac2D and Telemac3D softwares.

In order to have confidence in the simulationsigdltturbines in a large basin with Telemac2D, ¢hes
steps were followed:

- First, we verify that the FORTRAN subroutine (DBRO) used to simulate a tidal turbine in
Telemac2D produces the same results when launclithdowe processor as it does with several
processors.

- Next, a simple flow than the wake downstreamdaltturbine is analyzed: this simple case is the
wake of a flow around a cylinder, which is simuthter two models of turbulence in Telemac2D (k-
epsilon model and constant viscosity model). Thidated results from this analysis (mesh size,
turbulence model ...) were used to get some gualanour study which concerns the flow around the
tidal turbines and not around cylinders.

- Third, the wake of a tidal turbine in a flume ggnulated and validated in Telemac2D using
laboratory measurements made by the LNHE departmie&EDF. The methodology for simulating
one tidal turbine is defined, in particular a difagce is applied on a rectangular box in order to
simulate the drag force due to the turbine.

- Once it was established that a single tidal nebin a flume could be modeled, two varying
alignments of tidal turbine arrays were simulatadTelemac2D using the same two models of
turbulence. At this stage, two methodologies arBndé: the first one for the method where a
rectangular box is used for each turbine, and ¢isersd methodology for the global box containing all
turbines method. In this second case, the methggddtso explains how to calculate an equivalent
drag coefficient to simulate a set of turbines ilarge scale basin. In both methodologies, the @fay
choosing the mesh size (near and far from themgatar box(es) and in the transition area ranging
from a fine mesh to a larger mesh), the turbulenodel, the drag coefficient, and the limitations ar
given.

With these methodologies, we have the ability touaately simulate several turbines on a large basin
with Telemac2D.

The same approach can be done in three dimensimhsha following steps were followed with
Telemac3d to develop the methodology:

-First, it is verified that the subroutine (SOURCEed to simulate a tidal turbine in Telemac3D
produces the same results when launched with ooeegsor as it does with several processors.
-Second, a tidal turbine in a flume is simulatethwielemac3D. The simulations are compared to the
EDF LNHE measurements to adjust the parameters rderoto obtain realistic simulations.
-Then, numerical analysis shows that the Telemag@oach is transferable to Telemac3D. This lays
the groundwork for defining the methodology to beed to simulate multiple turbines in a large
maritime area with Telemac3D (particularly, the nmetology for calculating a drag coefficient
equivalent to a set of turbines for large-scaldrbapplications). This methodology defines also the
choice of the mesh size (near and far from thezbatal cylinder(s)), the turbulence model, the drag
coefficient, and the limitations.

Finally, methodologies which enable the simulatibra tidal array in a coastal basin scale modethav
been set up for both 2D and 3D. It is built on $bep-by-step process which had been used for the
validation task, which increases confidence in dbéity of the developed routines to assess large
scale effects of tidal energy extraction at basaies It consists in running simulations at a lsalle

with individual devices, in extracting the equivalarray drag coefficient from these, and in inegrt
that piece of information in the large basin scat@el.

Telemac2D and Telemac3D are now capable of asge8®nimpact of any array layouts on large

scale hydrodynamics effects, as the software uaertlie opportunity of combining the use of the
DRAGFO and SOURCE routines with an appropriate oatogy.
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1 INTRODUCTION

1.1 Scope of this document

This study aims to simulate the wake of severdiihgs in a large basin using the Telemac2D and
Telemac3D softwares. Methodologies are proposeddet, for example, the choice of the mesh size,
both near and far from the turbines, adjust varipaiameters (associated with the representation of
turbines), and guide the choice of turbulence maudarder to simulate in a most accurate way the
wake of the tidal turbines in a large basin. Litidtas or sensitivity issues are also discussedhig t
study.

1.2 Approach followed

In order to have confidence in the simulationsigdltturbines in a large basin with Telemac2D, ¢éhes
four steps were followed:

-First, we verify that the FORTRAN subroutine (DRRG) used to simulate a tidal turbine in
Telemac2D produces the same results when launclithdowe processor as it does with several
processors. In particular, an identical energy issgerified across the two methods. This confirms
that our methods are sound, computationally spgakin

-Next, a simple flow than the wake downstream altidrbine is analyzed: this simple case is the
wake of a flow around a cylinder, which is simuthter two models of turbulence in Telemac2D (k-
epsilon model and constant viscosity model). Twadkiof meshes are also investigated, structured
and unstructured. Mesh convergence and time stapecgence are analyzed for each turbulence
model. Note that, with Telemac2D (or Telemac3D) iiesh convergence and time step convergence
analysis should always be done for any kind ofstidhe validated results from this analysis (mesh
size, turbulence model ...) were used to get som@agce in our study which concerns the flow
around the tidal turbines and not around cylinders.

-Third, the wake of a tidal turbine in a flume imslated and validated in Telemac2D using labosator

measurements made by the LNHE department of EDfe tat, at this step, the tidal turbine is not

represented by a vertical cylinder but with a negtdar box containing nodes where a drag force is
applied. The rectangular box used to model tiddbihe and the drag force are defined inside the
subroutine DRAGFO. To use the DRAGFO subroutinméalel a tidal turbine, the user has to define
the dimensions of the rectangular box and the vafuke drag coefficient. Two models of turbulence

are also used for this analysis, and the mesh cgewee is analyzed. The methodology for simulating
one tidal turbine is defined, including instrucsoon the choice of the mesh size near the turbine.

-Once it was established that a single tidal twbin a flume could be modeled, two varying
alignments of tidal turbine arrays were simulatadTelemac2D using the same two models of
turbulence. There are two methods for modelingtithed turbines tested in this section. One method
where each tidal turbine is associated with on&angular box containing nodes where a drag force is
applied (this case is similar to the case of the B and another where a global box represeraihg
the turbines is defined. In this second case, aivelpnt drag coefficient is used for all turbirsesd a
drag force is applied on the nodes inside thisalbbx using this equivalent drag coefficient.

The mesh convergence is again checked at this pothe study. The simulations and experimental
results (two experiments carried out in the lalmnast the University of Manchester) are compaced t
adjust parameters and to obtain a suitable nunhencael. At this stage, two methodologies are
defined: the first one for the method where a reguidar box is used for each turbine, and the second
methodology for the global box containing all turé$ method. In this second case, the methodology
also explains how to calculate an equivalent d@gfficient to simulate a set of turbines in a large
scale basin. In both methodologies, the way of simgpthe mesh size (near and far from the
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rectangular box(es) and in the transition area ingngrom a fine mesh to a larger mesh), the
turbulence model, the drag coefficient, and théditions are given.

With these methodologies, we have the ability touaately simulate several turbines on a large basin
with Telemac2D.

The meticulous approach in 2D is conducted beyohdtvis required and includes work on one
cylinder, one turbine (represented by a rectandudar and defined in DRAGFO), several turbines in
two varying alignments (represented by one or miesgangular boxes and defined in DRAGFO),
comparisons with several external experiments, cigtks on the mesh convergence. This approach
was necessary to give confidence in the 2D simariagéind to provide the ability to transpose the 2D
methodology for the 3D study whose approach isaipt below.

The same approach can be done in three dimensmehsimulations with Telemac3D proceeded as
follows:

-First, it is verified that the subroutine (SOURCEed to simulate a tidal turbine in Telemac3D
produces the same results when launched with coeegsor as it does with several processors. In
particular, an identical energy loss is verifiedoss the two methods. This verification is ideritica
the one performed in 2D with DRAGFO.

-Second, a tidal turbine in a flume is simulatethwielemac3D. The simulations are compared to the
EDF LNHE measurements to adjust the parametersgderdo obtain realistic simulations. Two

models of turbulence are used, and mesh convergeaoalyzed, just like in the 2D cases. Note that,
at this step, the tidal turbine is represented lhp@zontal cylinder containing nodes where thegdra

force is applied. The axis of the cylinder is otezhin the same direction as the turbine axis; the
diameters are also the same. The volume of thadsiiis roughly equal to the volume bounded by
the rotating turbine. The horizontal cylinder ahd tirag force are defined in the subroutine SOURCE.

-Numerical analysis shows that the Telemac2D amprdsatransferable to Telemac3D. This lays the
groundwork for defining the methodology to be usedimulate multiple turbines in a large maritime
area with Telemac3D (particularly, the methodolégycalculating a drag coefficient equivalent to a

set of turbines for large-scale basin applications)
This methodology defines also the choice of the hmsge (near and far from the horizontal

cylinder(s)), the turbulence model, the drag caoeffit, and the limitations.

1.3 Specific tasks associated with WG3 WP3

* D1 - 2D shallow water equation model(s) of candidsate(s).

« D2 - Code development in 2D shallow water modekiielc 2D of the Telemac software
suite, in order to allow for the implementationpaframetric characterization of arrays.

* D3 - Incorporating parametric characterization af axial flow turbine array (obtained in
WG3 WP2) into the 2D basin scale numerical models.

» D4 - Assessment of the effects of energy extracéibmarious UK sites with the 2D model:
Macroscopic, but still reliable, study of the largeale impact of a tidal farm on the
hydrodynamic of the area, and accurate assessihtre site tidal resource.

« D5 - Cross-comparison of 2D and 3D results, in sewhenergy extraction, for the

selected site.

14 WG3 WP3 D2 Content
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Code development in 2D and 3D shallow water mda@stmac 2D and Tdemac 3D of the Telemac
software suite, in order to allow for the implensin of parametric characterization of arrays. The
deliverable shall be a routine which can accounttfie hydrodynamic effects of a tidal farm at the
basin scale, and can be implementedaremac 2D and Telemac 3D. If possible, that routine shall
also focus on farm layout optimisation. The rouheuld be suitable for assessing any parameterized
FDC in 2D and 3D, even if within this work packageill only be implemented with one FDC.

15 WG3 WP3 D2 Deliverables

a) Module software code — Telemac 2D and 3D
b) Methodology Report: method used to develop @gaadte routine.

1.6 WG3 WP3 D2 Acceptance criteria

a) Module provided in Telemac software — 2D and \&fsions for horizontal axis turbine/device
specified in WGO D2.

. The software code/routine is capable of enaltfiregassessment of large scale hydrodynamic
effects of tidal energy extraction at basin scale.
. Software code capable of assessing impact of/éaray layout on large scale hydrodynamic

effects, in order to assess and optimise arrayuksyo

b) Report shall contain the following:
. Description of the method used to develop theitmh@l routines in sufficient detail to be
logically followed by third party.

2 PRESENTATION OF TELEMAC2D AND TELEMAC3D

The TELEMAC-2D and TELEMAC-3D softwares have beeveloped by the LNHE department
(National Hydraulics and Environment Laboratory) EDF R&D. They allow the modelling and
simulation of free surface flows and are basedioitefelement methods. TELEMAC-2D solves the
Saint-Venant equations (or shallow water equatiansa two-dimensional (plane) computational
domain. Its principle variables are the water degttl the vertically averaged velocity componerits, a
every point within the domain. The hypotheses usedELEMAC-2D are: hydrostatic pressure (the
vertical acceleration caused by the pressure bedagcavity), negligible vertical velocities (this i
linked to the hypothesis of hydrostaticity that wigs vertical acceleration to be insignificantdan
impermeability of the surface and of the bottom (ramsfer of water either through the bottom or
from the surface, a particle of water located ore @i these two interfaces will remain there).
TELEMAC-3D software solves the Navier-Stokes edquadi for free surface flows in three
dimensions. It can solve the Navier-Stokes equatwith or without the hydrostatic hypothesis.
TELEMAC-2D and TELEMAC-3D can take into account folowing phenomena:

« bed friction,

« impact of the Coriolis effect,

« effects of meteorological phenomena: atmosphesgsgure and wind,

« turbulence,

« subcritical and supercritical flows,

- tidal flats (sections of the shore exposed duribly tde that are treated as dry areas in the

computational field), an option that has beensagdiin this study.

These programmes have complete user documentdtttEMAC-2D has been available in Open
Source since 2010 (from version 6.0) whereas TELEMBD became available in Open Source in
2011 (from version 6.1).

The TELEMAC-2D and 3D software uses a number oliirgnd output files, some of which are
optional. The input files are the following:
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- The geometry file (obligatory). This is a binarkefin Selafin format, and can thus be read by
FUDAA-PREPRO software and created either directly MATISSE, JANET or
BLUEKENUE or else by the STBTEL module from theef8) produced by the mesh
generator. The structure of the Selafin formatesadibed in [G3],

- The steering file (obligatory). This is a text fiteeated by a text editor or by the FUDAA-
PREPRO software. In a way, it represents the cbpaoel of the computation. It contains a
number of keywords to which values are assigned,

- The boundary conditions file (obligatory). Thisadormatted file generated automatically by
MATISSE, JANET, BLUEKENUE or STBTEL. It can be mded with a standard text
editor. It describes the contour of the domainomigmetrically, starting from the bottom left-
hand corner (X + Y minimum) and then the islanda itlockwise direction,

- The bottom topography file (optional),

- The FORTRAN file (optional, but very often used),

- The open boundary file (optional),

- The previous computation file (optional),

- The binary data file (optional, but sometimes usext),

- The formatted data file (optional, but used here),

- The reference file (optional).

The output files are the results file, the listprintout, the formatted data file (optional) ane thinary
data file (optional).

3 TELEMAC2D SIMULATIONS

In this section, simulations are launched in Tele/2@; a numerical code for free-surface hydraulics
developed by EDF and based on the Saint-Venanttieqad4]. A brief description of the code of
Telemac2D is available in appendix 8.1.

The TECs (Tidal Energy Converters) will not be esmnted in the mesh; they will be modelled
through the application of a drag force on thedflin a FORTRAN subroutine DRAGFO). This
modelling approach is already applied in Telemaa@Bimulate bridge piers; it will be necessary to
adapt it to the case of tidal energy converter<Q§)E

3.1 Inputs

Comparisons are done in the following chapter betwsimulation results and several output
experimental data of different work packages:

- WG4WP1: experiment done at EDF in a flume.
- WG3 WP2: work of Edinburgh with code Saturne.
- WG4AWP2: experiment from University of Manchesteo {0).

These experiment and simulations will be describegteater detail later.

3.2 Verification

The FORTRAN subroutine, where the drag force wldah simulate the turbine effect is coded, is
called: DRAGFO. To verify this subroutine the fallmg definition will be used:

The process of determining that a model implememtaticcurately represents the developer’s
conceptual description of the model and the satutiothe model.

In order to do this verification, it has been deddo simulate in one place of the flume a loss of

power of 2.6 Watt of the fluid (this value is nehe loss of energy of the tidal turbine in the EDF
experiment).
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Therefore a power deficit of 2.6 Watt was programdnmethe FORTRAN subroutine “DRAGFO” on a
specific area of the flume in order to verify théter the simulation, the deficit of power is rgaqual

to 2.6 Watt on this specific area (this place ated at 20 m from the beginning of the flume).

The power P(x) of a slice of fluid in the flumetlaé x coordinate when the Saint-Venant equatioas ar
usedis given by the following expression:

P(X) =X %2 .p . (U(X,y).-H(x,y).dy) . U(X,y)? 4p.(U(X,y).H(X,y).dy) .g.H(x,y).

- p is the water density.

- U(x,y) is the velocity within Ox for the abscigend the ordinate y.

- H(x,y) is the water depth within Ox for the alssck and the ordinate y.
- g is the acceleration due to gravity.

The velocity within y is supposed equal to 0. Thengs made within Oy. The step dy is chosen equal
to 2cm.

The following figure shows the evolution of the pavef in a portion of fluid along the flume
(divided by the water density):

2,5922
2,592
2,5918

25916
25914
2,5912

2591
25908
2,5906
25904
Z£,5902
259 me—

25893 Power divided by
25896 water density

2,5894
2,5892

2,589

25888

25386

0 20 40 &0 80
X{m)

Figure 1: evolution of the power divide by the derisy of water (J.m%kg/s) of a slice of fluid along the
flume.

This simulation has been done with one processoriraparallel. In both cases, the results were the
same: the deficit of power is equal to 2.6 watt éuiatcurred at the correct location.. Simulatiorese
also done for a power deficit of 1 Watt and the es&ind of results was found.
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The conclusion of this set of simulation is that toutine DRAGFO has been verified with both one
processor and several processors operating inlgdaral

3.3 Validation
The validation of a code can be described usindatiteving definition:

The process of determining the degree to which defe an accurate representation of the real world
from the perspective of the intended uses of théaho

Methodology applied for the validation consiststloé following steps (we repeat here briefly some
points of section 1.2):

a) The initial stage consists of simulating a wake dosimple case: a cylinder in a flume,
represented in the mesh as an island disc-shagesd. step is used to test different
numerical optionsThe study on the cylinder just brings us some gquiddor the rest of
our study.

b) A simulation is then made of the same flow arounedical cylinder; however the latter
is no longer represented in the mesh. The islametmion is defined inside the DRAGFO
subroutine. The cylinder is numerically modelledhgsa drag force which is applied on
the nodes contained inside the island; this metheodlidated for the simple case.

¢) This method is then adapted to the tidal energyveder case. This structure is
represented by a rectangular box in the DRAGFOautbe; it is assumed to be valid
given that the two problems, cylinder and TEC, sufficiently similar (same orders of
magnitude for the Reynolds numbers and for the dgioms of the obstacle in the two
cases). Of course, some adaptation is made hqrecialy for the rectangle dimension
and the drag coefficient. The wake of a tidal epeanverter in a flume is then simulated.

d) The wake effect of several rows of TECs is thenusated based on the conclusions
resulting from c).

These three cases (a single cylinder, a singleditergy converter and a TEC array) will be calibda
and validated against experimental data, therebseasing confidence in Telemac-2D and in the
parameters given to reproduce the TEC wake and wsieactions. The limitations of the model will
also be analyzed, and it will then be possiblectueately simulate the wake and the extracted gnerg
for a farm of hundreds of TECs.

Simulations are performed for the simple cylindasecand for the case of a tidal energy convertar in
flume. The study of the flow around the cylindeipresented in the first part. In the initial staiipe
cylinder is meshed and a study was conducted orcdlde convergence as well as the different
numerical options. In the second step, the flovsimulated using the model that is subsequently
applied to the tidal energy converter. These sitiarla and use of the model for the TEC case are
presented in the second part. The numerical reavdtscompared with experimental data obtained
from a series of tests performed at the LNHE texddrfacilities. The last part deals with a seriés o
several tidal turbines.

3.3.1 PartA: The simple cylinder case

3.3.1.1 Introduction

This section describes steps a) and b) of the rdetbgy, which consist of the numerical modelling in
Telemac-2D of a free-surface flow in a flume aroancertical cylinder. In this case, the velocigldi
has already been described in scientific literafliég.

Not to be disclosed other than in line with the terms of the Technology Contract. Page 11/102



Initially (step a)) the cylinder is representedaassland in the mesh.
Successive studies are conducted on:

— Two velocity advection schemes: one of which iseldasn the method of characteristics
(numbered 1 in Telemac-2D) and the other on a coatee PSI scheme, (numbered 5).

— Two turbulence models: a constant viscosity maael the ke model.
For each case, the mesh size is varied over tleaviop values:
D, D/2, D/4, D/8 and D/16 where D is the diametethe given cylinder.
The time-step is also varied. An appropriate vétueahe latter at the simulation starting poingigen
by the following formula:

Ax
Ar——

g2

WhereAx denotes the spatial mesh siag,the time-step and v the characteristic flow vijo(for
example, the velocity at the entry point of thewfllmto the flume). This formula expresses the
Courant-Friedrich-Levy (CFL) condition and providéee maximum usable time-step that satisfies
stability constraints.

The aim is to determine whether the advection seisesnd the turbulence models provide satisfactory
results and in this case from which time-step amdshich mesh refinement. The simulation results
are validated against experimental data taken franYulistiyanto PhD thesis [16].

3.3.1.2 Experimental data

A bibliographical study was conducted in order tmtain experimental measurements of the mean
velocity field in a water column for free-surfackow around a vertical cylinder. This type of
measurements is presented in the PhD thesis oustlyanto’s [16] for two different flows having
the following characteristics:

A

cylinder channel : uniform flow B =2.0 [m]
Test | D | Rep Q | S, n l; U h B/ I| U, | Re, l' Fr
[m] | 10°[] | (m¥s] | 10°%[-] (m2s)| (ws] | (m) | (] | (ms) 10°[-)] [)
1|022| 1.48 | 0248 | 625 | 0.012 | 0.670 | 0.185| 10.8 i: 0.029 1.14\_ 0.5

21022 0950149 ] 2.80 | 0.012 | 0.430 [ 0.173[ 11.6 ;D.ﬂ21 J_{]'.'M_l 0.33

Table 1: Characteristics of the two flows studiedhn [16], where B is the channel width, D the diametr of
the cylinder, Q is the discharge, $the channel bed slope, n is the friction factor (Mnning roughness
coefficient), U the flow velocity, h the water heigt, u* the friction velocity.

The experiments were conducted in a flume 43 m,l@m wide and 1 m deep, the cylinder being
placed 18 m from the entry, 8enotes the bed slope, which will be ignored mdimulations as it is
so small. Only Test 1 of the above table will bensidered for the purposes of this study, with
Reynolds numbers of Rel.24 16 based on the water height and,Re48 16 based on diameter of
the cylinder.

The velocity was measured using an AD\AtgusticDopplerVelocity Profiler) in 5 planes around
the cylinder and up to 55 cm from the latter, reprging about two diameter lengths (see Figure 2).
The 0° plane corresponds to the upstream flowdH&®0 and 157° planes to the sides of the cylinder
and the 180° plane to the downstream flow. The nvedwmcity field (U, V) over the water column is
provided for about 50 different locations

Not to be disclosed other than in line with the terms of the Technology Contract. Page 12/102



o, =0,=50°

0, =0,=45° 0,=135°

_____ Positions of measwreuent
l
r

i’

; a,=157.5¢

S
i/ A“."'\

T e -

Figure 2: Locations of velocity measurements arounthe cylinder corresponding to line intersections

According to the description given in [16], thevilmbserved downstream of the cylinder is a steady
symmetric flow without periodic separation. Thisyrseem surprising as a vortex zone is usually

present downstream of the cylinder [1] where thiendgr Reynolds number is above 40. There are
two explanations for this lack of eddy shedding:

o, =0,=0° ( it

- For the cylinder,Re-=1.48 16, which is near a particular range of Reynolds nerab
where no Karman vortices are observed [1], as ersden in Figure 3. The laminar

boundary layer has become turbulent and the wakkewmand disorganised; this regime is
called the critical regime.

\;‘% Re < 5 REGIME OF UNSEPARATED FLOW
el 1 B 57015 < Re < 40 A FIKED PAIR OF FOPPL
V —— VORTICES iN WAKE

a0 < Re < S0 AND 90 S Fla <. 150
TW0 PEGIMES IN WHICH VORTEX
%0 STREET IS LAMINAR
il
150 < Re < 300 TRANSITION RANGE TO TURBU-
=" LENCE IN VORTEX
—
300 < Re = 3X 108  VDRTEX STREET IS FULLY
= " TURBULENT
e 1 2 e <35 x
LAMINAR ROUNDARY LAYER HAS UNDERGONE
= gl TURBULENT THANSITION AND WAKE IS
—‘\__wv_r,_\_ NARROWER AND DISORGARIZED

15 X 108 < e
RE-ESTABLISHMENT OF TURBU-
¢} LENT VOATEX STREET

Figure 3: Different flow regimes around a cylinderas a function of Reynolds number [1]

— The preceding data is valid for unbounded domamshis case the flow is in shallow
water and limited by the side walls of the flumeriction plays a prominent role and this
could also explain the absence of vortex sheddifiy [

The key point to retain from this is that the flemsimulate is steady, which facilitates the conguer
between the experimental data and the simulatibhis also means that the use of the kodel,
which in Telemac-2D does not reproduce this typesdillation, will not be problematic, as will be
seen in more detail at paragraph 3.3.1.5. In additas it will be exposed later, the Reynolds numbe
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used for the cylinder is close to the value of eynolds number from the EDF experiment, which
will facilitate the study of the wake in a flumet last, others flow regimes will be investigated.

3.3.1.3 Simulation settings and parameters
3.3.1.3.1 Initial and boundary conditions

The bottom friction is modelled using Manning’'s lafidentical to Strickler’s law, Manning’s
coefficient is the inverse of the Strickler coafiat), with a coefficient n of 0.012 given in tHeesis

[16]. Friction on the sidewalls is ignored.

The inlet flow is fixed at 0.248 #fs; the outlet water height at 0.185 m.

The entire length of the flume is considered adrainitially a nil velocity and a water height egju
to 0.185 m.

3.3.1.3.2 Meshes

The different meshes are generated with Jammetprocessing software. They cover the full extdn
the experimental flume with the cylinder represdnlty an island. The latter is discretized using
segments that have the same length as the mesh size

The different mesh sizes listed in Table 2 will dmnsidered for two types of mesh: structured and
unstructured.

A structured mesh is defined as having the mostlaegattern of connections; it is composed for the
most part of equilateral triangles. An unstruatuneesh is the opposite: it is less regular, tlaagie
elements have different orientations and the sfzthe grid elements varies (cf. Figure 4). Better
results are supposed to be obtained from numertcaputations on a structured mesh; however, for
the simulations at sea with irregular coastlinesiastructured mesh will need to be used as ther latt
is flexible in the case of complex geometries. thig reason, it is important to study both cafdbe
mesh size is sufficiently decreased, the simulatiesults should tend towards the same values,
regardless of the type of mesh used.

D D/2 D/4 D/8 D/16
Mesh size 20 cm 10 cm 5cm 2.5cm 1.25 cm
Structured Number of nodes 2,335 9,161 35,728 66,356 263,207
mesh Number of elements 4,266 17,514 69,842 130,508 522,008
Unstructured Number of nodes Not tested 4,989 17,193 74,438 295,548
mesh Number of elements Not tested 9,170 33,284 146,672 586,688

Table 2: Parameterization of the different meshessed

Figure 4: lllustrative example of a structured mesh(left) and an unstructured mesh (right)

! Care must be taken to avoid overstressed trismighaents, i.e. whose three nodes are located on the
frontier of the computational domain, as these brayg about instabilities in the computations made
by TELEMAC-2D.
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Two additional remarks can be made:

— Meshes containing right-angled triangles and thpswaleged direction are not considered,
as this type of mesh will give a priori poorer rgs{l2].

— Some numerical problems appear in the case of mgshith small mesh sizes: 1.25 cm or
even 2.5 cm. Itis therefore necessary to adpstral Telemac-2D parameters in order to
arrive at steady state without divergence occurringparticular, the tidal flats option is
activated, a Thompsérboundary condition used and the SUPG option is ase®;
implicitation for the height and the velocity ig $& 1.

3.3.1.3.3 Time-step and convergence in time

As evoked in the introduction, the first simulatisrdone with a time-step such that:
Ax

Ar_—
This is then decreased until there is almost nferdifice in the results; time-step convergenceus th
achieved.
For each simulation, FUDAA-PRE-PRO software, whallows obtaining temporal variations in
velocity over every point of the flume, is usedctteck that the steady-state has been reached. Iti
therefore possible to verify that a permanent regsrestablished by checking several points.

3.3.1.3.4 Turbulence models

In Telemac-2D, the Boussinesq model is used toesgpthe strain and Reynolds stress tensors:

1a . - 3T a2

;ELT:} +B, = Ellk'-“ +%! (E"‘ E.’;_ Eké‘!} |

Where i and j are indices corresponding to thesthfit vector components,' X a particular coordinate,
U the velocity:,J the viscous part of the strain tensiy, the Reynolds tenscr, the moleculary, the
turbulent viscosity andt the turbulent kinetic energy.

The turbulence models differ in the numerical mbuwiglof the turbulent viscosity.

3.3.1.4 Constant-viscosity turbulence model

3.3.1.4.1 The velocity diffusion coefficient

The constant-viscosity turbulence model consistsaoisideringv; constant. To use this model, it is
necessary to first estimate the value of this eaefft in m?/s for the considered flow [4].

In Telemac-2D, a parameter is set; named “VELOCDI¥FFUSION COEFFICIENT”; it groups
and +, together and also includes the dispersion [4]. liwature was found that would enable
determining this coefficient for each individuabW case. However, the following remarks can be
made:

- Fixing the coefficient at 2 m?2/s, which corresponds to the molecular viscosityvater,
effectively means that the terms due to turbuleareenot taken into account.

- The default value in Telemac-2D is“1th?/s.

2 This is a Telemac option associated with the nukthb characteristics. Not all of the boundary
conditions are imposed by the user; some are esdrlibased on the method of characteristics.
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- In[4] it is suggested that this parameter takdgesbetween 0.1 and 1500 m?/s,

- whereas the following formula is proposed in [15]:
v, % L,
where k is the turbulent kinetic energy andHe characteristic size of vortices. Taking@=22 cm
and the values of k given in the thesis [16], ithien found that the turbulent viscosity value stiou
fall between 0.001 and 0.01 m?/s.

3.3.1.4.2 Evolution of the velocity field as a function of v

To select this coefficient it is necessary to ustird its influence on the simulation results. fteo
to fix the v value it is necessary to calculate a velocitydfiebr an equivalent Reynolds number
determined as follows:

UL

e _—
b -
T,

An initial series of simulations is performed ostauctured mesh with a grid size of 5 cm and a-time
step of 0.05 s (selected on the basisto:‘f:d‘_’ ), during which the value of is varied. A few of the
velocity fields thus obtained are presented in fédu

Table 3 illustrates that for a small viscosity \ealand consequently an equivalent Reynolds number

above 50, vortex shedding is present. If the constéscosity increases sufficiently so that the
equivalent Reynolds falls below 50, then the vosgget disappears.

Velocity
(m/s)

W o764 080
W o72a 076
W ossa 072
M o64a 068
[ 0.60a 0.64
0.56a 0.60

052a 056

0.48a 052
0.44a 048
[ 0.40a 044
M 0364 040
M 032a 036
M 0284 032
W 0242 028
W o20a 024
W o163 020
MW 01235 016
M 0o0sa 012
W 0.04a 0.08
W 0.00a 0.04

——————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

Vi 10® 10” 10 10° 0.005 10* 0.1 1
Reg, 147,400 14,740 1,474 147 29.5 14.7 1.47 0.147
Regime Turbulent (Re>2000) Laminar (Re<2000)
corresponding to i hedd ;
Ree (THEORY) Vortex shedding (Re>50) No vortex shedding (Re<50)
Wake form E Vortex E Vortex E Vortex E Oscillations E No E No E No E No
(SIMULATIONS) : shedding i shedding ! shedding E i oscillations ! oscillations ! oscillations : oscillations

_________________________________ A R

Table 3: Simulation for different vaIues ofv, and correspondence between Rg
and the wake form obtained At=0.05s andAx=5cm, structured mesh)
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In summary, the constant value given to the tumiuiescosity allows numerical modelling of a
specific velocity field; therefore this value mus# chosen so that the model reflects as closely as
possible the experimental data.

3.3.1.4.3 Selection of the v; value for the following part of the study

In the study case, the velocity field is known ® frermanent even though it consists of a turbulent
regime. For this reason, a viscosity of above 0@05is chosen. Paradoxically, a turbulent regsne
modelled using a laminar flow regime. This is astoamint of Telemac-2D and of RANS models.
A quantitative comparison of the velocity profilesd the results shows that:

V¢ = 0.005 m?/s
minimises the error between the simulated outpdtthe experimental data. The error calculation is
detailed in paragraph 4.1.1.

3.3.1.4.4 Validation of the quality of the simulations based on the Strouhal
number

In the case where oscillations are present={1C~*), the value of the Strouhal number can be

calculated on the basis of the following definitigmis is not the same as thesis case [16]):
[

St——
Where D is the diameter of the cylinder, U the oamif flow velocity and f the frequency of the
oscillations.
The Strouhal variations as a function of the Reysatumber are well known and described in
scientific literature [11]. As demonstrated in Agmalix 8.2, the calculated values correspond rather
well to those found in the literature on this sehjeThis constitutes a first validation of the aaty

fields obtained with Telemac-2D.
3.3.1.5 k-¢ turbulence model

For the ke model, the turbulent viscosity is modelled acaogdio the following formula:

P
I
Vo — T —

T BT 4 £
Where k and: are respectively the turbulent kinetic energy asdlissipation, determined using two
transport equations.
The Telemac-2D default parameters are not altevedhis model. All that is required is to selece th
sidewall friction for the turbulence regime — smoeot rough. The sidewalls being smooth, the first
option is selected. The advantage of this modsiefiore is that it is not necessary to make setting
adjustments, whereas the opposite is the cashdaranstant viscosity model.
It also allows spatial variation of the turbuledoosity values, which has more physical senséas t
turbulence does not have the same intensity fan thee cylinder as it does in the near-wake.
However, the ke model does have the following drawbacks:

— Under Telemac-2D, the calculated turbulent visgasisystematically high; the associated
Reynolds number is below 50. It is not possiblerdfeee to reproduce flow regimes
displaying Von Karman vortices; these are supptebyethe mean. As this consists of an
RANS model, the velocity is therefore averagedulteg) in the suppression in this
particular case of the temporal oscillations.

— The model is more complex because it involves tguagons to determine the values of k
and . However, turbulence is a purely three-dimendiophenomenon and the
computations are realised in two dimensions —rdiges questions regarding the relevance
of using a more complex model.
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For the simulations performed with this turbulemmedel, verification is made to ensure that the
numerical stability conditiori > At is well satisfied [14].

3.3.1.6 Advection schemes for flow velocity

Two different advection schemes are used for tiecitg calculation:

— The method of characteristics, which has the adgenof being unconditionally stable but
which does not conserve mass.

— The PSI scheme, which is conservative but mussfgathe CFL (Courant—Friedrichs—
Lewy) condition.
Reference can be made to [4] for more details aoimug these two schemes.

3.3.1.7 Model parameterisations of the studied simulations

The graphic below provides a summary of all paransitions considered in this study.

Advection

Method of characteristics PSI Scheme
scheme
Turbulence  Constant Constant
model viscosity K-¢ model viscosity K-e model
Mesh
type Structured  Unstructured  Structured  Unstructured Structured  Unstructured  Structured  Unstructured
1 ]
T
Mesh D - D2 — D/4 - DI8 - D/16
size 20cm —10cm —5¢m — 2.5cm — 1.25¢cm
1 Convergence study : the error should decrease and stabilise once Ax is small enough '
I
Ax o
Time At = — & smaller At (CFL criterion)
step Convergence study : the error should decrease and stabilise once At is small enough

Figure 6: Schematic diagram of all simulations pedrmed for the study

3.3.1.8 Results of the simulations

3.3.1.8.1 Method of characteristics

With this advection scheme, simulations are lauddoe the two turbulence models, the two mesh
types and for 5 different mesh sizes.

3.3.1.8.2 Quantitative comparison with the experiment

The aim of this section is to:

- Verify the mesh size and time-step convergencedah simulation.
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— Verify, once convergence has been achieved, teaithulations adequately reproduce the
experimental data.
To compare the velocity fields simulated with Teten?2D to the velocity values obtained at the 50
measurement points described in the thesis [1@],tWp velocity components at these points are
extracted from the file generated by Telemac.
The simulated velocity is then compared to the erpmtally observed velocity through the
following calculations:

N .
- The sum of the square of the errorg_ Wy =)

2
- The *relative error:iz [Wor: Uaim.
& =1 [t gl
N being the number of measurement pointgs the experimental velocity and,il, the velocity value
resulting from the simulations.
These two errors allow a quantitative evaluatiothefquality of the simulations. It is also coresed
that once these are stabilised with the decreasemie-step and mesh size, the calculation is
converged.
The summation over for the relative error calculation is not perfoanér all experimental
measurement points, because to do so would leattomsistent conclusions and results that would
not allow a conclusion to be drawn on the meshtand convergence. For the example presented in
Figure 7, simulation results are closer to the erpental data for the 5 cm mesh size (red arrows)
than for the 10 cm mesh (blue arrows). This isfiomed by the sum of the square of the errors,
which is smaller for the 5 cm mesh, but invalidatéth regard to the trelative error (cf. Table 4).
The relative error is high as a result of the measent points located just behind the cylinder, ighe
the experimental data shows velocities up to 6gimgher than those simulated. This isn't refliécte
in the sum of squared errors because the velociwedved are very small.
2D simulations are known to be unable to reprodiutéciently well the velocities near the cylinder
and downstream of the latter where flow is morebulent and probably three-dimensional.
Furthermore, the far-wake (which is of greaterries¢) and not just the wake behind the cylinder wil
be studied. Subsequently, the points circled irel{leigure 7) will no longer be considered for the
relative error calculation. The results are bedt®l more consistent, as can be seen from thénast
of Table 4.

Mesh size 10cm 5cm
Observations Further from experimental data Closer to experimental data
Sum of the squared errors 0.62 0.35
L1 error over all points 46% 76%
L1 error over selected points 19% 11%
Table 4: Errors for the k-¢ model and a structured mesh
0.5 - . - . ‘ ‘
Experimental data ——=
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04 | 4
0.35 |- -
pa—
03 | §
025 i .
02 r “"k:_’_-;lv- ~
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Figure 7: Velocity field around the cylinder (k- model, method of characteristics, structured mesh)

It can be seen from Figure 7 that the flow occweseatially along the U component of the velocity.
For simplification, only the U-dependent errors evasidered hereafter.

It can be indicated, however, that the sum of thers in V is in the order of 0.2 m/s (it is of theder

of 0.3 m/s for U) and the relative error over \tisse to 100%. The V component is not reproduced
particularly well, no doubt due to the fact thasivery low.

3.3.1.9 Results and conclusions

An example of the results obtained for a given peeterisation is provided in Table 5. For each mesh
size, it can be seen that the two errors stabaisen the time-step is sufficiently diminished. §hi
value is applied to produce the graphics presemtdeigure 8 and in Figure 9. With the method of
characteristics, convergence in time-step is glessén to occur in all cases.

Mesh size (cm) 20 10 5 2.5 1.25
Time-step (s) 0.1 0.1 0.1 0.05 0.1 0.01 0.005 0.1 0.01 0.005 0.001

Sum of theerrors>  0.84 0.52 0.31 0.30 0.25 0.29 0.29 1.18 0.40 0.39 0.39
L1 relative error 0.26 0.22 0.20 0.19 0.19 0.21 0.21 0.32 0.24 0.23 0.23

Table 5: Errors obtained with the constant viscosy model and a structured mesh

1,00
B Constant viscosity - structured mesh
0,90 ' B Constant viscosity -unstructured mesh
u & K- "
080 # K-eps - structured mesh
& K-eps -unstructured mesh
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Figure 8: Sum of the squared errors, obtained withmethod of characteristics for the two turbulence
models (nut: constant viscosity model, K-eps: kmodel) and two mesh types

Not to be disclosed other than in line with the terms of the Technology Contract. Page 20/102



0,35
*

0,30
2 &
2 ||
®
= [ ]
E 025 ]
n ]|
- u
& = =
m ]
w020
-1
™
=
e
E
= 015
o
o
£
L
c
3 o010
H
a B Constant viscosity - structured mesh
=
g 0.05 m Constant viscosity -unstructured mesh |-
$ k-eps - structured mesh
>
= # k-eps -unstructured mesh
E 0.00 - T T

20 10 5 2,5 1,25
Mesh size [em)

Figure 9: Relative errors (in %) obtained with mettod of characteristics

The relative error for all configurations is congad between 10 and 30%, with an error of less than
25% for a mesh size of 5 cm; these results are gatisfactory (given the probability of errorghie
measurements). When the mesh size is decreasedirtr diminishes then stabilises and mesh size
convergence is achieved.

This is not true, however, for the 1.25 cm meshemghhe error increases again, particularly inktize
case. This is probably due to the high number cfhredements in this case and therefore calculagtions
increasing the probability of numerical errors lgepropagated through the solution itself. To check
this point, simulations were launched with the CADNKControl of Accuracy and Debugging for
Numerical Applications) library. This FORTRAN lionaenables to estimate the numerical error on
the velocities, due to inevitable round-offs oflreambers. Computational times with CADNA being
extremely long, the results are not available istdiate.

For the structured mesh, convergence is achievédannesh size of 5 cm (D/4, D being the diameter
of the island representing the cylinder); this reetbe refined to 2.5 cm (D/8) for the unstruature
mesh. For a mesh size of 2.5 cm, the error isdinee for the four parameterisations, which appears
confirm the convergence of the simulation. In casin, the structured mesh gives better results; bu
a similar quality of simulation can be obtainedhainstructured mesh by decreasing the mesh size.
The turbulence models give different results thatb&come similar however when the converged
solution is obtained. It is not possible, therefao conclude that one of the turbulence models is
preferable to the other in terms of the calculabéthe U component of the velocity. The strongpo

of the constant viscosity model is that it doesetjuire such a small time-step and therefore the
calculations are faster. On the other hand, theriodel enables attaining an error of 60% for the V
component of velocity, against an error over 10@%otlie constant viscosity model (bearing in mind
that this component is very small). It also avdigsnecessity of setting an additional parameter.

The mesh sizes and time-steps recommended forcageh as a result of the study, are summarised in
the table below.

Case Mesh size Time-step
Constant viscosity
Structured mesh 2B G 0-1s
Constant viscosity D/8 (2.5 cm) 0.01s
Unstructured mesh ' '
k-
§ D/4 (5.0 cm) 0.01s

Structured mesh
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k-
Unstructured mesh
Table 6: Mesh size and time-step for which conveemce is achieved, for method of characteristics

D/8 (2.5 cm) 0.005 s

3.3.1.10 Conservative PSI scheme

The same simulations as for the method of chaiatitsrare launched, with the results plotted an th
same types of graph (cf. Figure 11 and Figure B&ore commenting on these graphs, two important
remarks need to be made:

- Unlike the previous case, time-step convergenemisalways clearly achieved: when the
time-step is diminished, there is an initial sigraht reduction in the error rate, before it
stabilizes and then increases slightly. This ineee@mains negligible in most cases, except
for the two unstructured mesh cases with the smailesh sizes. This could be explained
by the fact that, although the simulation outpusupposed to converge as the mesh size
and time-step are diminished, an increasing nundbetalculations are required, thus
raising the probability of numerical errors occagi This hypothesis is currently being
verified with the CADNA library. With the unstruated mesh models, care must be taken
to limit the degree to which the time-step is restlidVhen plotting the graphs, the smallest
obtained error was considered, which does not sadgscorrespond to the smallest time-
step.

- The second remark concerns the tkwrbulence model, for which asymmetry appearsién t
flow around the cylinder. On one side of the cyiindhe velocity increases significantly as
illustrated by the red and yellow zones in FigudeTlo overcome this problem, which may
arise from an implementation issue in Telemac-2Dr@ntly being investigated), the error
is only calculated for the side on which the velp lower.

Velocity

Figure 10: Asymmetric velocity field around the cyinder for the k-g& model
(scale: velocity of 0 to 2 m/s, whereas flow velbcis 0.67m/s)
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Figure 12: Relative error (in %) obtained with congrvative PSI scheme

Looking now at Figure 11 and Figure 12, it can bsesved that the error varies between 19% and
35%, with an optimum below 25%, which is satisfagto

In order to extend these results to other simuiatiat is essential to take note of the variations
output as the time-step is decreased. It is alsdhwoting that, as was the case for the method of
characteristics, the error increases significamtih the smallest mesh size. There is therefore an
optimum in each configuration where the error igimal; these optimums are listed in Table 7.
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It can be thus concluded that neither one of theulence models presents a clear advantage over the
other.

Case Mesh size Time-step
Srucnredmesn DGO g
Unetructured mesn  D/8@Sem (000
StructuI:'-eed mesh 2 B Em (evfr;ool.C?S s)

oe D/8 (2.5 cm) 0.05s

Unstructured mesh
Table 7: Mesh size and time-step for which conveemce is achieved with the PSI scheme

3.3.1.11 Validation of far wake results using the principle of self-similarity of velocity
profiles

The comparison with the experimental data presemntede thesis [16] only allows validation of the
wake to a distance of 2D relative to the cylinddowever, it can be demonstrated that there is
similarity of the transverse velocity profiles ihetwake of a cylinder. This self-similarity can be
described with an analytic equation as proposed]imand [8] (using a number of assumptions and
simplifications). This particularity is used to idlte the far-wake form obtained with the simulaso
Appendix 8.3 contains details of the analytical &tns and the solutions obtained. The key points
are summarised hereafter.

Self-similarity is verified only for the two simulan cases used for the tidal energy converter
hereinafter (cf. paragraph 5). These cases arel lmaséhe PSI scheme and entail using unstructured
mesh with a mesh size of 2.5 cm and time-stepQ § for both turbulence models.

The equation proposed by Hinze [5] (see appendix@es not take account for shallow water and
edge effects (the friction on the edges). It wa#lsquately for the k-model; as seen in Figure 13, the
plot of the normalised velocity deficit obtaineafn simulations (in colour) corresponds very well to
theoretical curves (in black). On the other haha, ¢quation does not work for the constant viggosi
model; the lines are not superimposed (cf. Figuren9Appendix 8.3). This is due to strong flow
acceleration along the outer edges caused, inoigtant viscosity model case, by the flume sideswvall
— not accounted for by [5].
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Figure 13: Normalised velocity deficit as a functia of Ksi2 at different distances downstream of the
cylinder obtained via simulation (coloured lines) ousing the analytical equation given in [5] (blacHKines).
k-&¢ model

The equation suggested by Negretti [8], which iBdveor shallow water and channel flows, gives
theoretical curves that are close to simulatiorultesfor both turbulence models at the following
distances: 1m (5D), 2m, 5m et 10m (50D) downstreathe cylinder (figures in appendix 8.3).

This confirms that the far-wake is adequately repoed by Telemac-2d.
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3.3.1.12 Conclusions regarding the wake around a cylinder

The two advection schemes for the velocities ardtwo turbulence models, using a suitable mesh
size and time-step, enable the reproduction ofwvhlecity field with a relative error comprised
between about 10% and 20% for the best cases. r@3ué is satisfactory, given that there are arror
in the measurements and the simulation is performead/o dimensions whereas the flow is three-
dimensional in certain areas. The far-wake flowls® well reproduced.

3.3.1.12.1 Time-step and mesh size convergence

For each of the configurations, corresponding t@advection scheme, a turbulence model and a mesh
type, a conversion study was conducted, varyingtithe-step and the mesh size. As these were
reduced, the velocity field model converged towaadsolution that was in close agreement with the
physical data obtained from the experiment. It alae observed in certain cases that, when the time
step and mesh size were further reduced, the snldiverged again from the experimental results,
most probably because of propagation of round-wéirs.

On the basis of this study, a determination was madof the optimal time-step and mesh size for
each of the configurations either the values for these two magnitudes athvthere is convergence

or the values for which the error is minimal (cable 6 and Table 7).

3.3.1.12.2 Velocity advection scheme

Both of the velocity advection schemes achievetivelaerrors of the order of 20%. The method of
characteristics is less restrictive and the cormerg of the solution can be more clearly judged,
howeverthe PSI scheme is recommendelgecause it is conservative and it is this schéraewill be
retained for the simulations of the tidal energypwarter wake.

3.3.1.12.3 Structured and unstructured mesh

Similarly, the use of structured mesh appears rlessictive and leads to lower computation times;
however for application in practical cases with mmaromplicated geometrieshe mesh must
necessarily be unstructured It has been demonstrated that by choosing tbeoppate time-step
and mesh size, it is just as possible to obtaioaalgeproduction of the velocity field with thigty of
mesh.

3.3.1.12.4 Turbulence model

With respect to the turbulence, neither model seemslearly superior. It must be noted however
that the use of the constant viscosity model née¢ss setting an additional parameter for eacl fo
the turbulent viscosity. It was demonstrated that 0.005 m?/s is the correct setting for the flume
used in this study. However, for application igiical case studies, i.e. at sea, over a large and
with several tidal energy converters, the selecbbrthe v; value may not be as simple. For this
reason, the k- model could be of more interest. On the otherdhd@ncould be questioned as to
whether it is really necessary to complicate the-timensional turbulence models given that this
phenomenon is essentially three-dimensional.
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3.3.1.13 From cylinder to tidal energy converter: numerical modelling with the
FORTRAN DRAGFO routine

3.3.1.13.1 Principle of tidal energy converter wake simulation

The eventual aim of the study is to simulate th&ewaf tidal energy converter (TEC) arrays at seh an
to study the interaction between several array§.EE farm might cover an area of up to 100 km2 and
there could be several hundreds of kilometres miistebetween farms; for this reason simulations
would need to be performed on very large scaldse Use of a 2D model is an intelligent choice as it
will ultimately reduce the computation cost.

At the same time, a tidal energy converter is alifuinetres high (therefore is much smaller than the
basin scale), and it has a complicated structutie netating parts. Given that the difference inlsca

of such a high order and that meshing of such gpt®ostructure is not possible in Telemac-2D, it is
therefore necessary to model the TEC in a simgdliiieanner. This is done with the aid of the
DRAGFO routine, already implemented in Telemac-2Dsimulate, for example, bridge piers in a
river flow.

The tidal energy converter will not be meshed, I#AGFO routine allowing the application on a
defined surface of a drag force modelling the TEC.

3.3.1.13.2 Validation of the methodology applied to the tidal energy converters
on the simple cylinder case

In order to validate this modelling method, resutts the simple cylinder case are verified for
consistence. The same simulations as previouslpenfermed only with the exception this time that
the cylinder is no longer represented in the mbskhis case, the wake is generated by the draggfor
that is applied by the DRAGFO routine. This forseapplied on a surface ‘A’ corresponding to the
position of the cylinder. At each node of thisfaoe, the following term is added to the equations:

11 -5
F- —;;E‘Eu‘:
This is a volumetric force applied on the qui‘d_;hwatip'I;/ing this term by the volumetric mass and
integrating over a volume, a force is obtained.isTbrce corresponds to the reciprocal of the drag
force that the fluid exercises on the turbine:

1 .
F':E,'_IC,,.LL“'S

Where Cd is the drag coefficient of the cylinderth8 surface of the cylinder orthogonal to the flow
equal toh"). The values of Cd for a cylinder as a functiorthedf Reynolds number are well known
(Figure 14). B¢ = 1,18 » 10- corresponds to Cd = 1.15.

The velocityu implicated in the equation is usually the flowa@ty were the tidal energy converter
not to be present. In practice,is considered to be the value of the velocity tgash of the TEC,
before the flow is disturbed. For reasons of nuoa¢rstability and through simplification, it was
decided in this case to consideat the point of application of the force, whiclpisssible as the TEC
is not meshedThis entails a new definition for the drag coeffi@nt Cd, which becomes an
adjustment parameter of the model. Then Figure 14sinot applicable.
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Figure 14: Drag coefficient as a function of Reynals number for a smooth cylinder [13]

Simulations are then performed for the two caséscwel for the subsequent part of the study, as
described in paragraphs 3.3.1.11 and 3.3.1.12.

3.3.1.13.3 Constant viscosity model

As previously verified, the simulations with the shed cylinder (red line) reproduce well the
experimental results data from the thesis (blackitph The constant viscosity model and a drag
coefficient fixed at 6 enable to obtain good reswith the DRAGFO routine (blue line, cf. Figure
15): the velocity is reproduced well both downatneand upstream, only the points in the very near
vicinity of the cylinder are not well reproduced.

The drag coefficient is fixed at 6 in order to obtthe same energy loss at cylinder level as that
obtained previously with the meshed cylifdeFhis is essential for validation of the DRAGFO
routine. This coefficient is higher than the tated value (1.15) , which corresponded to a dracefo
calculated with a reference velocity whereas tleiw drag coefficient is valid when the local velgcit

is used.
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Figure 15: Velocity (m/s) and mechanical power (kW3- constant viscosity model; experimental data

(black points), simulations with meshed cylinder (ed line) and with DRAGFO at different Cd values

(1.15 ingreen and 6 in blue). The centre of the 22n cylinder is plotted at position O along the flme
length.

% For the mechanical power, a significant decreaghe power values is observed at the level of the
cylinder., The power also decreases regularly akbregflume because of the bottom and sidewall
friction.
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3.3.1.13.4 The k-¢ model
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Figure 16: Velocity (m/s) and mechanical power (kWjor the k-¢ model; experimental data (black points),
simulations with meshed cylinder (red line) and wih DRAGFO at different Cd values (1.15 in green an@
in blue). The centre of the 22 cm cylinder is plo#d at position 0 along the flume length.

Figure 16 shows the same type of results for therlodel. For this case, a drag coefficient equal to
allows obtaining the same energy loss with the DR®Goutine as with the meshed cylinder. The
velocity is then well reproduced from a distanceair 3 diameter equivalent lengths downstream of
the cylinder.

The adjusted drag coefficients Cd used to reprakentylinder in the flow modelled using different
turbulence models (constant turbulent viscositk-@psilon) are different because the energy dsficit
calculated when the cylinder was meshed were r@ts#dme either. It was two times higher in the
constant viscosity case; the Cd used is thereflsoetagher. The difference in energy losses istdue
the fact that the transverse profiles are not #mesfor the two turbulence models. The same inlet
flow gives rise to different velocities in the middbf the flume and, consequently, different energy
losses in the wake of the cylinder.

3.3.1.14 Conclusions for part A

The DRAGFO routine appears to give consistent te$at simulations of the wake behind a cylinder
to the simulations where the cylinder was meshegsipally, starting at a distance 2D or 3D
downstream. Whilst it is less reliable to obtainodoreproduction of the wake immediately
downstream of the obstacle with this routine, wnithifew diameter lengths the results become much
more consistent with physical data. This does mesgnt a notable drawback as the ultimate aim of
the study mainly requires a good reproduction effdr-wake. Therefore it can be concluded that the
subroutine DRAGFO can model the far-wake of thendgr.

In addition, the DRAGFO routine can be used to rhddial energy converters, as different
parameters, such as the drag coefficient Cd oartb@ over which the force is applied, can be aelgust
to align the simulated wake closely to the expentakedata. It is worth highlighting at this point a
fundamental assumption of this approach: the faterengendered by a tidal energy converter and a
bridge pier are considered to be similar (if theyidds numbers are similar) and it is therefore
possible to simulate the wake around a tidal eneogwerter using the subroutine DRAGFO. Part B
of the study will test this assumption.
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3.3.2 Part B: Simulations for the wake of a tidal energyconverter

3.3.2.1 Introduction

This section presents step c) of the methodolofjyir{troduction), which is the numerical modelling
in Telemac-2D of the flow around a tidal energy wemer (TEC) in a flume, validated via an
experiment conducted at the EDF LNHE facility [2, 3

Based on measurements taken during the experinantsell as the results of the simulations for the
simple cylinder case, the flow around a TEC is nucaly modelled in Telemac-2D with the aid of
the DRAGFO routine.

The effect of changing different parameters, swtha drag coefficient or the surface over whiah th
drag force is applied, is studied in order to abtdie most accurate reproduction of the wake.
Parameter adjustments are made for different TE€atipg regimes (i.e. different rotation speeds
that, in turn, lead to different drag coefficieatsd wake forms) as well as for different experiraent

— Atest at low velocity and turbulent intensity (tes1)

— Atest at high velocity (test n°3)

— Atest at high turbulent intensity (test n°2)
The aim of this study is for conclusions to be dratkhat will later enable accurate numerical
modelling of the flow around and downstream of aBC with knowledge of the drag coefficient of

the TEC and of a few of the upstream flow charasttes only and without having to once more
perform a full parametric study.

3.3.2.2 Experimental data

The simulations that follow are based on a seriesxperiments performed at the LNHE testing
facility at Chatou [2, 3].

A 1/30 scale model of the TEC was placed in a flumeschematic illustration of the lay-out of the
experiment is provided Figure 17.

et h=0.8m | {p=06m —+ 11.5m

>

A

51.8m

A

>
>

72.0m
Figure 17: Schematic of flume and TEC

Table 8 provides the specifications of the threststeconducted in the flume. For each test,
measurements were made for different TEC operagggnes, i.e. different rotations speedsand
different Tip Speed Ratio,;

wi
i=
Test n°1 Test n°2 Test n°3
High turbulent intensity High velocity

Flow velocity (m/s) 0.27 0.55 0.27
Turbulent intensity 5% 5% 15%
Number of operating regimes 5 5 2
Reynolds (TEC diameter) 1.62 x 10° 3.3x10° 1.62 x 10°

Table 8: Specifications of the different tests catucted

For each test, the velocity and the water heighteltas the loads induced on the turbine by thefl
are measured. The loads enable calculation afrdugand power coefficients of the TEC. Velocty i
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measured with an Acoustic Doppler Velocimeter (ADW)ith an uncertainty equal to 1% of the
velocity and, at minimum, +/- 0.25 m/s. This dalso enables determining the instantaneous velocity

variations u’ and consequently, the turbulent isiignT| and the turbulent kinetic energy k:
. TearTl 1——

TIJ]"=m and f.:=:uu
Measurements are performed upstream and downstretima TEC, at different points as illustrated in
Figure 18. The X axis starts at the downstreamadnitle flume (X=0) and goes back up towards the
flume inlet, the TEC rotor being located at X=2th3
The upstream cross (X=23.2 m) enables finding #ference velocity (where there is no flow
disturbance), the downstream grid pattern (X=1%ngbles to determine precisely the velocity field
directly behind the turbine. It is important totedhat to compare the test results to the sinmurati
performed with Telemac-2D, generating a verticaleraged velocity field, reference can be made
just to these points for which a vertical average be calculated. This means that the longitudinal
profile is known at six points, including the ugstm point. All of the crosses being relativelyseldo
the turbine (the furthest distance is 8 diameterivadents), the two points at X=5 and X=10 are teke
into account to have an idea of the far-wake (etherugh the vertically-averaged velocity is not
known for these points). The transverse profilal& known at the cross-grid level, 2.2 diameters
downstream of the turbine.

Figure 18: Graphical representation of measuremenpoints along the flume (TEC is located at x=20.3 m
and the downstream end of the flume at x=0 m)

3.3.2.3 Telemac-2D and the DRAGFO routine
3.3.2.3.1 Models and options of Telemac-2D

Consequent to the study on the simple cylinder,daselving a Reynolds number of the same order
of magnitude as the present study, use of theviilig Telemac-2D options is advocated (cf.
paragraph 3.3.1.12 of Part A):

The PSI scheme for velocity convection

An unstructured mesh

The constant viscosity andekiturbulence models

— The DRAGFO routine for building the model of the'E
The orders of magnitude of the mesh size and tiee-that should be used are inferred from their
values in the simple cylinder case and from a pripaality calculation based on the velocity invers
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(example given in Table 9 for low velocity, 0.27s)n/ These values give a first indication for the
andAt. However, as the flow is different, a quick cergence study is still required.

Cylinder TEC
Reynolds number 1.48 x 10° 1.62 x 10°
Velocity 0.67 m/s 0.27 m/s
Mesh size . . 2.5cm 6.2 cm
(constant viscosity or k-€)
Time-step 0.05s 0.12s

(constant viscosity or k-g)

Table 9: Specifications of the two flows (cylindeand TEC) with calculation of order of magnitude
for the mesh sizeAx and time-stepAt, in the case of the TEC

3.3.2.3.2 The DRAGFO routine applied to the TEC

The DRAGFO routine, already tested in the cylindese, was modified to adapt it to the TEC case.
In the modified version, it enables applying, oaararea A, a term equivalent to a drag force in the
guantity of motion (St Venant) equation, of thenfor

11
= —Eif.d‘lI
Where u and h are the local velocity and waterhtei@d the drag coefficient of the TEC, S its soefa
orthogonal to the flow, equal #nf?,

As for the cylinder, the TEC is thus no longer eg@nted in the mesh; it is simply modelled by this
load loss. The user can define the value of Cdpsh the area ‘A’ over which the force is appliasl,
well as the area S of the TEC that obstructs the.fl

As was noted previously, the velocity u is, in thedhe velocity of the flow in the case of no alude
being present. In general, the far velocity is adered as being the reference velocity. In thiecas
numerical stability reasons and since the TEC ismeshed, the velocity u is simply taken at the
computational node.

3.3.2.3.3 Study parameters

To best adapt the simulations to the experimemsiist the following parameters are taken into
account:

— Bottom and sidewall friction, determined by the laffriction (Strickler’'s law is selected)
and the coefficient of friction, Cf (Strickler cdiefent)

— For the constant viscosity model, the value;@hust be set

— The DRAGFO routine allows the manual resettinghef TEC and the area A. The latter
was set as a rectangle of dimensions 2L x 2D, aw/shn the Figure 19 diagram. The
location of the TEC is defined as the centre of thctangle.

— The drag coefficient, Cd

Figure 19: Schematic of surface A (in blue) over whbh drag force is applied
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With regard to the latter, a first indication of ivalue can be obtained from the experimental
measurements of the loads induced on the rotorefifesless, modelling the TEC on the unique basis
of load loss, fails to take full account of the \gyelosses. In practice, three sources of energy ¢tan

be identified:

— Extraction of energy from the fluid by the turbimele to the drag force (pressure (or form)
drag and friction drag) as well as the thrust force

— Energy losses caused by wake shear (due to wakoroais well as the velocity gradient
induced by the latter)

— Energy loss due to turbulence generated by thenirb
Because the TEC is not meshed, DRAGFO only takesuat of the first source of energy loss; the
two other are not modelled (moreover, Telemac2» wserages over the vertical). Consequently, a
change in the Cd value is therefore expected @ tlad latter into account.

3.3.2.4 Simulations for the test at low velocity and low tdoulent intensity (test n°1)

The first simulations of test n°1 is made, for whil=: 0,27m,/> and turbulent intensity is low (5%).
Consideration is given initially to a single turbinperating regime for which the tip speed rat8R)

is 3.5. The drag coefficient for this regime isccddited equal to 0.9Note that, this TSR is very
close to the optimal Cd for the operating regime ofhe tidal turbine (as observed in Figure 26).

A quick convergence study is carried out; it isaclg observed that convergence is achieved for the
time-step. On the other hand, results are not cetelglconverged even with a mesh size of 2.5 cm,
which already corresponds to D/24. It was decithed this mesh size (D/24) would suffice however
as further decreasing the mesh size would not @gyire much longer computation time but would
lead to the appearance of other numerical problems.

Mesh size Time-step
Constant viscosity model 5cm 0.1s
k-€ model 2.5cm 0.1s

Table 10: Time-step and mesh size selected for medohg of test n°1

3.3.2.4.1 Influence of different parameters on the wake field
As expected, a higher drag coefficient (Cd) leadadreased velocity deficit (Figure 20).

0.26 .

025 |

024

023 R

Velocity (m/s)

02 | =
Cdll ——
Cd1.2
Cd1.3
Experimental data
1 1

i i i i i i
-10 5 o] 5 10 15 20 25 30 35
Distance to the turbine (equivalent diameter)

Figure 20: Wake for k-e model and different values of Cd. Arrow indicatesn increase in Cd.

As observed in Figure 21, if the value of D (thess-sectional dimension of rectangle A) is incrdase
a lesser degree of minimum velocity is attainedwelger, to maintain the same energy loss
conditions, there is increased spreading of theavimkboth directions (longitudinal and transversal)
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Wale for k-eps model (Cd=1.2)

. Transversal wake for k-eps model (Cd 1.2)
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Figure 21: Longitudinal and transverse wakes for ke model, for different values of D. The arrow
indicates an increase in D (from 10 to 30 cm)

The same applies if the value of L is increasedinimum velocity attained by the flow is less
pronounced but there is more wake spreading instream-wise direction. The minimum is also
located further downstream (Figure 22).

025

Velocity (m/s)

L=5cm
L=50cm
L=100cm
Experimental data
i i I !
0 5 10 15 20 25 30 35
Distance to the turbine (equivalent diameter)

Figure 22: Wake for k-e model, for different values of L. The arrow indicaes an increase in L (5 to 100
cm)

Moving the position of the TEC has the effect afdacing the minimum velocity location.
In the case of the constant viscosity model, aoigghev; plays a role in wake recovery to the free-

stream flow velocity: the lower the viscosity, there gradual is the slope of the wake recovery
(curve) (Figure 23).
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Wake for the constant viscosity model (Cd=1.2)
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Figure 23: Wake for constant viscosity model, for ifferent viscosity values, from 0.005 to 0.00005 #s?

In light of these observations, the following metbtgy is adopted to calibrate parameters to match
the experiment as best possible:

— Firstly, the coefficient of friction is adjusted,ittv the aid of values published in the
literature, the flume sidewalls being of glass aodcrete. The coefficient is calibrated
using the transverse profile of the vertically-agead velocity.

— The inlet flow is then adjusted to calibrate thestumgpam flow velocity of the simulations to
match the experimental upstream velocity.

— The minimum velocity value is subsequently adjustgdrarying the values of D, then Cd,
with the help of the transverse velocity profiles.

— The final step consists of adjusting the positidrthe minimum velocity relative to the
TEC by varying the position of the latter and tiadre of L, whilst attempting to use values
having a physical sense.

Before continuing, the following remark is necegsarhe velocity scale on the preceding graphs is
comprised between 19 cm/s and 24 cm/s; alteringdnameters plays an influence, ranging from 1 to
2 cm/s, while the measurement precision, undemuypii pitch conditions, is 0.25 cm/s. Compared to
the velocities involved, in seeking to achieve iegrof less than 5% of the total velocity, a high
demand is being placed on the model. However, cozdp@ a velocity deficit that is in the area of 5
cm/s, it is being sought to achieve errors belmsg tban 20% lower.

3.3.2.4.2 Optimal parameter set

The set of parameters giving the best results dsawé¢he corresponding velocity curves are provide
in Figure 24. A good representation of the wakeesched with the two turbulence models; the
transverse profile is not reproduced as well (an/s¢ which is still small).

Parameterisation is the same for the two turbulenceéels, with the exception of the imposed value
for the inlet flow. The latter is adjusted so tkia¢ correct value is obtained for the velocity vgesn

of the TEC.

Cd is increased from the experimental 0.91 to 1005 rise of 15%, which is lower than might have
been expected. The area, A, over which the dnag frs applied is centred at the downstream end of

* The transverse profiles being different for the tmodels of turbulence (notably due to the law of
turbulence at the sidewalls that is specific tokleemodel), to obtain the same upstream velocity at
the turbine centerline, the inlet flows must bdeati#nt.
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the nacelle and is 2m long, which is 4 times tingtle of the turbine. The width of this rectangle30
cm, or half the diameter of the TEC,; this is justifgiven that the TEC is not a solid disc.
Finally, the constant viscosity is set to 521&hich is relatively low.

Walke for Cd=1.05 L=1m D=15cm

Transversal wake for Cd=105 L=1m D=15cm

0215 |
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021 |
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nu=0.00005 dx=5cm dr=0.1s Q=0.281 ——— 02 =
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Figure 24: Longitudinal and transverse wakes for ke (red) and constant viscosity (green) models,
for Cd=1.05, L=1m, D=0.15m

3.3.2.4.3 Validation of mechanical energy variations

The simulations can be validated by looking atat&ns in mechanical energy, presented in Figure
25.

It is verified that energy decreases along the #uaw a result of friction and that energy losgéater

at the level of the TEC, corresponding to:

AE 1
1 —3SIT

This is effectively the case for both turbulencedels. Note that, this is here, a second verification
of the subroutine DRAGFO.

® In order to observe accurate variations, simutatimust be launched using a small time step and a
long run time. Although this has practically ndluence on the velocity variations, the energy can
vary considerably, notably as a result of the 1fa@ffor introduced by the volumetric mass of the
water.
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Figure 25: Power evolution divided by water density{W/(kg/m3)) for a fluid layer along the flume for
constant viscosity model (blue) and le model (in green or in red for the case without TEQ

3.3.2.4.4 Simulations for other operating regimes

Measurements of the velocity field were performedfbur other TEC operating regimes as well as
for turbine stoppage. As demonstrated by the Figtfecurve, a different operating scheme (or
different Tip Speed Ratio) corresponds to a difieralue for both the drag and power coefficients,
resulting in a modified wake structure.

It may be supposed that a relationship exists beiwiee measured Cd value and the Cd used in the
simulation. As it was determined that, for the W8ime simulations, an increase of 15% be applied to
the measured Cd, it could be assumed that impasisignilar increase to the measured Cd values
would allow adequate simulation of the correspogdawvakes.

Cp (U=26.9cm/s) (-)

Ct (U=269cm/s) (-)
~Cp (U=41,0cm/s) (-)
-=Cp (U=55cm/s) (-)

Operating w7 w2 w3 wa ws
regime o
TSR 15 25 35 45 55 R
© | /r' 0,32
ct 0.78 0.88 0.91 0.97 0.77 s

TSR ()

Figure 26: Drag coefficient and power values as aifiction of TSR for Test n°1

The experiment results, however, contradict thipdtlyesis, as demonstrated by Figure 27. For

example, the observed maximum velocity deficibiwér for Cd=0.77 and Cd=0.97 than for Cd=0.91.
It is not possible therefore to find a simple rielaship.
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Figure 27: Simulated wake velocities for differenbperating regimes (colours) and Cd values (black)

There could be several explanations for these wewed variations. They might be due, for example,
to measurement imprecision or a problem occurrindgstvmeasurements were performed, the orders
of magnitude of the differences in velocity beingyoa few centimetres per second.

Nevertheless, the following is the more probablelaxation. A priori, the drag coefficient varies i
the opposite sense to the velocity deficit, whiah effectively be seen in the simulations. Initgal
though, the two curves are offset from each ot®illustrated by Figure 28. This figure provicdes
explanation of what is observed in Figure 27 f@ W8 and w4 operating regimes: the velocity defici
is greatest for the smallest value of Cd.

Thus a complex relationship exists between the drafficient value and the wake velocity. The
rotation of the latter, induced by TEC-rotationgeéther with complex recirculating fluid flow
phenomena in the flume can intervene and modifyvéiee region.

This demonstrates a limitation of the model useslillastrated in Figure 29. Actually, a Cd
corresponds to a single wake in the simulatiomsredlity, as shown by Figure 29, a Cd corresponds
to two TSR values and thus to two rotational veiesi(U and D, these being moreover constant).
Nevertheless, this is not true when Cd is clodbemptimal value of the operating regime. Elsewher
for two identical Cd values and although the samagds applied, the turbine rotates much faster in
the case of the higher. It seems logical, in ¢thise, that the wake is different.

However, this is not a big issue for two reasons:

-The first reason is that near the optimal Cd, Wgeove that only one TSR corresponds to one
Cd, so only one wake can be generated. Howevetuthmes are supposed to work around a
Cd value close to the optimum case, and paramatienzin this part of the study was based
around this optimum case.

-The second reason is that when we look closethatcoordinate scale, it can be observed
that the velocity deficit are very close to eacheot(about 5% of difference) for different
values of the Cd coefficients (the range of vasiatf the Cd coefficients is about 20%).
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Figure 29: Schematic of Cd as a function of TSR andemonstration of one of the model limits
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3.3.2.5 DRAGFO enhancement: Turbulent kinetic energy produdion model
3.3.2.5.1 Identification of a shortcoming in the routine as it stands

As explained in paragraph 3.3.2.3.2, the DRAGFOtineudoesn’t generate turbulence since the
obstacle is not meshed. However, looking at th@tians in turbulent kinetic energy ‘k’, illusted

by the red line in Figure 30, a decrease in k (WHellows the variations in velocity) is noted,
whereas in reality there is a strong increase in k.

Where the ke model is being used, this problem can be resobyeddding a production term to the
equations for k and far.

3.3.2.5.2 Addition of a turbulent production term in the k and € equations

This production term is added to the equationkfande, by modifying the Fortran KEPSIL routine.
The turbulent production only takes place at thrbite level; it is decided therefore to add thenter
over the area ‘A’ already used in DRAGFO.

The new production term for the turbulent kineti@egy, at a node, is the following:

-

1 - 1
=5 —
g badd™ o

In the equation for the dissipatienthe term must be multiplied ki, h

The right side of the above formula correspondsht energy extracted from the flow using the
DRAGFO routine. The inclusion of a coefficientis naturally consistent because only part of the
energy extracted from the flow by the turbine issghated through turbulence; the rest is converted
into thermal energy by friction, into mechanicaéggy for the turbine or else dispersed by wakershea

3.3.2.5.3 Results of the simulations

Figure 30 and Figure 31 present a comparison beteaperimental measurements of k and the
simulations, as well as illustrating the effectloé production term on the velocity. A valyequal to
0.05 enables accurate reproduction of the variation. A simulation without using the KEPSIL
routine was run with bathymetry added at the TE@Ilen order to represent the obstacle, which also
generated turbulence (blue line).

On first observation, it is clear that the usehse KEPSIL routine or the addition of the bathymetry
allows retrieving correct values for the variatiohk: at the TEC level, the turbulent kinetic energ
increases rather than decreasing as was previthesgase.

® The higher the value of, the higher will be the production of k occurriagthe level of the TEC.
Takingn equal to 0.05 allows a better following of the estmental results.
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Figure 30: Turbulent kinetic energy along the flumewith (blue and green lines) and without (red line)
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Figure 31: Velocity along the flume with (blue andyreen lines) and without (red line) production termfor
kand g

As shown above, the variations in k have only ghslinfluence on the velocity variations. This ktig
variation reflects the experimental results: withere is an increase in turbulent intensity (or
turbulent kinetic energy), the upstream flow velpds recovered more quickly due to increased
velocity mixing [3].

In summary, knowing the upstream value of k enabke$o more precisely adjust the coefficient of
friction used in the simulations. In a simple flenturbulence is only generated by the bottom and
sidewall friction. Consequently, the coefficieatget so that the upstream value of k is calibraed
the experimental value, giving: Cf=140 (Strickbéerefficient).
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3.3.2.6 Conclusions for part B

Owing to the simulations and the parameter adjustsnearried out for the different tests (low and
high velocities, weak and strong turbulent inteesjtsee also appendix 8.5) and different operating
regimes, appropriate parameters are now known farge range of flows. These are summarised in
the table provided in Appendix 8.4.

Some of the conclusions facilitate the use of tloeleh, whereas others complicate its use: it became
apparent, amongst other factors, that it is diffita adjust the simulated Cd on the basis of the
experimental Cd because complex phenomena comeplayo Nevertheless, this is not a big issue
around the optimal Cd, since only one TSR corredgorone Cd, so only one wake can be generated
and therefore the parameterization is easier. Eurtbre, the turbines are supposed to work around a
Cd value close to the optimum, and parameterizatighis part of the study was mainly made around
the optimum.

In the case of the experiment, turbulent intenséy the effect of shortening the wake, but thisas
necessarily reproduced with the correct order ofmtade in the current TEC model. It is however
difficult to investigate this aspect in further dejn Telemac-2D.

3.3.3 Conclusion for parts A and B

The aim of this part was to build and validate adeloof the TEC in Telemac-2D in order to
eventually simulate a large-scale farm. Due toldéinge scales involved, 2D modelling is preferred in
order to reduce the computation cost. As it is isgilmle to represent in a Telemac-2D mesh a rotating
TEC, this led to modelling the latter using a dfagce and a production term for turbulent kinetic
energy, all of which are brought together in two Fortrantines, namely DRAGFO and KEPSIL.

Initially, the Telemac-2D numerical options werstézl using the study of flow around a cylinder
(represented by an island in the mesh) as a badish@se that were the most appropriate for this
study were selected. A convergence study was alsducted, which led to caution being taken with
respect to the mesh sizes and time-steps usetidatidy. To better understand the behaviour of the
code whem\x andAt decrease, a study of numerical error generatedglcomputations is currently
underway.

The flow around a cylinder is then simulated usihg model evoked previously and based on the
application of a drag force and a turbulent promacterm (at this stage, the cylinder is no longer
meshed). The velocity along the wake centerlimepsoduced well, which validates the pertinence of
the representing an obstacle in Telemac2D as aidrepergy.

The assumption is then made that the model is addid for a TEC-type obstacle. It is used to
simulate an experiment carried out at the LNHEaihstion: flume flow around a TEC. By using
previous conclusions and adjusting various mode&rpaters, it is possible to achieve adequate
reproduction of the experimental wake, especiadigrrithe optimal Cp value.

The experiment was carried out for different opgegategimes and flow configurations, which should
enable us to generalise the model application &oitldhe need to calibrate all parameters for each
new case. At present, it is possible to simuladseidifferent wake structures choosing the apptpri
set of parameters, but it is not possible to gdiserghis parameter setting, especially far frora th
optimal operating regime. Near the optimal regimvaere roughly one Cp corresponds to only one
TSR, the 2D modelling is necessarily easier sindg one wake can be generated and this part of this
study can be helpful for the parameterization is tase.

’ Addition of the production term for turbulent kiiceenergy is only possible in the case of the k-
turbulence model.
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3.3.4 Part C: Validation with several tidal turbines

This part of this report describes the procedurgsrasults of a 2-dimensional model of two varying
alignments of tidal turbine arrays and how this kvbuilds off previous work done under the ETI’s
tidal energy directive.

The goal of this section and modeling exerciseisreate a robust 2-dimensional model of a tidal
turbine array in a laboratory setting that can ¢sesl up and applied to an actual oceanic landdoape
the Pentland Firth and other potential installagmints in Northern France and Scotland. In thst fir
step of the modeling process, the turbine arrayadeled by individual units for each turbine. TRis

d model strives to represent two experiments chwoig in the laboratory at University of Manchester
by mimicking the experimental set-up and matchihg velocities measured at varying distances
downstream of the turbine arrays. The first iteratf the model represents each turbine in theyarra
individually, and the second mimics the energy ssociated with the first case to represent tregyar
as a single body in the flow. In this way, the fiatd wake of each version of the model will be nea
identical.

The 2-d models created for this report is also camneg to the 3-d models created by the University of
Edinburgh (UoE) to achieve a second method of atibdh and provide an additional platform for
error analysis. This comparison was made by maictiie downstream wakes of the Telemac 2-d
models with the Code Saturne 3-d models, and cangptre energy losses found in each model due
to the tidal array

Analysis at each step of the process was made tammza model accuracy and input parameter
variations with a constant goal of making realistaiclusions.

Summary of Methodology

The University of Manchester conducted a seriesxperiments in a laboratory flume measuring the
energy extraction and down-stream wake charadtsrist tidal energy turbines in different array

alignments. The data recorded during these expatgrgrovides the basis from which the numerical
model in Telemac 2-d was created and comparedht®.UbM experimental data can be found in the
shared PerAWaT folder.

Manchester Experiments 19 and 20 were selecteddfy HoE, and UoM to model numerically in 2
dimensions. Each of these experiments feature ome of tidal energy turbines, but the number of
turbines and inter-row spacing is different in eaake.

Experiment 19 features 2 rows of 5 turbines witDi@meter inter-row spacing and 1.5-Diameter
spacing between the centers of adjacent turbinesKigure 32). It was chosen because of the
symmetric alignment of each of the rows so thatumerical model of this alignment can be
extrapolated to feature the desired number of i The large number of turbines (relative to the
other experiments) also limited the impact thateedffects would have on the results and provide a
clearer look at what occurs downstream of a symmaitray of turbines.
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Figure 32: Test 19 configuration (tidal turbines are represeted by the numbers inside the circle) and
UoM measurement points (in blue). See Appendix A dferAWaT WG4 WP2 D5, page 8.

Experiment 20 features a front row of 3 turbinesl an second row of 4 turbines 4-Diameters
downstream (seEigure 32). The results from this non-symmetrical, staggeakghment of turbines
are compared to the symmetric alignment in respectiownstream wake effects and energy
extraction. This was the largest number of stagb&rebines in a two-row configuration observed by
UoM which will make it easier to expand to modéhmger number of turbines in a similar alignment.

Height (D)

Transverse position (D) 10 0 Downstream position (D)

Figure 33 Test 20 configuration (tidal turbines are represated by the numbers inside the circle) and
UoM measurement points in blue (see Appendix A ofd?AwaT WG4 WP2 D5, page 8).

3.3.4.1 The Model Flume

The numerical flume was constructed in order totraosurately model the 12mx5m flume employed
in the UoM experiments. As performed in the UoMnilke, the inflow velocity was held constant in the
numerical flume, and the outflow was controlled ogintaining a constant height along the back
boundary of the flume. The numerical flume was thaged upstream of the turbines to allow the
inflow velocity to become uniform across the widththe flume. This was accomplished with a weir
in the UoM experimental flume. The numerical flumas also lengthened downstream of the turbines
to allow the array wake to return to normal flowitpens and reach the flume exit at a uniform véjoci
across the width. This limits the potential effectsnumerical errors occurring due to varying spgeed
across a boundary layer in the Telemac 2-d softwire extended length of the flume will improve
analysis and comparisons of the long-field wakergnassessments as a part of the model analysis.
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The numerical flume is therefore 67 m x 5 m, b ihter-row and inter-device spacing within the
array of turbines and velocity measurement locatie@main unchanged relative to one another (and
identical to the University of Manchester alignmermk mesh size of 5cm was chosen to most
accurately capture the variance of the cross-wietbcity profiles for comparison against the UoM
measurements. This mesh size is close to the dptiesh size found in part B of the validation study
Mesh sizes of 1 cm, 2 cm, 7.5 cm, and 10 cm wee attempted (this test for small mesh size is only
in a reduce scale model and around the turbines).

The inflow volume flow rate was established in ampe&/ numerical flume so that at a distance 6.12
meters upstream of the first row of turbines (thetasthce from the start of the UoM flume to the
turbine location), the velocity was a near unifd®6 m/s across the width of the flume. At thisnpoi
the model turbines were added to the flume.

Empty Flume Velocity Calibration
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Figure 34: Empty flume Velocity Calibration: Calibr ation measurements taken 6 m upstream of front row
of turbines in the Telemac model to imitate the inbw speed to the UoM flume, also 6.12 m upstream.

The Model Trials:

In this sectiorCt and the drag coefficient Cd are the same vdleeause the same UoM notations are
used.

The turbines were modeled in this 2-dimensionaugition by several rectangular boxes that mimics
the energy loss from the flow caused by each tetbime Coefficient of Thrust (Cfor each turbine
was measured at each turbine-location in the Uopkements and applied to the rectangular box in
the corresponding location in the numerical mod#lgnd the drag coefficient are the same values.
The same UoM notations are used). However, assitaiready been said, modeling the TEC on the
unique basis of load loss, fails to take full actoof the energy losses. In practice, three sountes
energy loss can be identified:

— Extraction of energy from the fluid by the turbirdeie to the drag force (pressure (or form)
drag and friction drag) as well as the thrust force

— Energy losses caused by wake shear (due to wakoroais well as the velocity gradient
induced by the latter).

— Energy loss due to turbulence generated by thanteirb
Because the TEC is not meshed, DRAGFO only takesuat of the first source of energy loss; the

two other are not modeled (moreover, Telemac2D sakeerage on the vertical). Consequently, a
change in the Cd value is therefore expected to tlad latter into account.

Not to be disclosed other than in line with the terms of the Technology Contract. Page 45/102



For these reasons, it was known that the Cd medsurehe UoM experiments would be an
underestimation, and necessary to increase Cdtlglighorder to duplicate the UoM experimental
results with the numerical model.

The objective of the model was to match the vakxiproduced by the Telemac representation to the
velocities measured by ADVs in the UoM flume by rbiag the Cd values of the turbines. Each
turbine in the experiments had a different Cd, hawebecause the experiments held the Tip Speed
Ratio for each turbine constant. It was therefareessary to change the Cd value for each turbine by
the same ratio in order to maintain an accurateahaitthe relative drag coefficients across tharr
Telemac2d models were executed using two diffexgbtlence models. The two different turbulence
models used were the ‘constant turbulence modsb (@ferred to as the constant viscosity model, or
the CV model) and the ‘k-epsilon model of turbukenfthe KE model). These two models (also
studied in part A and B) were selected for theouaacy and robustness as well as past success when
utilized during similar, past research efforts fiart A and B). The coefficient of diffusion of the
velocity was varied in the constant turbulence réadesm 0.01 — 0.00001 in an attempt to find the
closest match to the experimental data from Unityeod Manchester. A velocity diffusion coefficient

of 0.0001 was decided to be the final values usedife constant viscosity model. This model's
shortcomings are that it cannot accurately reptabendecay in turbulent intensity as the watewfo
down-stream of the hydro-turbines. The k-epsilordelaalculates the turbulence at many places as
the water continues downstream. Its shortcomingsiamerical errors that can be propagated through
the canal as the water travels, but its result® flymnerally been more accurate than the CV reisults
similar past applications.

The Reynolds number of the flume compared to thiire diameter is Re=1.242 16, which is very
close to the REof 1.62 18 used in the Dragfo experiments modeling the EDElsiturbine case. As
explained with Figure 3 earlier in this reportan therefore be assumed that the Dragfo progrdim wi
not experience a lot of error due to a changeaw ftegime as both Reynolds Numbers fall in the
feature a fully turbulent vortex sheets.

3.3.4.2 Results/ Procedural Summary

Results Step 1, calibrating the Turbine Scale Model

* The initial Cd values used in this modeling processe found in the UoM Processed data
folder in the PerAWaT project shared folder. Adestaabove, the initial input{vas known
to be an underestimation of the drag exerted bytdinigine and its casing system. Initial
models with these preliminary values did indeedea¢van underestimation, and the wake
downstream was not adequately equivalent to thevddsity of Manchester experimental
findings. As expected, the wake intensifies asaim®unt of energy extracted from the flow
increases due to raising the. @ the end, a Eratio of 3:1 was found between the numerical
model G and the measured values for the isolated turbimeéhe UoM experiments. The
cause of this factor 3 is mainly due to the faat the used the local velocity instead of the far
velocity to compute the drag force (this was dameedduce computational time). When the
local velocity is used for the simulation, the eglent Cd is theoretically multiply by a factor
equal to (Vref/Vlocal)?, where Vref is the far veity. For those simulations, we have found
that, the multiplication factor is theoreticallyoaind 2.7. Here, a multiplication factor of 3 is
used, which increase the theoretical value of Calbyut 10% (and then we have the same
kind of increase that the one found in part B).

Summary of Results Format:
Included in the results section for each experimarg graphs of each measurement location

downstream displaying the mid-depth velocity peofiheasured by 3 ADVs in the UoM laboratory in
pink, red boxes showing the depth averaged velowggsured by UoM, the Telemac2D results for the
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constant viscosity model in blue, and the Telemac2fults for the K-epsilon viscosity model in
green. A flume-length view and a zoomed view ontthrbine locations displaying the water velocity
also accompanies the results of each experiment.

The depth averaged UoM results are larger in madaithan the mid-depth velocity profile. This is
expected as the turbines are situated at mid-demththe velocity downstream at mid-depth will be
lower than the depth-averaged value. The distart@den these two measurements decreases as the
flow progresses downstream of the turbines. Theriat2D model outputs depth-averaged velocity,
and therefore the measurements represented bydhieoxes in the graphs were the points of focus
while trying to calibrate the Telemac model.

It is difficult to utilize any error term calculatebetween the Telemac2D model and the UoM
experiments. First, some of the UoM experimentahsneements from two different ADVs at the
same location recorded sometimes drastically diffevalues. In addition, only 6 points of depth
averaged data exist that can be directly compavettie depth-averaged Telemac2D model results.
Additionally, the near-wake limitations of modeliigrbine wakes has been well documented, and
validating results with just 2 measurement seresrgtream of 4D between the two experiments is
difficult and risky given the lack of data.

3.3.4.3 Experiment 19

The 10-turbine experiment only contained velocitgasurements until 4D downstream of the
turbines. The 2-d model has shown limited accumasigle of 5D or 6D downstream of the device in

previous experiments performed in a flume at ED§,itahas been shown before. Additionally,

increased variability of the experimentally obserwelocity measurements inside of 6D further

compound the inherent error present in any compasismade at these distances downstream.
Therefore, the results of the model 4D downstrealnheld more weight than those 2D downstream

in experiment 19.
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Figure 35: Experiment 19 Velocity Schematic. Full length oflime and zoomed view.

Due to the fact that the Cd values of the turbiresnot exactly the same and slight variation$ién t
propagation of the calculations downstream in the-uniform mesh, the results are not exactly
symmetrical.
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EXP. 19 4D Downstream Depth Averaged Velocity Profile
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Figure 36: Experiment 19 Velocity Profile, EDF Telemac2D model compared to UoM data at 4D
downstream of final row of turbines. ADV’s 1-3 repgesent the time-averaged, mid-depth velocities irhe
UoM flume. The six locations of UoM depth-averagedelocity measurements are represented by the red

squares.

The final two curves are the Telemac?2-dégpsilon and constant viscosity models.

EXP. 19 2D Downstream Depth Averaged Velocity Profile
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Figure 37: Experiment 19 Velocity Profile, EDF Telemac2D modekompared to UoM data at 2D
downstream of final row of turbines. ADV’s 1-3 repesent the time-averaged, mid-depth velocities in ¢h
UoM flume. The six locations of UoM depth-averagedelocity measurements are represented by the red
squares. The final two curves are the Telemac2-dépsilon and constant viscosity models.
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The K-Epsilon and the constant viscosity modelsd leedifferent results: the mean of the velocity ar
similar but the variance of the velocity for thenstant viscosity is greater and then closer to the
experiment. However, it is easy to see the erresgmt at distances 4D downstream of the turbines.
Therefore, we suggest to focus our attention orcdimeparison made with experiment 20.

3.3.4.4 Experiment 20

The 7-turbine experiment contains velocity measem@mat 2D, 4D, 6D, & 8D downstream of the
second row of devices. This allows for the velesitof the model and the experiment to be compared
in the regions where the model's accuracy is dafficto mirror the experimental results. Just as in
Experiment 19, more weight will be placed on thptteaveraged measurements further downstream
of the turbines as the flow in both the model ahd Manchester experiments exhibit higher
consistency and reliability of measurements.
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Figure 38: Experiment 20 Velocity Schematic. Full length oflime and zoomed view.

Just as was found in Experiment 19, the model tesué not exactly symmetrical due to the fact that
the Cd values of the turbines are not exactly #tmaesand slight variations in the propagation of the
calculations downstream in the non-uniform mesh.
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EXP. 20 8D Downstream Depth Averaged Velocity Profile
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Figure 39: Experiment 20 Velocity Profile at 8D dowstream. ADV’s 1-3 represent the time-averaged,
mid-depth velocities in the UoM flume. The six locions of UoM depth-averaged velocity measurements
are represented by the red squares. The final threeurves are the Telemac2-d k-epsilon and constant
viscosity models.
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EXP. 20 6D Downstream Depth Averaged Velocity Profile
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Figure 40: Experiment 20 Velocity Profile at 6D downstream. AN’s 1-3 represent the time-averaged,
mid-depth velocities in the UoM flume. The six locions of UoM depth-averaged velocity measurements
are represented by the red squares. The final threeurves are the Telemac2-d k-epsilon and constant
viscosity models.
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EXP. 20 4D Downstream Depth Averaged Velocity Profile
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Figure 41 : Experiment 20 Velocity Profile at 4D davnstream. ADV’s 1-3 represent the time-averaged,
mid-depth velocities in the UoM flume. The six locions of UoM depth-averaged velocity measurements
are represented by the red squares. The final threeurves are the Telemac2-d k-epsilon and constant

viscosity models.

EXP. 20 2D Downstream Depth Averaged Velocity Profile
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Figure 42: Experiment 20 Velocity Profile at 2D downstream. AY’s 1-3 represent the time-averaged,
mid-depth velocities in the UoM flume. The six locions of UoM depth-averaged velocity measurements
are represented by the red squares. The final threeurves are the Telemac2-d k-epsilon and constant

viscosity models.
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For those simulations, the calculation of the diage has been made using the local velocity (near
the turbines) and not the far velocity. As it issaldy explained, when this local velocity is usedthe
simulation, the equivalent Cd is theoretically npiyt by a factor equal to (Vref/Vlocal)?, where Vre

is the far velocity. For those simulations, we h&éumend that, the multiplication factor is theoratlg
around 2.7. Here, a multiplication factor of 3 med, which increase the theoretical value of Cd by
about 10% (so this is the same kind of increasktiigeone found in part B).

Turbine numbering scheme can be viewed in Table 11.

Turbine # | C4UoM | C; Telemac
1 0.76 2.28
2 0.61 1.83
3 0.76 2.28
4 0.76 2.28
5 0.73 2.19
6 0.675 2.025
7 0.675 2.025

Table 11: Experiment 20 Cd values, multiplication &ctor of 3.

By using the far velocity instead of the local \a@g, and then with a multiplication factor equal,
we have found for example the following profile 8Dwnstream.

EXP. 20 8D Downstream Depth Averaged Velocity Profile, multiplication factor for Cd values is equal to 1 for the red curve.
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Figure 43 : Experiment 20 Velocity Profile at 8D davnstream. ADV’'s 1-3 represent the time-averaged,
mid-depth velocities in the UoM flume, in pink. Thered curve is obtained by using the far velocity fie
multiplication factor is 1), and the blue one with the local velocity_(the nitiplication factor is 3). Both
simulations are made with the constant viscosity nae|.

As it can be seen iRigure 43, the red curve is closed to the blue curves, tieadout 15% of difference, and
this difference is localised at 8D. Therefore, ajreater distance downstream (and that is whanhpoitant),
typically 20D, the difference will be even smallEpor this reason, we recommend to use the far igladgth a
multiplication factor of 1 on the drag coefficiet, compute the drag force for large scale simoiegtiThe local
velocity has been used here only to reduce the ctatipnal time.

Results Step 2: Calibrating the Array Scale Model
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Once the velocity profile of the numerical modelswaatched with the experiment, the net power loss
due to the turbines was calculated by a post-psiogsFORTRAN program to find a global
coefficient of thrust of the entire array. Thislggd G is then applied to the large scale representation
of the array and calculated using the followingagn:

(#2)pCdUrefAU ocal = (AE/AY)

wherep is the density of water (1000 kghmC, is the coefficient of thrust (the unknown); U et
flume-length-wise velocity (0.46 m/s, the far upaim velocity); Ul is the mean velocity on each node
which defined the turbines; A is the combined am@athe turbines in the cross-section of the flume
(0.572 nf for Experiment 19, and 0.401rfor Experiment 20); andE is the change in energy (then,
AE/At is the loss of power). ThAE was estimated based on the drop in energy athesmodel
turbines shown in Figure 44 and Figure 45 for Expents 19 and 20, respectively. TAE used for
Experiment 19 was a loss of 4.6 kJ at this scald,2a0 kJ was used for Experiment 20. This ledhéo t
calculation of the global &alues for the array-scale model using the abogueat®n. For Experiment
19, a Gof 1.65 was used, and for Experiment 20,; @1C1.078 was used based on the calculations
described above. Apart from the ¥alues and the method of representing the tid#lirtes in the
model, no other numerical inputs to the model wagranged. Figure 44 and Figure 45 shows the
global-scale energy plots for each experiment iredosn the energy plot of the individual-turbine-
scale model.

The large scale representation features one redtarngox that simulated the energy loss in the 8um
due to all of the turbines combined. After the glbG found in the energy loss calculations is applied
to this large box, the dimensions of the box afjestéd to align with the long-field wake of the nebd
with the long-field wake of the UoM experiments @vhpossible) and the long-scale wake of the
individual turbine models.

Figure 44 and Figure 45 show the global-scale pglais for each experiment imposed on the power
plot of the individual-turbine-scale model.

Calibration of Power Curves
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Figure 44: Calibration of Power Curves: Experiment19. The global plots have one, gradual drop in
power, whereas the individual plots have two shargirops. Note: Length of Flume refers to the length of
the modeled, numerical flume, which is67 mlong, not the 12 m long UoM Flume.
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Figure 45: Calibration of Power Curves: Experiment 20. The global plots have one, gradual drop in
power, whereas the individual plots have two shardrops. Note: Length of Flumerefers to thelength of the
modeled, numerical flume, which is67 mlong, not the12 mlong UoM Flume.

The difference in total energy in the flume betwéen CV and KE models is not readily explained at
this point. It could be a result of a slight difface in how each turbulence model handles surface
friction, but the difference between the two tudnde models is consistent in both Experiments 19
and 20.

Another issue worth noting and trying to solvehie humerical explanation within Telemac2D as to
why the energy profile plots for an empty flumepesment 19, and experiment 20 all converge at the
same energy level downstream of the tidal turbare$s begin the simulation at different energy levels
as seen in Figure 46. Though this is irrelevarthasmportant aspect is matching the energy loss in
the section of the flume containing the hydro tmdsi and achieving a nice wake structure downstream
as a result of an accurate energy loss.
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Figure 46: Calibration of Power Curves. All curvesrepresent k-epsilon models of the experiment
indicated. ‘No Turbines’ represents an empty flumefor a baseline reference. ‘global results 20 #2$ ithe
global ‘array scale’ model of experiment 20Note: Length of Flume refers to the length of the modeled,
numerical flume, which is67 mlong, not the 12 mlong UoM Flume.

To further compare the accuracy of the global amamdel with the individual array model, the
downstream velocity profiles at 6D, 8D, 10D, 15D,28D past the last row of turbines in each
experiment. Figure 47 to Figure 51 illustrate thaker velocity profile comparisons for both the KE
and CV Telemac 2-d models from each experimentleBabl2 and Table 13 display the maximum %
error between the two models, average % erroritaméo error found in the center of the width of the
canal (focusing on the portion directly downstreainthe turbines) for each distance downstream of
the turbines. In Experiment 19, with 5 turbinesoasrthe width, the middle 3 m of the flume is
analyzed, and for Experiment 20, with 4 turbinems the width, the middle 2 m is analyzed. The
increased error seen in the CV models is due tsltweer diffusion of the wakes behind the indivilua
turbines. The KE model recovers to a uniform spedss the width of the wake (as evident in below
figures), and therefore matches the global arragiehdoser.
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Experiment19: 6 D
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Figure 47 :Experiment 19: Velocity Profile Comparisons of Array-Scale and Individual-Scale Models. 6D
downstream for both Constant Viscosity (CV) and k-psilon (KE) models of the tidal array modeled by a
single box as well as the model where each turbimemodeled individually.
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Figure 48 : Velocity Profile Comparisons of Array-Sale and Individual-Scale Models. 8D downstream for

both Constant Viscosity (CV) and k-epsilon (KE) modls of the tidal array modeled by a single box aseil
as the model where each turbine is modeled indiviclly.
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Experiment 19: 10 D
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Figure 49 : Velocity Profile Comparisons of Array-Sale and Individual-Scale Models. 10D downstream
for both Constant Viscosity (CV) and k-epsilon (KE)models of the tidal array modeled by a single boas
well as the model where each turbine is modeled ifddually.
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Figure 50 : Velocity Profile Comparisons of Array-Eale and Individual-Scale Models. 15D downstream
for both Constant Viscosity (CV) and k-epsilon (KE)models of the tidal array modeled by a single boas
well as the model where each turbine is modeled iddually.
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Experiment 19: 20 D
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Figure 51 : Velocity Profile Comparisons of Array-Eale and Individual-Scale Models. 20D downstream
for both Constant Viscosity (CV) and k-epsilon (KE)models of the tidal array modeled by a single boas
well as the model where each turbine is modeled irddually.

Experiment 19 CV Experiment 19 KE
Distance AVG. % ERR AVG. % ERR
Downstream MAX % ERR AVG. %ERR (CENTER) MAX %ERR AVG.%ERR (CENTER)
6D 324 6.5 10.2 11.2 4.3 52
8D 24.1 4.9 7.8 10.1 3.9 4.7
10D 17.8 4.2 6.6 9.4 3.6 43
15D 10.8 3.2 49 7.9 3.1 36
20D 8.2 2.8 4.1 7.2 2.7 3.1

Tableau 12: Error summary between Global and Indivdual Array Models. For Experiment 19. For
Experiment 19, the center of the flume that was fagsed on is the middle 2 meters.
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Experiment 20 6D
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Figure 52 : Experiment 20: Velocity Profile Comparsons of Array-Scale and Individual-Scale Models.
Results given at 6D downstream for both Constant $cosity (CV) and k-epsilon (KE) models of the tidal
array modeled by a single box as well as the modshere each turbine is modeled individually.
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Figure 53 : Experiment 20: Velocity Profile Comparsons of Array-Scale and Individual-Scale Models.
Results given at 8D downstream for both Constant $cosity (CV) and k-epsilon (KE) models of the tidal
array modeled by a single box as well as the modshere each turbine is modeled individually.
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Experiment 20 10D
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Figure 54 : Experiment 20: Velocity Profile Comparsons of Array-Scale and Individual-Scale Models.
Results given at 10D downstream for both Constant cosity (CV) and k-epsilon (KE) models of the tida
array modeled by a single box as well as the modshere each turbine is modeled individually.
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Figure 55 : Experiment 20: Velocity Profile Comparsons of Array-Scale and Individual-Scale Models.
Results given at 15D downstream for both Constant cosity (CV) and k-epsilon (KE) models of the tida
array modeled by a single box as well as the modshere each turbine is modeled individually.
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Experiment 20 20D
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Figure 56 : Experiment 20: Velocity Profile Comparsons of Array-Scale and Individual-Scale Models.
Results given at 6D downstream for both Constant $cosity (CV) and k-epsilon (KE) models of the tidal
array modeled by a single box as well as the modshere each turbine is modeled individually.

Experiment 20 CV Experiment 20 KE
Distance AVG. % ERR AVG. % ERR
Downstream MAX % ERR AVG%ERR (CENTER) MAX %ERR AVG%ERR (CENTER)
6D 10.7 25 47 6.4 03 1.8
8D 8.4 23 4.1 5.6 02 1.8
10D 6.9 2.1 38 5.2 02 1.8
15D 55 1.9 3.4 4.9 02 1.7
20D 5.1 1.8 3.1 4.7 02 1.6

Table 13: Emor summary between Global and Individial Array Models. For Experiment 20. For
Experiment 20, the center of the flume that was fagsed on is the middle 2.25 meters.

After reviewing the results, it was decided to tise k-epsilon model for both experiments, as the
average error, maximum error, and center-flumegedwerror were all found to be lower.

3.3.4.5 Results Step 3
Comparing 2-D Telemac Results to University of Edibhurgh 3-D Code-Saturne Model Results:

The University of Edinburgh created a three-dimemai model of a simplified representation of the
University of Manchester Experiments, and it is dfemal to compare the results of the 2-d model
with the 3-d Model to identify and attempt to expladifferences between the two methods. The
detailed University of Edinburgh report can be fdun the shared PerAWaT folder, but only a
comparison of their findings will be made in theport.
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The EDF 2-d model and the UoE 3-d model are contpiaréhis report by analyzing the velocities of
the wake downstream of the turbines. Using theldageraged Edinburgh results as a baseline for the
purpose of comparison; the Cd in the EDF 2-d maasd changed, to match the results found by
Edinburgh’s actuator disk model. The comparisons arade starting at the farthest extend
downstream of the turbines as the data in WG3 WB2 &llowed, at a distance of 13-Diameters for
both Experiments 19 and 20. Comparisons are alste imtadistances of 12D, 10D, 8D, and 6D.

It is important to note that UoE used a differemdddine Cd than published in the raw data of thiel Uo
report. The UoE value is higher because the Cduatsdfor the thrust on the entire turbine casing
system as well as the blades. It should also bednitiat the UoE was also comparing their model to
the mid-depth velocity and not the 6 depth averagemts. This may make their model an over
estimation of the wake intensity, and further irgethe Telemac model’s Cd.

Once matching the velocities, the energy loss actie tidal turbines was analyzed. Matching the
Telemac energy results with the Edinburgh resultsgd challenging because the Edinburgh results
showed an increased in total energy after the fi@assed by the numerical turbines. The counter-
intuitive nature of this result lends doubt to #iality of the Edinburgh model results to serveaas
verified baseline of comparison.

3.3.4.6 Experiment 19

The Results for Experiment 19 comparisons yieldigaificantly different velocities and Energy
content of the water.

Edinburgh/Telemac Far-Wake Comparison

Experiment 19
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Figure 57: Edinburgh/Telemac Far-Wake Comparison, Kp. 19.

Comparison takes place at 9D Downstream in the nfate model. Additional Edinburgh
measurements from 7.5D and 6D have been addedotw #fe sporadic nature of the data and
increased speed, thus higher energy, from Teleratzc d
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Edinburgh Power Profile
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Figure 58: Edinburgh Power Profile. Experiment 19 .Note that this is the energy profile for just 2 tubines
in series, and not for an array of 5 turbines in sees as modeled in Telemac.

It is evident from the velocity measurements thate is a significant level of error, or inaccuraicy
the measurements. We therefore decided that Edjhlsurepresentation of Experiment 20 could not
be used as a baseline for comparison for the Telencael.

3.3.4.7 Experiment 20

The velocity comparisons from Experiment 20 wererenpromising than Experiment 19, but
significant differences still existed between tloavpr measured in the flume.

Edinburgh/Telemac Far-Wake Comparison
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Figure 59: Edinburgh/Telemac Far-Wake Comparison, Kp. 20.
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Comparisons take place at 8D downstream of the dvesim turbines. KE indicates a k-epsilon
turbulence model and CV indicates a constant vigcagbulence model used in the Telemac model.
The number following Cd (the drag coefficient), icates the factor that the Cd’s in the Edinburgh
equations were multiplied by to achieve the resiliiplayed.

Edinburgh Power Profile
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Figure 60: Edinburgh Power Profile. Experiment 20.Note that this is the energy profile for just 3.5
staggered turbines, ¥ the array of 7 turbines modedt in Telemac.

It is evident from the energy calculations that¢hie a significant level of error, or inaccuracythe
measurements. We therefore decided that Edinburgpiesentation of Experiment 20 could not be
used as a baseline for comparison for the Telenwaten

3.3.5 Conclusion of parts A, B, C

At this point, several validations have been done:

- The first one with a cylinder in a flume. Telemac&produces quite well the downstream wake.
Comparisons have been made with experimental daththe auto-similarity technique has been
used for the far wake.

- The second one with one tidal turbine in a flumgreésented by nodes inside a rectangular box
where the drag force is applied. This works esfigaizell when the turbines are operating near
the optimal operating regime, as only one TSR $®@iated to one Cd, it has been shown a good
agreement between the 2D simulating results andrempntal data.

- The last one with several turbines placed in twesroepresented either by imposing a drag force
in several rectangular boxes corresponding to @adfine or by using only one global box
corresponding to all turbines, where a constantvadgent drag force is applied over the whole
area. Again, far from the turbines, where the \aiah is important, the 2D simulating results
correspond to experimental data. For the global eh@dhere the individual turbines are not
represented anymore), a global Cd has been defined.

In addition, the verification of the DRAGFO subnmégt has also been done in section 3.2.
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From these test it can be concluded that represgeatturbine by a drop in energy is a valid appnoac
to model the far wake. They also show that the DR@Gsubroutine allows users to simulate in an
accurate manner the wake downstream of severatdidanes with Telemac2D.

The following chapter describes the methodologpnm@mended in order to simulate several turbines
in a large scale basin. The conclusion from thentuof the modeling parameters are given to ensure
that a user can model accurately a farm of Tidar§y Converters at a large scale.

3.4 Methodology for large scale simulation with Telema2D
3.4.1 Introduction

As a result of the above sections, we can proaaweafd with the following assumptions:

» The far wake of a tidal turbine array can be regmé=d accurately with a global box model
representation featuring an equivalent Cd in aolditto a model where each turbine is
represented individually.

» Both k-epsilon turbulence model and the constarscodity scheme can be used for
simulation.

With these assumptions, we are ready to confidespiigly the Telemac2d model to a large-scale
simulation using the k-epsilon turbulence scheme.stdrt by scaling up the global box model method
used to represent the UoM experiments in abovésedihat global box will represent the tidal array
The first site in WG3 WP3 D3 will be used to illcese the methodology. Two parallel approaches will
be followed towards achieving the same end goaiadeling a tidal array in the Pentland Firth region
off the coast of Scotland. The problem will be medeby representing individual turbines and by
adopting the global box method. This is done tasn$hat both modeling approach yield consistent,
accurate results. Both models build off the Pextl&irth regional tidal current model featured in an
earlier deliverable under the PerAWaT project (W@&B3 D1).

For the two other sites, the less computationadbeasive method will be applied.

3.4.2 Similar Aspects of Approaches

3.4.2.1 Converting Longitude and Latitude Coordinates to Téemac Coordinate System

The calculations in Telemac2d and Telemac3d usé&map coordinate system, as opposed to the
longitudinal/latitudinal degrees. This requires thser to carefully convert between these two
coordinate systems in order to place turbineserctirrect arrangements.

In this study, the tidal currents have already bmewdeled in a previous PerAWaT deliverable, and a
program that converts the long/lat coordinates e mercator/Telemac coordinate system (this
program is called conv_longlat2mercatortelemad@lijs program provides an accurate conversion for
tidal basin scale regions, provided the user atelyrdefines the origin of the Telemac coordinates
with the appropriate lat/long degrees.

3.4.2.2 Scaling-up the Global Box Model

The global box method is scaled by expressingieeas the global box used in the DRAGFO models
of the UoM flume as a function of the diameter lué turbines being simulated. The DRAGFO code
will be used in this basin scale model. The Reys®dmber based on the turbine diameter of these
environmental conditions is a high value (2.06)1®hich features a similar turbulent flow regime a
the Manchester experimental flume as well as thagfor validation with the EDF single turbine
experiments.

The box dimensions yielding the best results fer@kperiment 19, the non-staggered case, was 2.2m
x 2.6m (flume-width direction x flume-length diremt) (Shown in Figure below). With the center
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point of the box at mid-flume width and half wayhetween the two rows of turbines, the box extends
51% of a turbine diameter (0.27m = diameter) orheade of the outside turbines (the outer extents
sweeping blades, not the center point of the tejband 81% of a turbine diameter up- and down-
stream of the center line of each row of turbinidsese distances in terms of turbine diameter should
be translational into a large-scale, realistic h@dan ocean setting.

The box dimensions yielding the best results far ékperiment 20, the staggered case, was 1.5m x
1.4m (flume-width direction x flume-length direatip (shown in the figure below). With the center
point of the box at mid-flume width and half wayhetween the two rows of turbines, the box extends
6% of a turbine diameter on each side of the cedge of the wider, back row of turbines and 59% of
a turbine diameter up- and down-stream of the cdinie of each row of turbines.

These values describing the box size have beenntetd through the fine-tuning of the model
through changing the box sizes and comparing theciies measured downstream in the global box
model with the downstream velocities calculated the individual turbine-array modeling in
Telemac2d and minimizing the average % error. Easaon that the boxes extend beyond the area
directly covered by the turbines is due to the uiebt properties found as the water approaches the
individual turbines. These turbulent properties tdbate to the dissipation of energy and it is
important to attempt to capture this area in thebagl box so as to best represent the wake
downstream.

To apply this global box method to an array thatuldobe modeled in a large-scale setting that
features, for example, 3 staggered rows of turbm#s 100m inter-row spacing and a 10m diameter,
we take the following steps:

* Using the relationships found in Experiment 20 fromM, which featured 2 staggered rows
of turbines, we see that the box extends 0.06Damh aide of the outer edge of the outside
turbines in the widest row, and 0.59D upstreamhefftont row and downstream of the back
row.

* Therefore, if the longest row is 3 km wide (at Inferturbine spacing), the global box
surrounding the turbines that yields the best wediefiguration downstream will have the
following dimensions:

Width = 3000 m wide + 2*(0.06)*(10m) = 3001.2 m
Length = 100 m + 100 m + 2*(0.59)*(10m) = 211.8 m
With the center point of the box placed mid-widihd mid-length of the turbine array.
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Experiment 19 Box Model
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Figure 61: Non-Staggered Array Box Model Schematic.
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Figure 62: Staggered Array Box Model Schematic.
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3.4.2.3 Scaling-up the mesh size

In order for the results to be scaled up accurately mesh size employed by the model must be kept
the same relative to the diameter of the turbiresdysimulated. To translate from the UoM mesh size
to a mesh size for a large-scale array, one mudtthe following relationship constant:

(UoM mesh size)/(UoM diameter) = (New mesh sidgif diameter)
Then:
(New mesh size) = (UoM mesh size)/(UoM diameteffNew diameter)

For example, to translate the mesh size from 5ced us the Telemac2d model of the UoM
experiments with a turbine diameter of 0.27m to 10en diameter of the same turbine considered
above, we would use a mesh size of 1.85 m. Thel sneah size compared to the vast tidal region
should not pose a computational problem becausetibalapplicable region will feature this refined
mesh size. As a result, these calculations shoailchdnageable as further explained in the summaries
of each method below.

3.4.2.3.1 Method 1: The Brute Method

This first method is more computationally brutal that the computation time of each model will be
extensive due to the number of points evaluatdtenPentland Firth regional model. The first step i
to select the positioning of the tidal energy tods in the ocean. Next, the mesh is refined artvad
array location. The mesh refinement is performiiti a growth rate of 1.2, which is an acceptable
growth rate to maintain accurate Telemac2d outpatall tidal energy settings, the refined mesle siz
is expected to transition to the pre-existing msigk-before arriving at the edges of the large rieade
area.

After the mesh is refined, the model is run wite DRAGFO program with the turbines represented
individually as rectangles with the samgwv@lue. It is important to note that this metho@xsremely
costly, computationally speaking, and may proveight impossible in certain situations due to an
excessive number of nodes in the calculation field.

3.4.2.3.2 Method 2: Isolate and Extract

In the second method, the area immediately adjdoethe tidal array is initially completely extradt
from the rest of the tidal basin for isolated maugin order to limit computation time. In this d¢gr
extracted rectangle (on the order of several squdoeneters for most anticipated tidal energy
projects), the mesh area is then refined to theogpiate mesh size of 1.85 m for a 10 m diameter
turbine (calculation methodology described in tiheve section titled ‘Scaling-up the Mesh Size’),
and the bathymetry is interpolated.

Next, the individual turbines are placed in the&oted region to calculate thg of the global box
model. An inflow velocity of 2m/s is selected besauhis is a typical tidal velocity in the Pentland
Firth and a constant velocity will aid in the cdhidions of the equivalent;@ be used in the global
box model of the site. The Pentland Firth tidalrent model from an earlier deliverable is then
consulted to impose an appropriate free surfacd @vthe boundary layers given the imposed inflow.
In a sense, the tidal array in the Pentland Fgtisalated in a giant, flume-like setting, and izl
conditions (bathymetry, tidal current and free acef height) are imposed for a real-time simulatibn
60 minutes (computational time is roughly 6 houithw28 processors). The inflow and outflow
boundary are parallel with the line of turbines, 8wt the flow approaches the turbines
perpendicularly.
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Next, the Geq IS calculated in the same general method as usetiel modeling of the UoM
experiments (analyzing the energy loss of the f#mnoss the turbines). The slight difference between
this basin-scale conversion and the UoM-scale amnwe is the format of the results. For the Basin
Scale results, it is necessary to subtract the pbwe the trial with the turbines from the powertihe
empty (no turbine) trial at each point in the ldngt the canal before evaluating the drop in power
across the turbines. This step is necessary bethedsmthymetry causes the power drop across the
turbines to be difficult to see in the results freine trial with the turbines alone. Theeg; is then
applied to the global box, which has already besalesl up. This global box with its newd is
validated within the extracted, isolated model betoeing placed into the ‘less-refined’ PentlandhFi
larger, regional model using the DRAGFO routinee Malidation of this ‘less-refined’ mesh size is
demonstrated below.

Passing the Global Box to a Larger Mesh Size

In order to save on calculation time, the globat bepresenting the turbine farm is passed to a less
refined tidal region. The size of the refined regremains that same, and basin-scale region feature
the same ‘Brute-Method’ 1.2 mesh transition faétom the refined mesh area to the greater region.
In order to validate this procedure, the UoM expents were reconsidered and models were run with
mesh sizes of 0.10 m (twice the original mesh 6iz8.05 m), 0.27 m (1 turbine diameter), and 1 m
(20x the original mesh size). The UoM flume wasanged to 67m long by 50 m wide for these
simulations in order to avoid side-wall effectstthacame apparent when the mesh size was increased.
The tidal turbines are kept in the middle of thenik, to maintain symmetry.

The following velocity profiles show the wake profies downstream of the tidal turbines at 5 cm, 10
cm, 27 cm, and 100 cm (1m) at 6D, 10D, and 15D dxneam.

Mesh Size Comparisons
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Figure 63 : Staggered-Alignment Tidal Turbine WakeComparisons altering Mesh Size at 6D downstream
of final row of turbines.
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Mesh Size Comparisons
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Figure 64 : Staggered-Alignment Tidal Turbine Wake Comparisons altering Mesh Size at 10D
downstream of final row of turbines.
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Figure 65 : Staggered-Alignment Tidal Turbine Wake Comparisons altering Mesh Size at 15D
downstream of final row of turbines.
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Figure 66 : Staggered-Alignment Tidal Turbine Wake Comparisons altering Mesh Size at 20D
downstream of final row of turbines.
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Figure 67 : 5 cm Mesh Wake Velocity Scheme.

Figure 68 : 10 cm Mesh Wake Velocity Scheme.

Figure 69 : 27 cm Mesh Wake Velocity Scheme.

Figure 70 : 1 m Mesh Wake Velocity Scheme.

Based on the above graphs, we have determined ®iatcm mesh size, or a mesh size equal to one
turbine diameter accurately depicts the far doveastr wake of a global model. Therefore, the
Regional Tidal Current Model from a previous delatde will be refined to a mesh size of 1D over
the region surrounding the tidal farm and transitm the mesh of the greater region by a factdr. ®f
This process will save on calculation time and &abmplex regions to be modeled.

3.4.2.4 Preview of Case Study of Basin Scale Model Implemgation in Progress

First example: using the global box method

The methods presented in this study are in thegsof being applied to the Pentland Firth Tidal
Basin off the northern coast of Scotland. Thisieacis not a presentation of the results of thislgt

as it is still in progress, but it is intended toyide a concrete example of the models describedea
and the results that can be expected.

The tidal region of the Pentland Firth was modeted®PerAWaT WG3 WP1 D1 to reproduce tidal
currents without tidal turbines (Figure 71). Thesulted in a reliable model that will be used iis th
study to as the numerical environment that thd tidhines will be installed and observed. It igrfr
this large regional model that we extract value$reé-surface height, tidal current speed, androthe
characteristics which we use as parameters inthethrute method and isolate-and-extract method.
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Figure 71 : Pentland Firth Region Model. The regiorthat was modelled in WG3 WP 1 D1 that will be used
in this study as both a baseline comparison and aedium to install the turbines. The Pentland Firth
region is marked by the semi-transparent box in theorthern part of the region.

In the basin scale model, as in the laboratoryeseaidel, the specified Cd of the turbines have been
multiplied by the same factor of 3 that was foundproduce an accurate representation in the
laboratory model calibrationshen using the local velocity Therefore, the Cd of 0.86 for the 10 m
diameter turbines becomes 2.58 for the basin soaléel. Figure 72 shows the isolate-and-extract
method results from the early stages of the tidadlys where the individual turbines are modeled
individually. To benefit future model users, Talike specifies the aspects of the DRAGFO program
that have been changed between the laboratory andlghe basin-scale models. In addition to the
outlined changes in the DRAGFO code, the file 9y the locations of the turbines must also be
adjusted to match the Telemac coordinate systermamber and placement of the turbines as desired

by the modeler.

The next step, to be shown in more detail in arsgpaeport following the completion of the model,
is to determine the G4, of the entire array and implement the global berrgetry. As explained
above, this global box will then be placed in thgé, regional model of the Pentland Firth andItesu

will be analyzed.
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Figure 72 : Isolate and Extraction Model, Pentland~irth. The left image shows a zoomed in view of the
array of individual turbines modelled in the box madel. The middle images show the entire box, with th
right image also portraying the general placement fothe global-drag-box. Please note that the interaw
spacing is 100 m, the inter-turbine spacing (from enter point to center point) is 15 m, the turbine
diameter is 10 m, and there is 500 m on each sidefth/south) of the array.

Variables Description Laboratory Scale Model Basin Scale Mode
Not in . .
Dragfo # of points modeled in the mesh 260000 3000000
The values of Cd ande@re changed and
ggg: no longer vary between turbines in the 00(?235)) ' 25538
basin-scale model. : '
LMIN The y-coordinate of the bottom boundary 0 1396469.1
of the mesh.
LMAX The y-coordinate of the top boundary pf 5 1392516.1
the mesh.
HDW The half Wldth of the_drag-box in cross- 0.05m 185m
sectional direction.
HDL The half Iength of drag-box in current- 018 m 6.67 m
wise direction.
Margin of error considered when placing
EPS the tidal turbines in the mesh. 0.01m 1.0m
RV Radius of each turbine in reality. 0.135m 5m

Table 14 : DRAGFO code changes between the laborayescale and basin-scale models.

Second example: using the brute method

In this simulation, 28 turbines are simulated ie fentland Firth (14 turbines in each row). The
diameters of the turbine are 18 m. The far velositysed to compute the drag force, and the Cd used
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is 0.86 (the multiplication factor is equal to Ihe following figure shows the localization of the
turbines (2 rows in blue):

Figure 73: Localisation (in blue) of the 28 turbine between 2 islands in the Pentland Firth region.

The mesh size around the turbine is about D/5 =n8.8\ small mesh size is used until 25D behind
and after the turbines. Then, the mesh size ineseadthin a coefficient factor equal roughly to.1.2
The following figure shows the mesh used for tinewdation.

Figure 74: mesh used for the simulation: number oélement: 976 844 nodes: 499 491. The mesh density i
very high near the turbines.

The time simulation is 4 days. Among these 4 d2ydays are used to install the tide flow. One week
of computation time is needed with 288 processbing. time step is equal to 0.05 s, which is, as you
can notice, very small. The acceleration of the/fifcear the turbines explains this small time step.

The following figures show different results atfdient time step:
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Figure 75: Velocity represented by different colous. The vectors are velocity vectors, they are not
localized on each node, and they are much furthempart.

The following figure shows a zoom on the turbineke: Each wake of each turbine can be seen:
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Figure 76: Zoom on the wake of the 28 turbines (iblue).
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Of course, when the flow changes its direction vilage take place on the other side. That is what we
can see in the following figure:
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Figure 77: Zoom on the wake of the 28 turbines (iblue) when the flow changes its direction.

We can see, in figure 77, the consistency betweemake and the velocity vector.
A less zoomed view can shows the potential glabgkict:
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Figure 78: Less zoomed view and potential global ipact.
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This example shows that the FORTRAN code develamedbe used in a big scale simulation with
several turbines and with several processors.

3.4.3 Model Limitations and Conclusions

Method 2 and method one are expected to arrivemglis results given their application to the same
turbine array orientation. The main difference Wwél in the CPU time, as method 1 is thought to be
extremely computationally expensive.

As with all numerical models, it is astute to arzaljthe potential numerical limitations. The small
mesh size is potentially a limiting factor if thegion covered by the tidal farm is very large as th
computational time will be great and there is k& tiimt too many points will be in the model.

In the UoM experiments, it was evident that thev@lues varied based on position in the array and
which row the turbine is located. This will leada@amisrepresentation, but since the general sdale o
the G values do not change drastically, a single vadusdequate.

Blockage ratio issue:

The blockage effect has an influence on both thitopaance of individual devices and on the flow
through and around the array. If an array is véogaly packed and placed in a blocked environment
(between two islands for example), it may forceftbe to divert around this densely blocked region.

- At present, there is no correction in the dragfatiree which accounts for the influence of the
blockage effect on individual devices. During thadidation steps, numerical models were
validated against measurements of typical devications in the water column (diameter
being roughly half the water height, and the tuebplaced at mid-depth) and for realistic
spacing (for the Manchester experiments). Thereftre dragfo routine and the modeling
processes are valid for typical blockage ratiose @arrent limitations of the method is that it
takes the drag coefficient as an input, and thémewoes not modify its value depending on
the lateral spacing between devices or its locatidhe water column. This could be explored
for further development of the model but is outhe# scope of this work.

- However, the influence of the blockage effect whikspecific to the array configuration in a
given environment is accounted for in the basirlesoaodels. The flow observed with the
array model reproduces the flow observed with titevidual devices and is driven by both
the tidal boundary conditions and the bathymetry.aAesult, the model is able to reproduce
the features of a flow past an array of turbinesl laow this flow is affected by the presence
of that array.

3.5 Conclusion for 2D simulations
To conclude the study with Telemac2D, we can say th

— The subroutine DRAGFO has been verified with alsimpyocessor
and several processors.

- The validity of DRAGFO has been checked with one several tidal
turbines.

- A methodology is defined to simulate several tidabines in a large
scale basin.

The k-epsilon model looks more appropriate to useabse no coefficient associated with the
turbulence model has to be set up. Nevertheless;ahstant viscosity model works also very well.
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4 TELEMACSD SIMULATIONS

In this part, simulations are launched in TelemB¢-8 simulation code for free-surface hydraulics
developed by EDF (see [17] for more details). Like?D, the TECs (Tidal Energy Converters) will
not be represented in the mesh; they will be medetrough the application of a drag force on the
fluid (in a FORTRAN subroutine SOURCE). This moahgl approach is already applied in Telemac-
3D to simulate bridge piers; it will be necessayyadapt it to the case of tidal energy converters
(TECs).

We want to emphasize that the meticulous appraadbiis conducted beyond what is required and
includes work on one cylinder, one turbine, andesahvturbines with two varying alignments, contains
comparisons with several external experiments,kchtftte mesh convergence, etc. This approach was
necessary to provide the ability to transpose thenfthodology for the 3D study which can be
simplified in some aspects.

4.1 Inputs

Comparisons are done in the following chapter betwsimulation results and several output
experimental data from the following work package:

- WG4WP1: experiment done at EDF in a flume [2, 3].

4.2 Verification

The subroutine, where the drag force which can kiteuthe turbine effect is coded, is called:
SOURCE. The verification of a subroutine can becdieed by the following definition:

The process of determining that a model implememtaticcurately represents the developer’s
conceptual description of the model and the satutiothe model.

Therefore, a flow inside a flume was simulated, arqpbwer deficit of 1 Watt was programmed in the
subroutine “SOURCE” in a specific location in tHarme. It was therefore verified that a deficit of
power equal to 1 Watt was simulated at the cotoeettion. The power deficit was located at 51.8 m
from the beginning of the flume.

The following figure plots the evolution of the pemin a section of the fluid along the flume:
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Figure 79: evolution of the power (divided by the dnsity of water) of a section of fluid along the éime.

This simulation has been done with one processoriraparallel. In both cases, the results were the
same: the deficit of power is equal to 1 watt analccurred at the correct location. Simulationsever
also done for a power deficit of 2.6 Watts and ghme kind of results was found. It should be noted
that the value of 2.6 Watts is close to the povedicd measured in the experiment with one turbine.
The conclusion of this set of simulation is that tioutine has been verified with both one processor
and with several processors operating in parallel.

4.3 Validation

The validation of a code can be described usindatiteving definition:
The process of determining the degree to which defie an accurate representation of the real world
from the perspective of the intended uses of théaho

In this section, a tidal turbine is simulated inflame and comparisons against WG4 WP1 (the
experiments at EDF) experiments are done [2, 3].

Telemac3D is used to simulate the wake of one tutaine in a flume. The simulations will then be

validated against the experimental data measur&lGd WP1. This set of experimental data is the
same as the one used to validate the Telemac2Dedions.

Unlike the study in 2D, which has been developegbbd what was required, the reproduction of the
experiment for two turbulence models is the maijedive of the 3D study.

To model the turbine a subroutine “SOURCE” is adttethe code, where the drag force applied on
the turbine is calculated (the equivalent to tlisreutine in 2D is DRAGFO). The drag force modeled

has the same expression as in 2D:

1 .
F— Epcdu"j

Not to be disclosed other than in line with the terms of the Technology Contract. Page 79/102



Where G is the drag coefficient, calculated from the expental data (using the speed reference
taken significantly upstream from the turbine).sSthe area swept by the rotating blades (8x
(D/2)2, where D is the diameter of the turbine)likénthe study for simulating a tidal turbine ireth
Edf Flume in 2D (see 3.3.1.13.2), u is the veloaitgignificant distance upstream of the turbimel a
not the velocity near the turbine (in the studim with several turbines and 2 ranks the far upstre
velocity is also used).

We define the volume over which the drag forceppli@d and distributed in order to simulate the
turbine in the flow. This volume, as we will ses,roughly equal to the volume occupied by the
rotating turbine (in 2D the force was applied wuaface not a volume).

Two turbulence models are investigated:

- The model with a constant turbulent viscosity.
- The k-epsilon model.

The velocity deficit from the simulation on the fzontal and axial plane of the turbine is compaced
the velocity deficit of the measurements also alireghorizontal and axial plane.

In addition, throughout the study 17 vertical plamell be used. Since the water level is very cltuse
0.8 m, each plane will be about each 5 cm highuAsiructured mesh is employed because it will be
the most realistic for future studies.

Furthermore, for the rest of the report, D is tlerketer of the turbine.

4.3.1 Simulation with the constant viscosity model and alidation

In this section, the approach for validation is fihieowing:

- First, the best value of the viscosity for an optimesh size obtained from the 2D study with
one turbine (a mesh size of 5 cm) is found. A caispa between the simulations and
measurements is done here in order to select #hiev

- Second, the mesh size convergence for the optiataé\of the viscosity found in the first part
is checked. A comparison between the simulatiods@@asurements is also done there.

4.3.1.1 First part: optimization of the viscosity coefficient

To begin analyzing the volume where the drag fascacting, a volume very close to the real volume
bounded by the rotating turbine is tested. Theusi set to 0.3 m (the real radius) and the wadth
the volume is set to 2 x 0.05 m. The mesh size isezqual to D/12 = 5 cm. The width value is set in
order to ensure that nodes are present insideainene. This mesh size is part of the set of meztssi
which led to good results in 2D simulations. Tmedistep dt is 0.05 s. The Courant number condition
is fulfilled since: 0.05 s = dt < (mesh size}\0.05/0.3~ 0.16 s.

The viscosity coefficient is set to several valuasd for each simulation we check that the flow
reaches steady state conditions. Comparisons teureraents are provided in the figure below:
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Optimisation of viscosity coefficient
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Figure 80: optimization of the viscosity value.

The graph above shows that the best value fountht®wiscosity constant is either 8x10e-4 m2/s or
7x10e-4 m?/s (those two value are very close). €hadues lead to an axial plane velocity deficitth

is very close to the measurements. In the resteo$tudy for this model of turbulence, the valu¢hef
viscosity is set to 8x10e-4 m?/s, which leads tolikst results far from the turbines.
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It can also be observed that when the viscosityedses, the velocity deficit becomes larger (in
absolute value). This behavior is less visible e 2D simulations shown in section 3 with one
turbine.

To complete the analysis of the constant viscdsityulence model, the mesh size convergence for the
selected value of the viscosity has to be checkie.is done in the following section.

4.3.1.2 Second part: mesh size convergence

In this section, the constant viscosity model with= 8x10e-4 m?/s is tested, for different meskssiz
15 cm, 10 cm and 5 cm (this last mesh size haadlreeen tested in the previous chapter).
Results can be observed in the figure below:

Mesh size convergence for the constant viscosity turbulence
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Figure 81: mesh size convergence study for constariscosity model.

The different wakes are close to each other andathield wakes coming from the 5 cm and 10 cm
mesh sizes converge to each other and the measuserbus convergence is observed as the mesh
size is reduced for the turbulence model studied.

In addition, results show that the flow is mainty 2 dimensions for each plane since the vertical
velocity is very small: about 1e-3 m/s for the nmaxim. Study of the convergence of the velocity
deficit with the number of vertical planes will tteore not be evaluated in this case.
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4.3.2 Conclusion for the constant viscosity model with Temac3D

For the constant viscosity model, it has been iegrithat the velocity deficit in simulations withesh
sizes equal to D/12 and D/6 and a viscosity vatpeakto 8x10e-4 m?/s give less than a 5% difference
when compared to the measurements.
In summary:

- The subroutine has been verified (with one progessd several processors).

- The mesh size convergence has been investigated.
- The value of the constant viscosity has been found.
- Comparison to experimental shows a good agreement.

- It is believed that the study of the convergenceahef wake depending on the number of
vertical planes is unnecessary as the verticakigles very small.

- All this shows that the SOURCE subroutine allowsrasto simulate accurately the wake
downstream of a tidal turbine using a constantuierit viscosity model in Telemac3D.

4.3.3 Simulation with the k-epsilon model
In this section, the following is adopted:

- First, several k-epsilon models are compared tcsorements.
- Second, the mesh size convergence with the opkrepkilon model found in the first part is
checked. A comparison between simulation and measemts is also done here.

4.3.3.1 First part: optimization of k-epsilon model

In this section, several models of k-epsilon amget® with a small mesh size (5 cm). In these
simulations, since the turbine is not meshed, tiser® obstacle in front of the flow, and therefore
Telemac3D turbulence cannot be generated in theeflulo overcome this problem, the following
tests are performed:

- 1) Amastis added inside the flume.

- 2) Terms are added to modify the value of k andl@p®nly in the volume delimited by the
rotating turbine.

For the second tests the following expression aeddo k:
nx %cdsuZ ul

The same kind of expression was also used in themBe2D simulations of one turbine. U is the far
upstream velocity and Ul is the local velocity.
For epsilon, several expressions are tested: Thatieq that links k and epsilon in the k-epsilon

model is the following one [2]:
2
V= C#k?

Several values for; are tested. In reference [15] the following relatis suggested:
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v, ~ kD

Where D is the diameter of the turbine. D is clwsthe size of large vortices.
Constant value of; will also be tested (only in the volume boundedtisy rotating turbine).

Oncev, is defined, epsilon can be computed in Telemac3D.
The simulation without adding any term to k andilepsgives the following results:

0,000
-5,000 0,000 5,000 10,000 15,000 20,000 25,000 20,000 35,000 40,000

-0,200 =
# Celerty losse measurement (%),
TSR=35

= Plan 8
== Plan 0

-0,250 Plan-10

=0:300

Velocity deficit

-0,350

-0,400

-0:450

X(D)
Figure 82: velocity deficit with the k-epsilon modécompared to measurements.

The above results show the velocity deficit for theee planes (plane 8, 9 and 10) closest to tla ax
plane of the turbine.

There is no agreement between simulations and mezasuts (except on the location of the minimum
of the velocity deficit). Further investigationsaherefore needed.

In the following figure the velocity deficit on thexial plane when the mast is meshed is plotted. It
should be noted that in the experiment, the masgas from z=0.8 m to z=0.4 m. This kind of
obstacle cannot be meshed in Telemac3D, therafotiee simulations the mast ranges from z=0 m to
z=0.4 m. In addition the diameter of the mast &rlyel0 cm.
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Comparison between simulation and measurements
.. for k-epsilon model with the mats.
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Figure 83: velocity deficit on the axial plane whethe mast is meshed.

The above results are similar to the results shiovFigure 82. Oscillations coming from the mast can
be seen, but the wake is still far from the experital measurements. Moreover, the velocity dafcit
greater than in the experiments. Therefore asgs¢iformed with the drag coefficient reduced.

The following figure shows the results of reducthg drag coefficient (by 24%) in order to align the

simulated velocity deficit minimum to the experingn
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Figure 84: velocity deficit for the three planes (fane 8, 9 and 10) closest to the axis, when the dra
coefficient is smaller (24% less).
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The above results show a good agreement of themainielocity deficit, but far from the turbine the
simulated wake does not converge to the measursment

This test is therefore inconclusive, and for ti@ason neither the drag coefficient nor the bathgmet
will be modified. Therefore only the values of kdaapsilon will be modified. In Telemac3D these
values are modified in the k-epsilon model throtigh subroutine DIFF3D.

The figure below shows the velocity deficit on tveal plane of the turbine for several k-epsilon
models.

Comparison between simulation and
measurements for several k-epsilon models.
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Figure 85: velocity deficit on the axial plane forseveral k-epsilon models.

The blue line corresponds to the test where welaelibllowing value to k:
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With n=0.05, this is the same coefficient as in 2D foe turbine.
The value of epsilon is then linked to to k throdlgh following formula:

With v; =0.001 m?/s.

The modification of k and epsilon are done onlytba volume roughly delimited by the rotating
turbine (diameter D=0.6 m, width = 2 x 0.05 m).

The yellow line, is the same test but with=0.002 m?/s.

The orange line is also the same test, but theevafiu; is:

v, ~VkD

The results represented with the blue line showieqgood agreement with the experiment. The
difference between the minimum of this simulated @axperimental velocity deficits is about 5%.
Close to the turbine, the blue line goes througlersd experimental points. Far from the turbine th
simulated velocity deficit is also close to the me@ments (less than 5% of difference). This model
for k-epsilon is therefore selected. In the follogichapter, the convergence with the mesh size is
checked.

It can be also observed that when the viscosigmaller inside the volume bounded by the turbine,
the velocity deficit becomes larger (in absolutliea

4.3.3.2 Second part: mesh size convergence

In this section, convergence for the wake withrtiesh size for the previous k-epsilon model found is
checked. Comparison between wakes for three tetdtwee different mesh sizes, 15 cm, 10 cm and
5 cm, are made.

The figure below shows the velocity deficit on #paal plane for the three different mesh sizeshm t
k-epsilon model previously selected. The simulavee is compared to the measurements.
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Mesh size comvergence for k-epsilon model.
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Figure 86: study of mesh size convergence for thelscted k-epsilon model.

The above results show good agreement to the nezasuts for the smaller mesh sizésm and 10
cm). Far from the turbine, the simulated velocity difraries on the order of less than 5% from
model for the smaller mesh sizes (5 cm and 10 @im¢. simulated velocity deficit for the mesh size
equal to 15 cm is non convergent far away fromtuinieine.

These results validate the mesh convergence fadieeted k-epsilon model.

4.3.4 Conclusion for the k-epsilon model with Telemac3D
For the k-epsilon model, it has been verified that velocity deficit in simulations with mesh sizes

equal to D/12 and D/6 give less than a 5% diffeeamben compared to the measurements.
In summary:

- The subroutine has been verified with one proceasdrseveral processors (as it is the same
subroutine used with the constant viscosity model).

- The mesh size convergence has been investigated.
- The modification for k and epsilon has been found.
- Comparison to experimental data shows a good agrmeem

- It is believed that the study of the convergencehef wake depending on the number of
vertical planes is unnecessary as the verticakigles very small.
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- All this shows that the SOURCE subroutine allowsrasto simulate accurately the wake
downstream of a tidal turbine using the k-epsilavdei in Telemac3D.

4.3.5 Conclusion

Two kinds of turbulence models, with constant vetyoand k-epsilon, are tested to simulate the wake
of a tidal turbine. Quite good agreement (less thnof difference for the velocity deficit after D
between the simulations and the measurements afdke has been observed. These simulations are
done without changing the drag coefficient (definesthg the reference velocity far upstream of the
turbine (M) or the diameter of the turbine and keeping alainvolume delimited by the rotating
turbine. So, the only parameters in our simple rhadethe viscosity coefficient and the mesh size:
- For the constant viscosity model, the following stamt is useds; = 0.0008 m?/s.
- For the k-epsilon model a term to k and epsilon teen added on the volume delimited by
the rotating turbine. The link between k and epsi® done with a value of; =0.001 m?3/s
(note that this value is very close to the valuedusr the constant viscosity model).
- To the value of k, the following term is added:

1 2
nXECdSU Ul

With n=0.05 (this is the same coefficient as in 2D sirtioies of one turbine).
- For epsilon, the following relation is used (tteghe relation used in the k-epsilon model):

For both models, the best simulations are done avitiesh size of 5 cm (D/12). Far from the turbine,
a mesh size of 10 cm (D/6) leads also to good tsesul

It has been observed that the 2D simulations ariéeld since the maximum of the velocity deficit in
the axial plane is not necessarily an increasimctian of Cd. This is not a big issue sinite2
magnitude of the simulated wakes are very cloghdoexperimental wakes (the latter being also very
close to each other)n 3D, it has been found that the viscosity coefht has an effect on the
maximum of the velocity deficit in the axial plaifenlike in 2D). The viscosity coefficient could
therefore be a function of the tip speed ratio.sThinction could help to simulate a more accurate
wake and must be researched in further studiesefifeless, for now, the 3D simulations are accurate
enough to find the magnitude of experimental wakes.

At last, it should be reemphasize that the studyhefconvergence of the wake depending on the
number of the vertical planes is unnecessary, Isectie vertical velocity is very small.

4.4 Methodology for large scale simulation with Telema8D

The methodology which has to be used in ordermuwlkite several tidal turbines on a large basin with
Telemac3D, very close to the methodology used inlRB given by the following steps:

- Finding the deficit of power created by all theltines. This means that, at first, all the
turbines have to be simulated in a flume. The battyy is set to the true bathymetry in order to get
more accuracy on the flow interactions. The SOURGI& outine is used here, with a drag coefficient
for each turbine equal to the value given by theufacturer of the turbine or found in an experiment
The surface is equal to the surface swept by ttegimg turbine and the volume over which the drag
force is applied and distributed is roughly equathe volume occupied by the rotating turbine. Then
the energy of a section of the fluid has to beulated along the fume. It is necessary to subthaet
power from the trial with the turbines from the pown the empty (no turbine) trial at each point in
the length of the canal before evaluating the dinopower across the turbines. This step is necgssar
(like in the 2D study) because the bathymetry catise power drop across the turbines to be difficul
to see in the results from the trial with the tnds alone.

In this step, the mesh size has to be small, famgte D/12 or D/6. Finally, the deficit of povuE/At
created by all the turbines can be calculatechdfi-epsilon model is used, a term has to be added,
the same way as it would be done for a single ng&rim a flume (the subroutine DIFF3D where k and
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epsilon are modified in this case is written in #ppendix 8.7). If the constant viscosity modelssd,
the best coefficient found is 8x10e-4 m2/s, whighds to the best results far from the turbines.

- Use this deficit of energhE in order to find the global drag coefficiendg€quivalent. To do
this, the following formula is used:

(Y2)pCedUAUl = (AE/AL) => Coq = 2(AE/AL) 1 (PAUIP)

A is the combined areas of the turbines in theszgection of the flume is the density of the water,
and U is the far upstream velocity and Ul is themcal velocity.

- Simulate the set of turbine with the equivaleragicoefficient G, with the subroutine SOURCE on
any large basin. The mesh size used can be defitledhe same methodology used with Telemac2D:
the mesh is refined around the array location (alnsize of 1 diameter can be used like in 2D) and
the mesh refinement is performed with a growth oftd.2, which is an acceptable growth rate to
maintain accurate Telemac3D outputs. The volumeloioh to apply the drag force can be the sum of
each volume bounded by the rotating turbine. Ferdimulation, we use one of the two turbulence
models which have been studied in this documerthdfk-epsilon model is used, a term has to be
added as it is explained before (the subroutinE8Diiwhere k and epsilon are modified in this case i
written on the appendix 8.7). If the constant vetyomodel is used, the best coefficient found is
8x10e-4 m?/s, which leads to the best resultsréam fthe turbines.

4.5 Limitations of the model

The main limitation is the computation time. Thagputation time is roughly equal to the number of
planes used in the 3D simulation multiplied by 2#Mecomputation time simulation for the same basin.
For issues linked to blockage ratio, the explamatiof chapter O are also valid for the 3D simutatio

5 GENERAL CONCLUSIONS

The DRAGFO (2D) and SOURCE (3D) routines have lmareloped. They have been verified with a
single processor and several processors. The leepsiodel looks more appropriate to use because
no coefficient associated with the turbulence mddeito be set up.

Several sets of simulations have been performecamgared to experiments in order to validate the
2D and 3D routines.

The methodology which enables the simulation adla array in a coastal basin scale model has been
set up for both 2D and 3D. It is built on the sbgpstep process which had been used for the
validation task, which increases confidence inghdity of these routines to assess large scatreff

of tidal energy extraction at basin scale. It cstssin running simulations at a local scale with
individual devices, in extracting the equivalentagrdrag coefficient from these, and in insertingtt
piece of information in the large basin scale model

Telemac2D and Telemac3D are now capable of asge8®nimpact of any array layouts on large
scale hydrodynamics effects, as the software uaertlfie opportunity of combining the use of the
DRAGFO and SOURCE routines with an appropriate oattogy.

6 NEXT DELIVERABLES
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» D3 - Incorporating parametric characterization af axial flow turbine array (obtained in
WG3 WP2) into the 2D basin scale numerical models.

» D4 - Assessment of the effects of energy extractibmarious UK sites with the 2D model:
Macroscopic, but still reliable, study of the largeale impact of a tidal farm on the
hydrodynamic of the area, and accurate assessihtre site tidal resource.

» D5 - Cross-comparison of 2D and 3D results, in eohenergy extraction, for the selected
site.
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8 APPENDICES:

8.1 Brief description of Telemac-2D

The Telemac-2D code is based on the two-dimensiBaalt Venant equations, well suited to the
study of free surface flows in shallow waters ahdstto fluvial and marine hydraulics. These
equations are obtained by depth-averaging the N&twkes equations and making the following
assumptions:

Pressure is assumed to be hydrostatic.
The wave-length of the phenomena being studied bristuch larger than the water height.
The vertical component of velocity is ignored.
The bottom and the free surface are impermeable.
The continuity equation and the two equationsterdquantity of motion are then written:

Ak

b divhi) — 0
(h)  Alhun) ATk
A hir A1 fhrrtr Hi frrpas | a2 ) N
- bt — b E b F 4 i | By prad (u)
or o ay A T e prad (u] |
Alhr) Al | dlkow) difs 4 :
% ox + B —gh— + hF, + div Ii,.“.-“ prad () :|

where h is the water height, u and v the two haotabcomponents of the velocity, Zs the free swafac
elevation ande an effective diffusion that takes into accounttimdulent viscosity and the dispersion
terms [4].

8.2 Calculation and validation of the Strouhal number or the meshed cylinder case

For the simulations involving vortex shedding, #iredding frequency can be obtained by performing
a Fourier transform of the temporal variations eloeity at a point in the wake. The Strouhal numbe
can then be calculated easily and plotted in Figire
£
St
The relationship between Strouhal and Reynolas reusnis also well described in the literature.
Figure 87 presents the Strouhal as a function gh&ds noted during the experiments together with a

line obtained with empirical formulae [11].
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Figure 87: Strouhal number as a function of the Reyolds number. The circled examples show good
agreement theory-measurement.

The simulations give a good order of magnitudeh&f Strouhal number even the resting slightly
below the values obtained through experimental oreasents.

The Strouhal number is, in principle, defined fobaunded flow (i.e. unrestricted by channel walls)
and non-dimensional (infinite) depth; thus bottonction plays no role in the parameters of the
theoretic system. However, the flow is simulateé iflume with a width only 10 times larger thae th
cylinder, in shallow water (less than 1 diametem)l &ottom friction is considered non-negligible.
This could explain the lower values obtained ingfmeulations for the Strouhal number.

The simulations confirm that depth has an influeocghe Strouhal number, as the former increases,
so does the latter (Figure 88). The role playedrigyion is also be seen in this figure: in sbuall
water, the presence of friction corresponds toaeasse in Strouhal number. Taking account of these
factors enables to obtain better values for theubtal number (circled points in Figure 87). The
Strouhal value is still lower than the values dieset in the literature. It seems reasonable teritifat

this is due to the effect of the sidewalls of thuenfe [13].
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Figure 88: Strouhal number as a function of the wadr height in the flume, with and without friction,
for the constant viscosity model withv=10* (Re=1474).

8.3 Verification of the self-similarity in the wake ofthe meshed cylinder

Using a number of assumptions, Hinze [5] propokesdllowing formula for the velocity deficit for
the transverse dimension of the wake of a cylinder:

Uy £y
Dromne oL ) ]
For a given x[, is the velocity deficit defined agd; (x, ¥} — tiy — /[, ¥)
U is the upstream velocity, where the obstacle presluno effect.

W . I n r - . . .
£a— — describes the transverse a@her 'a. el D , Where{ =y, 1, IS the turbulent viscosity (or eddy-
T [amlii

diffusion) component [5]. Hinze proposes 0.256hesualue for C. In the present case, this coefifici

is changed to 0.275.

For the simulations using theckmodel, self-similarity is clearly verified (cf. gire 13). On the other
hand, for the constant viscosity model, the formpdaposed by Hinze does not allow retracing the
line plotted with the simulated data, as shown lgufe 89. This is notably due to the fact thathwi
the constant viscosity model, strong velocity aexalon occurs at the flume sidewalls (Figure 88),
whereas the formula merely provides for an increagbe velocity from the centreline to the sides
only to the point where it reaches its referendaeza
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Figure 89: Normalised velocity deficit as a functia of 2, at different distances downstream of the
cylinder, obtained through simulation (coloured lires) or with the analytical formula [5] (black lineg —
constant viscosity model.
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Figure 90: Transverse velocity profiles at differebhdownstream distances from the cylinder for the
constant viscosity model. The black line represesithe reference velocity, relative to which the deft is
calculated.

This problem was resolved by turning to the formpitaposed by Negretti [8], which is valid for
shallow water flow in open channels.
The indiceso correspond to the far-upstream or reference ugloalues. The velocity deficit is then
defined as:

Ugor =Uee  Ulv] = Laro()
The functione represents the normalised velocity deficit reltio(, which describes the transverse
direction according to y:

F = 7
")

i{x) corresponds, for a given x, to the y-value for ehhthe velocity deficit equals 61% of the
centreline velocity.

Also defined is:
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L being the boundary between the near wake anththgake. f is the friction coefficient, determined
using the Manning coefficient m, the hydraulic telR,, and the following formula [4]:

. .I'.H]]‘]E ;

' 45‘? — 0,02

L being equal to 74 m, the case remains thai l.. In this case, based on the assumpfies i < 1.,
with x being given, the functiop can be calculation using the following formula:

.
Pl =exp ( 565
The plot of this function using the above formutad @dhe values obtained from the simulations under

Telemac-2D enables to check whether the lattefwadequately the self-similarity condition. On the
following figures, it is observed that self-simitgris respected for both turbulence models.

=lm(5D) 3=2m(10D)

1 o 1

x=10m (S0D)

Figure 91: ({7} resulting from the simulations (red curve) and theanalytical formula (green curve),
for x=1m, 2m, 5m and 10m, for the constant viscositmodel.
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Figure 92: @ {7} resulting from the simulations (red curve) and theanalytical formula (green curve),
forx=1m, 2m, 5m and 10m, for the ke model.

8.4 Summary of the parameters used for modelling the dial energy converter in a
flume
Test Test n°1 Test n°2 (high turbulent intensity) Test n°3 (high velocity)
Operating regime wl w2 w3 wid w5 | wl w2 w3 w4 w5 w0 wl
TSR 15 25 35 45 55| 15 2.5 3.5 4.5 55 3.5 4.5
Ax (D equivalent) D/12 /D/24
Ax (cm) 5cm/2.5cm
At (s) 0.1 0.1/0.01 0.1
Q (m3/s) 0.281/0.278 0.625/0.61
Cf (Strickler coefficient) (-) 80/ 140 80 (impossible to adjust for the k- model) 80/140
vt (constant viscosity) (m?/s) 5.10°
n (k-€ model) (-) 0.05
L (m) 1
D (m) 0.15
Position / flume inlet (m) 52.3
Cd experiment (-) 0.78 0.88 0.91 0.97 0.77| 0.5 0.53 0.62 0.66 0.55 0.68 0.7

Cd simulation (-)

0.7 09 1.05 09 0.9

(too much variation of velocity)

0.73 0.83/0.88

For data given in the form « / ¢, the left-handnierorresponds to constant viscosity and the rigimgh
term to ke. D is equal to 0.6 m for the EDF experiment.
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8.5 Simulations for the test at high velocity (test n°B
The following part describes results found wherningsthe turbine model in the EDF flume for

different cases: test at high velocity and low tuebt intensity and test at law velocity and high
turbulent intensity.

8.5.1 Experimental results

This test at high velocityl{ # .55 /=) and low turbulent intensity (5%), is only carriedt for two
operating regimes:

Operating regime Wwo wi
TSR 3.5 4.5
Ct 0.68 0.70
Cp 0.40 0.35

Table 15: Details of operating regimes studied —@vand w1l

The lines representing the drag coefficient and gbever coefficient are not the same as those
obtained with the low velocity test; the same opegaregime corresponds in this case to different
values of Cd and Cp. It is also noted that evendghahe drag coefficients are nearly equal forttyee
operating regimes, the velocity deficit varies loynls (cf. black crosses on Figure 93 or Figure 94).
This is probably due to effects induced by thetromal speed of the turbine rotor.
The wake is longer than in the previous test, batd is not necessarily a greater maximum velocity
deficit [3]. This is due to the fact that the Gdawer and the velocity is higher than in test;iwii the
other hand, the drag force is proportional to Cd tanU?.
A noteworthy point is the appearance of a flatgalatof constant deficit in the wake velocity, as ca
be seen in Figure 93 or Figure 94 (black poin#&)similar plateau is observed in the wake of wind
turbines; it is certainly due to the presence a types of vortices [7, 10]:

- Those generated by the solid disc that the roton$drotor vortices)

- Those generated by the rotor blade tips (tip veslic
The rapid disappearance of small vortices generagethe blades is probably at the source of the
plateau observed during velocity recovery. It igacl that this type of phenomenon cannot be
reproduced by using the model based on the DRAGH@Ne.

8.5.2 Simulation parameters

As the only difference between tests n°1 and n°ésvelocity, it was considered worthwhile to
simulate the wake observed in test n°3 of the exyast, by adapting the following parameters:

- The flow, which is adjusted in order to obtain toerect

velocity upstream of the TEC

- The value of the drag coefficient, as this is défe

- The value of the coefficient3
On the other hand, care is taken to not alter drilgeoother parameters; that is, the constant gigco
the area ‘A’ on which DRAGFO is applied and theipos of the TEC.
Velocity being higher, a quick convergence studgasducted. A time-step of 0.1s corresponding to
1000 iterations, a mesh size of 5 cm for the caristascosity model and 2.5 cm for theckmnodel
enable to ensure convergence is achieved.

8 At present, whenever theskmodel is used, production of k and ofs systematically taken into
account by means of the enhanced KEPSIL routine.
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In the case of the k-model, the value of the friction coefficient isja@sted, with the help of turbulent
kinetic energy data, to Cf=100 (cf. Figure 95).

8.5.3 Simulation results

As discussed previously, the velocity deficit ptatepresent in the wake cannot be simulated with the
simplified model being used. It is possible howedweereproduce the correct velocity deficit, theiali
slope of velocity recovery and the far velocity.

8.5.4 Constant viscosity model

Velocity measurements taken during the experimedtrasults of the simulations for different values
of drag coefficients are presented in Figure 93.a8yusting the drag coefficient adequately it is
effectively possible to numerically reproduce tredoeity deficit and the initial slope of recovery t
the uniform upstream velocity. The correct ordemaignitude is also achieved for the far velocity.

0.53

0.52 -

0.51 -

05 -

0.49 -

0.48 -

Velocity (m/s)

0.46 -

Cd 0.68

Cd0.73
045 - . Cd0.78

Cd0.83
Experimental data - wO
Experilmemtal data —le

0.44

i
-10 -5 0 5 10 15 20 25 30
Distance to the turbine (equivalent D)

Figure 93: TEC wake for constant viscosity model ash different drag coefficient values

After 15D, the error between simulation and measearg is less than 5%.

8.5.5 The k-¢ model
Figure 94 is the same graph as above but for thenkdel. The same observations can also be made.

The only difference is that the velocity deficitedicted by the simulations is located slightly fert
downstream than observed during the experiment.
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Figure 94: TEC wake for k-e model and different drag coefficient values

Figure 94 shows that after 15D, the error betw@mmlation and measurement is also less than 5%.
Figure 95 illustrates kinetic energy variationsmg/dhe flume. The measured values of k are higher
than in test n°1, which is explained by the incesiasvelocity between the two tests. The variation
turbulent kinetic energy are reproduced well, wjitid.05.

It is noticeable in the simulations that when thagdcoefficient is increased, more turbulent kineti
energy is generated. This is also the case foexperimental results, which is positive for valida

of the TEC model in terms of production of k.

35 T

Cti=0.68 eta=0.05

Ccl=0.78 eta=0.05

Cd=0.88 eta=0.05

Cd=0.68 no production term for k
Experimental data - wO Cd0.68 +
30 b Experimental data - wl Cd0.78 x

15 -

Kinetic turbulent energy (10-4 m2/s2)

10 |

-5 o] 5 10 15 20 25 30 35
Distance to the turbine (equivalent D)

Figure 95: Turbulent kinetic energy along the flumefor Cd=0.68 and different values of). Simulations for
the test at high turbulent intensity (test n°2)

8.5.6 Experimental data

Test n°2 is performed with low velocity/(= .2 #m,;5). The high turbulent intensity — 15% rather
than the 5% in previous tests, is obtained asudtrasthe presence of breeze blocks laid out akheg
flume floor both in front of and behind the TEC.

The effects of this configuration on the wake stnue are as follows:
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— Recovery to the upstream flow velocity occurs m@eidly due to the greater level of
mixing phenomena; the wake is therefore systenitishorter [3].

— The variations of velocity due to the breeze bloekse cumulative with the velocity
variations due to the TEC and to friction. Desguting limited to the flume floor, the
influence of the breeze blocks on the wake is 18sdls it is depth-averaged velocity that is
considered (cf. black points on Figure 97).

This test is carried out for 5 turbine operatingimees. The power and drag curves differ from
previous cases. The measured values are summariSatle 16.

Operating regime wi w2 w3 w4 W5
TSR 1.5 2.5 3.5 4.5 5.5
Ct 0.50 0.53 0.62 0.66 0.55
Cp 0.10 0.26 0.34 0.29 0.15

Table 16: Details of operating regimes studied itest n°2

8.5.7 Numerical aspects

The influence of the breeze blocks being visibletlo& velocity measurements, it was decided to
simulate their presence by modifying the bathym#trgugh the CORFON routine (cf. Figure 96).

Water height im]

Wo7a o
W o7eaors
B o765 078

0744 076

0734 074
W o71a a7z
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M oc=a 0ss
M oesa oss
W 054 066

Figure 96: Water height in the flume with addition of bathymetry corresponding to breeze blocks
presence

Note that, the breeze blocks should create strtowg éffects that cannot be well modelled using
Telemac2D.

8.5.8 Simulation results

A quick convergence study is performed. For thenkedel, a small time-step is necessary because of
the significant variations induced by the bathymetr
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Figure 97: Vertically-averaged velocity along turbhe axis (m/s), for constant viscosity model, diffent
values of Cd and a TSR of 3.5

Figure 97 presents simulation results for the @ortstiscosity model and different values of thegdra
coefficient. The black points correspond to expental results for a given operating regime
(TSR=3.5). The order of magnitude of the velocigfidt is roughly reproduced (between -5D and
+5D). The simulation results demonstrate that waledocity variations observed during the
experiment are clearly due to the breeze blockemes However, no conclusion can be made as to
the best Cd value since the velocity variations tuthe breeze blocks are too large in comparieon t
those caused by the presence of the TEC.

The same type of result is obtained with therkodel. The study is not carried further howevethas
turbulence being strong, the phenomena involved clearly three-dimensional and thus poorly
reproduced with Telemac-2D.

8.6 Code of the subroutine “DRAGFQO”

Only available to PerAWaT participants.

8.7 Code of the subroutine “SOURCE”

Only available to PerAWaT participants.
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