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Abstract: This study investigates the wake interaction of four full-scale three-bladed tidal turbines
with different ambient turbulence conditions, in straight and yawed flows. A three-dimensional
unsteady Lagrangian Vortex Blob software is used for the numerical simulations of the turbines’
wakes. In order to model the ambient turbulence in the Lagrangian Vortex Method formalism, a Syn-
thetic Eddy Method is used. With this method, turbulent structures are added in the computational
domain to generate a velocity field which statistically reproduces any ambient turbulence intensity
and integral length scale. The influence of the size of the structures and their density (within the
study volume) on the wake of a single turbine is studied. Good agreement is obtained between
numerical and experimental results for a high turbulence intensity but too many structures can
increase the numerical dissipation and reduce the wake extension. Numerical simulations of the four
turbine array with the layout initially proposed for the NEPTHYD pilot farm are then presented.
Two ambient turbulence intensities encountered in the Alderney Race and two integral length scales
are tested with a straight flow. Finally, the wakes obtained for yawed flows with different angles are
presented, highlighting turbine interactions.

Keywords: numerical computations; vortex method; synthetic eddy method; turbulence; tidal
energy converters

1. Introduction

With the increase of precommercial tidal farms (EnFAIT project [1], Meygen [2], etc.),
it is becoming urgent to have tools to model such configurations with an accurate account
of wake–turbine interactions. A few years ago, Karsten et al. [3] simulated hundreds
of tidal turbines in the Bay of Fundy, Canada, with a linear momentum actuator disc
theory in a regional code. Such studies were interesting for global resource assessment
and also possible global impact, but the methodology and discretisation used were not
accurate enough to study turbine interactions. Similar conclusions could be drawn for the
work of Divett et al. [4] using the Gerris code [5], even if the size of the farm was smaller
(≈15 turbines) and using an adaptive mesh refinement. One of the first attempts very
relevant for these types of precommercial farms was the study of Churchfield et al. [6], who
computed 3D configurations of layouts with up to five turbines and using a LES (Large
Eddy Simulation) code. However, the mesh was quite large (with up to 11× 106 cells
approximately) and, unfortunately at the time, the results were not compared to experi-
mental data. Interactions between two aligned turbines to compare with the experimental
results of Mycek et al. [7] were already attempted by the same research group using the
Lagrangian Vortex framework (Mycek et al. [8]). These preliminary results were really
promising, even though a better account of the blade was already invoked. This motivated
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us to enhance the software [9] so that the computations could be improved: larger array,
finer discretisation, account of ambient turbulence, etc.

This last topic of ambient turbulence assessment in tidal energetic sites is of growing
importance. From the pioneering works of Osalusi et al. [10,11] who measured ambient
turbulence characteristics in the Fall of Warness at EMEC, Scotland, several research teams
follow on their heels with increasing precision. Notable works are those of Thomson et al. [12]
in Puget Sound, western part of Canada; Milne et al. [13] in Sound of Islay, UK or even
McCaffrey et al. [14] reanalysing some of Thomson et al.’s results with increased insights
into the physics. These works paved the way for more recent studies such as [15–17]. Very
recently, and crucially for this paper dealing with the Alderney Race, the results of mainly
two French research programs (THYMOTE and HYD2M) were published, most of them
in a special issue of the Philosophical Transaction of the Royal Society A [18–25]. All
these works will be extremely valuable for the forthcoming computations applied to farm
configurations in the Alderney Race and specifically for the configuration treated in the
present paper.

However, simulating ambient turbulence can be a significant challenge. Most of the
numerical codes being dealing with this issue are based on a Eulerian approach. Therefore,
in most cases, an initialisation of the inlet boundary condition is necessary using a synthetic
approach, being either the Synthetic Eddy Method (SEM) of Jarrin et al. [26], the Mann
algorithm, or even predefined toolboxes such as TurbSim [27] for instance.However, it
becomes very complicated to maintain the ambient turbulence level all over the computa-
tional domain and this was already largely highlighted for instance in the work of Jarrin et
al. Some research teams are trying to alleviate this phenomenon by either increasing the
order of the numerical scheme and/or reducing the size of the mesh cells. Very interesting
works in that respect were performed by Bernard et al. [28] in the wind energy sector,
Ahmed et al. [29] in the tidal energy sector, or even Mercier et al. [17,30] also in the tidal
energy sector using the Lattice Boltzmann Method for the last one, which is classified as
a Lagrangian method. The present study also aims at using a Lagrangian approach but
in another formalism: the Lagrangian Vortex method. Before any add-ons, Lagrangian
approaches have the benefit of being much less dissipative than their Eulerian counterparts
on the advection term of the Navier–Stokes equations. Based on the method proposed
by Jarrin et al. [26], Pinon et al. [31] and more recently Choma Bex et al. [32] applied the
SEM ambient turbulence generation technique to the Lagrangian Vortex Method. This
was not the first attempt with the Lagrangian approach because Chatelain et al. [33] al-
ready performed computations with ambient turbulence in their Vortex-in-cell formalism.
Bossy et al. [34] also applied a similar stochastic approach for computing interaction of
wind turbines. One of the major advantages of the present synthetic turbulence approach
implemented in the Lagrangian Vortex method is that the ambient turbulence level and
characteristics are fully conserved throughout the entire computational domain. There is
absolutely no numerical damping of the ambient turbulence characteristics. This ambient
turbulence numerical approach recently implemented, combined with the accurate and
fast numerical treatment of mutual interaction among turbines [35], make our code a good
candidate for such computations of wake–turbine interaction in a farm.

A rationale for the writing of this paper was to highlight the fact that, with the use of
such ambient turbulence models with a vortex blob code, accurate simulations of wake–
turbine interactions can be performed. The geometrical configuration considered here
(see Figure 1) is the precommercial farm NEPTHYD (Normandie Energie PiloTe HYDrolien)
which was granted to a subsidiary company of the french energy and electric utility
group Engie by the French Ministry of Energy and Environment, via its agency ADEME,
in December 2014. At this time, Engie had contracted with Alstom the manufacturing of
four Oceade™, a three bladed horizontal axis turbine of 18 m diameter rated at 1.4 MW.
Following the purchase of Alstom’s energy activities by General Electric, the tidal activities
of Alstom were rapidly halted and this demonstration project did not become a reality.
However, in the meantime, Engie had started the consenting process with the French
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authorities and some official documents were issued and made public. Therefore, the farm
configuration (number of turbines, turbine positioning, etc.), velocity value, rotational
speed, etc. were taken from the report issued by the Autorité Environnementale on the 6th
of April 2016, whose references are accessible here [36]. Only the ambient turbulence values
were reproduced from the paper of Sentchev et al. [16]. However, the very interesting
aspect of this configuration is that it is a real industrial precommercial farm configuration,
very relevant for the scientific community.

Figure 1. Configuration of the NEPTHYD project: a four turbine precommercial farm developed
by Engie in 2014 and supposed to be equipped with Alstom’s Oceade™ turbine. The image is
reproduced and adapted from the report [36] of the Autorité Environnementale, an agency of the
French Ministry of Energy and Environment.

Section 2 will first present the numerical method and more particularly how the SEM
of Jarrin et al. is adapted to the Lagrangian Vortex Blob formulation. Then, Section 3 will
be dedicated to the validation of this implementation, together with the assessment of the
influence of several parameters such as the turbulent length scales or some other numerical
ones. Section 4 will present the computations performed on the NEPTHYD configuration
with different ambient turbulence levels and length scales. In the case of asymmetry in the
flow, if the tidal flow is not fully bidirectional which is most often the case, wake–turbine
interactions will be highlighted in this section. Finally, some conclusions will be presented
in Section 5 and several perspectives will be drawn.

2. Numerical Method

This section covers the Vortex method used for the simulation of marine current
turbines and their wakes, as well as the integration of a Synthetic Eddy Method adapted
to the context of these computations. As a matter of nomenclature convention, bold signs
will refer to vectors, regular letters will refer to continuous fields (e.g., u for the continuous
velocity field) and capital letters will refer to the corresponding discretised fields (e.g., U i
for the velocity of the i-th particle).
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2.1. Vortex Particle Method

The Vortex method is an unsteady Lagrangian method, based on a discretisation of the
flow into vorticity carrying particles [9,37–39]. The governing equations for this unsteady
and incompressible flow are the Navier–Stokes equations in their velocity/vorticity (u, ω)
formulation:

∇ · u = 0, (1)

Dω

Dt
= (ω · ∇)u + ν∆ω, (2)

where u is the velocity field, ω = ∇∧ u is the vorticity field and ν is the kinematic viscosity.
Equation (2) is the momentum equation transposed into the velocity–vorticty formulation,
with (ω · ∇)u representing the stretching term and ν∆ω the diffusion term. The fluid
domain is discretised into NP particles, each particle i represented by its position X i, its
vortical weight Ωi, and its volume Vi. The particles’ transport over time is described by
the following displacement equation, integrated using regular time stepping schemes:

dX i
dt

= u(X i) = U i. (3)

This leads to a discretised formulation of the previous Navier–Stokes Equation (2),
dictating the evolution of the vorticity carried by each particle i:

dΩi
dt

= (Ωi · ∇)U i︸ ︷︷ ︸
Stretching term: S iVi

+ ν[∆ω]x=X iVi︸ ︷︷ ︸
Diffusion term: LiVi

. (4)

Cottet and Koumoutsakos [39] provide a detailed explanation of the treatment of the
stretching term S iVi.

Considering a viscous fluid with a constant viscosity ν, the diffusion term LiVi is
described in accordance with the Particle Strength Exchange (PSE) method initially devel-
oped by Degond and Mas-Gallic [40] and Choquin and Huberson [41]. The present model
integrates an additional account for turbulent diffusion using a Large Eddy Simulation
(LES) method to represent the influence of the non-resolved length scales, all the more
important when simulating ambient turbulence. Sagaut [42] has assembled a synthetic
analysis of various possible formulations for this purpose, these particular simulations
using the version of Mansour [43]. An alternative numerical approach for diffusion is
possible in the Lagrangian Vortex framework: the Diffusion Velocity Method, initially
proposed by Ogami and Akamatsu [44] and recently analysed by Mycek et al. [45].

The Lagrangian Vortex method relies on a Helmholtz decomposition of the velocity field:

u = ∇∧ψ︸ ︷︷ ︸
uψ

+ ∇φ︸︷︷︸
uφ

+u∞, (5)

where the components of the velocity can be detailed as the following:

• A rotational velocity component uψ accounting for particle–particle interaction, the core
of any Lagrangian Vortex method. The component Uψ is the discrete solution of the
continuous equation:

∆ψ = −ω, (6)

obtained by introducing the Helmholtz decomposition (Equation (5)) into the defini-
tion of vorticity. The solution for this Equation (6) is given at any point M of the fluid
domain by the Biot and Savart law [37,39,46,47]:

Uψ(M) =
1

4π

NP

∑
i=1

MXi

|MXi|3
∧Ωi. (7)
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This formulation is desingularised using a regularisation parameter ε, as described
by Winckelmans and Leonard [47]. Additional developments are carried out in the
numerical implementation of this formulation, such as a Treecode type acceleration
algorithm (see Lindsay and Krasny [48]) and particles redistribution algorithms (see
Cottet and Koumoutsakos [39]), as well as time stepping procedures.

• A potential velocity component uφ, representing the influence of a solid body. There
are many applications for the use of such a component, such as the simulation of the
nozzle of jet [49], of a sail [50], or of a monofin [51]. In the present study, the potential
velocity component represents the influence of the rotor of a turbine [9], as will be
demonstrated in the following sections. This velocity component uφ derives from a
scalar potential φ, which must satisfy:

∆φ = 0. (8)

Equation (8) is obtained by introducing the velocity decomposition Equation (5) into
the continuity Equation (1). The latest developments on this aspect of the software are
detailed by Carlier et al. [52] as well as Mycek et al. [35].

• A velocity component u∞ representing the upstream velocity field at infinity, generally
treated as a constant vector. The focus of this paper will be to adapt the upstream
velocity component u∞ in order to account for ambient turbulence in the surround-
ing flow.

A second order Runge–Kutta implementation is used for the time integration scheme.
For such applied engineering configurations, this was preferred to the fourth order Runge–
Kutta version for the sake of computational efficiency, while still providing a fairly rea-
sonable accuracy. A convergence analysis was performed in a previous work [9], where
a mesh independence analysis was presented. Both spatial and temporal convergence
of the obtained results were analysed. In a more recent paper [35], a similar numerical
analysis was presented for the boundary integral method implemented to account for the
turbine mesh. In both of these cited works, some analysis of computational times was
also provided.

2.2. Synthetic Eddy Method

In order to take into account the ambient turbulence in the Lagrangian Vortex Blob
formulation, the Synthetic Eddy Method (SEM) of Jarrin et al. [26] was adapted and
implemented (see [31,32]). After a brief presentation of this method, a few numerical
parameters will be detailed. Their influence on the turbine wakes will be studied in the
following sections.

In the Synthetic Eddy Method, ambient turbulence in the upstream flow is accounted
for by modifying the upstream velocity u∞ (u∞ = u∞ex + v∞ey + w∞ez). This upstream
velocity is rewritten by applying the Reynolds decomposition:

u∞(x, t) = u∞(x) + u′(x, t), (9)

where u∞ is the mean velocity of the flow and u′ its fluctuating part.
Jarrin et al. consider the fluctuating velocity u′ as a perturbation term encompassing

the fluctuations due to ambient turbulence. This term is calculated as the sum of the
velocity perturbations caused by N turbulent structures (see Figure 2) randomly placed
within a three-dimensional study space of volume V0:

u′(x) =
1√
N

N

∑
k=1

ck fλ(
x− xk

λ
), (10)

where fλ is a shape function and ck is the intensity of a single turbulent structure k of centre
point xk. The three components of the intensity ck are defined as:



Energies 2021, 14, 3826 6 of 23

ck
i =

3

∑
j=1

aijε
k
ij, ∀i ∈ {1, 2, 3}, ∀k ∈ J1, NK. (11)

Figure 2. Turbulent structures (red and blue marks) immersed in the incoming flow.

The coefficients aij are the elements of the Cholesky decomposition matrix of the

Reynolds stress tensor R = A t A [53]:

aij =


√

R11 0 0

R21/a11

√
R22 − a2

21 0

R31/a11 (R32 − a21a31)/a22

√
R33 − a2

31 − a2
32

 = A. (12)

The random nature of ambient turbulence is represented by the randomly assigned
signs εk

ij, which have an equal probability of being +1 or −1, as well as the random initial
position of the turbulent structures. This sign will decide whether the structure is a velocity
source (εk

ij = +1) or a velocity sink (εk
ij = −1), depicted by different colours in Figure 2.

Equations (11) and (12) ensure the generation of a velocity field that statistically
reproduces any given turbulence intensity I∞ and Reynolds stress tensor R. Indeed,
the turbulence intensity I∞ is defined as:

I∞ = 100

√
1/3(σ 2

u∞ + σ 2
v∞ + σ 2

w∞)

u2
∞ + v2

∞ + w2
∞

(13)

where σu∞ , σv∞ and σw∞ are the standard deviations of the velocity components u∞, v∞
and w∞ of the upstream velocity u∞. I∞ can also be written as a function of the trace of the
Reynolds Stress Tensor R:

I∞ =
100
|u∞|

√√√√ tr
(

R
)

3
. (14)

The shape function fλ, which appears in (10), needs to respect several constraints in
order to ensure the statistical convergence of the imposed turbulence conditions, such as:

fλ ∈ C0(R,R)
fλ(x) = fλ(−x)
fλ(x) = 0 ∀ x /∈ [−λ, λ]
argmax( fλ(x)) = 0∫ λ

−λ
f 2
λ(x)dy = 1

(15)

where the parameter λ is a length scale defining the area of influence of each turbulent
structure. The first two continuity and symmetry conditions ensure the regular shape of
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each turbulent structure, while the third condition limits the influence of each turbulent
structure to its sole radius λ. The last two conditions will ensure that the average Reynolds
Stress Tensor resulting from the perturbation velocity formulation of Equation (10) is math-
ematically equivalent to the prescribed tensor R from which are chosen the coefficients aij.

More details about Jarrin’s formulation can be found in [26,54]. A detailed presentation
of the adaptation of the SEM to the Lagrangian Vortex Blob formalism is proposed in Choma
Bex et al. [32]. In particular, different shape functions fλ are considered. In the present
work, a Gaussian shape function is used.

2.3. Numerical Parameters

As explained previously, λ defines the area of influence of each turbulent structure. It
is a parameter which can be chosen based on the characteristics of the ambient turbulence
which the user desires to reproduce. The results obtained by Choma Bex et al. [32] show
that λ is proportional to the integral length scale L of the generated flow (estimated from
the autocorrelation function of the streamwise velocity). For a Gaussian shape function fλ,
L ≈ 0.654λ.

If only one value is used for λ, all turbulent structures have the same size and this
results in a poor reproduction of the velocity power spectral density [31,32]. Thus, in order
to better represent the true physical phenomenon of the turbulence, a standard deviation
of the size of turbulent structures, denoted σ(λ), was added as a parameter of the model
by Choma Bex et al. [32]. The size of all turbulent structures are calculated using a normal
distribution law centred around an average value still noted λ. The standard deviation σ(λ)
is expressed as a percentage of the variable λ (e.g., σ(λ) = 10% = 0.1λ). At σ(λ) = 0%, all
turbulent structures have the same size λ. A standard deviation σ(λ) = 100% around the
average value λ = 0.5 implies that the size of a turbulent structure k can range from λk = 0
to λk = 1.

Lastly, in order to evaluate the saturation level of turbulent structures in the study
space, a filling ratio R f is defined:

R f =
4
3 πλ3N

V0
. (16)

This ratio represents the density of turbulent structures within the study volume
V0. Values of R f higher than 1 signify that several turbulent structures are overlapping
each other.

The influence of these three parameters on the wake of a single turbine in a straight
flow is studied in the following section.

3. Computation of a Single Tidal Turbine
3.1. Numerical Set-Up and Tested Configurations

The tidal turbine modelled in this study has a diameter D of 18 m. The blades of
Alstom’s Oceade™ turbine are patented, which is why we chose to use an openly accessible
turbine model instead, which corresponds to the generic turbine of the IFREMER (French
Research Institute for Exploitation of the Sea). Experimental results obtained for the latter
by Mycek et al. [55] will be used for comparison. More details about the numerical model
and IFREMER’s turbine can be found in [9].

Within these simulations the mesh is only made up of a zero-thickness surface mesh for
the blades and possibly the turbine nacelle if used (see Figure 3). The fluid is represented
by Lagrangian vortex particles freely evolving throughout the computational domain
following the Navier–Stokes equations. When using the SEM for the addition of ambient
turbulence, a study space must be defined where the turbulent structures will be placed,
as explained in Section 2. Here, the dimensions of this space are Lx = 243 m = 13.5 D along
the main flow direction, and Ly = Lz = 108 m = 6 D along the horizontal and vertical
directions. The blade surface meshes are defined as those presented in previous studies [9,32,35].
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In the present work, 11 mesh elements are discretising the blade along the blade radius
and 5 along the blade chord. To complete the discretisation parameters, the interparticle
spacing is set to dh = 0.6 m, similar to the surface mesh discretisation along the blade
radius, with a smoothing parameter of δ = 1.5 dh. In all the following computations,
the upstream incoming velocity was set to U∞ = 3.2 m/s. The Tip Speed Ratio (defined as
TSR = ωR/U∞, where ω and R are the rotational speed and the turbine radius respectively)
was set to 3.67 in Sections 3.2 and 3.3 for comparison with the experimental results. In
Section 3.4, the TSR was set to 4.1 in order to have the same rotational speed as the one
used for the NEPTHYD configuration of Section 4. A time step of dt = 0.044 s was imposed
owing to the CFL-like condition for vortex methods and the simulation time was set to
200 seconds. Finally, an isotropic turbulence is used and different turbulence intensities
I∞, structure sizes λ, standard deviations σ(λ) and filling ratios R f are considered. All the
results presented here are time-averaged. As the fluctuating turbulence has by definition
a zero average (u′ = 0), this component was removed during the postprocessing of the
time-averaged velocity maps, to emulate the effect of a much longer time average than the
last 68 s (90 s to 103 s for Section 3.4) of 200 s simulations used here.

Figure 3. Example of surface mesh for the turbine.

3.2. Taking into Account the Nacelle

In [32,56], it was reported that the use of the turbine nacelle could possibly generate
some numerical instabilities. Even though the source of these instabilities was found and
fixed, the question of the inclusion of the turbine nacelle can still be posed. Looking at the
numerically computed wake velocity fields presented in Figure 4 would make the answer
tend towards the necessity of its inclusion. The near wake is really different and a much
larger velocity deficit is experienced when using the nacelle. However, the global wake
length is near-identical, even for this low ambient turbulence value of I∞ = 1.5%. Looking
at the corresponding velocity profiles presented in Figure 5 confirms this analysis. The
first two velocity profiles at x/D = 1.2 and x/D = 2 are very different depending on
whether the nacelle is included or not. The presence of the nacelle markedly improves the
result in comparison with the single turbine wake measurement done at laboratory scale
with a similar ambient turbulence intensity and reproduced from [55]. However, for the
four remaining velocity profiles depicted in Figure 5, the differences with and without
the nacelle are not very significant. It could be argued that taking into account the nacelle
would bring about an additional numerical complexity with a low benefit to the end quality
of result, especially in the far wake. Moreover, the differences are here highlighted by the
fact that the turbulence intensity I∞ is very low, and the reported values are much higher
in the Alderney Race as it will be presented in Section 4.
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Figure 4. Time-averaged wakes obtained for I∞ = 1.5%, TSR = 3.67, λ = 4.5 m, σ(λ) = 0% and R f = 1.
(a) with nacelle. (b) without nacelle.
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Num. with nacelle Num. without nacelle Exp.

Figure 5. Comparison of the experimental velocity profiles with the numerical results obtained with
and without nacelle, for I∞ = 1.5%, TSR = 3.67, λ = 4.5 m, σ(λ) = 0% and R f = 1.

In order to evidence and compare more succinctly the shape of these turbine wakes,
we consider the value of the average wake velocity integrated on the area of discs of the
same diameter as that of the turbine, sampled at various distances in the turbine wake
and normalised by the disc integrated value of the average upstream velocity U∞. This pro-
cedure of wake integration is clearly presented in [55] for experimental results. Figure 6 shows
that the differences on this quantity caused by the omission of the nacelle are minimal.
Moreover, both numerical curves with I∞ = 1.5% are underestimating the experimental in-
tegrated velocity (see Figure 6a), which is a problem already identified and possibly due to
a too high numerical dissipation, particularly visible at low ambient turbulence. However,
for the highest ambient turbulence value of I∞ = 15%, the comparison of both numerical
results with the experimental results depicted in Figure 6b are really encouraging us to-
wards the simplest solution. Therefore, for the remainder of this paper, the turbine nacelle
will not be taken into consideration as a matter of numerical simplification and speed-up.
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Figure 6. Comparison of the experimental and numerical disc-averaged velocities (TSR = 3.67,
λ = 4.5 m, σ(λ) = 0% and R f = 1). (a) I∞ = 1.5%. (b) I∞ = 15%.

3.3. Influence of the Filling Ratio R f

The present subsection focuses on the evaluation of the influence of the filling ratio
R f defined in Equation (16) of Section 2. Due to the nature of the SEM as a stochastic
representation of the ambient turbulent velocity field, a large number of turbulent structures
and hence a high value of R f is necessary to statistically represent the turbulent velocity
field. The numerical assessment on this statistical convergence of the numerically obtained
I∞ presented in [32,56] concluded that a R f value higher than one is sufficient to have a
statistical convergence, bearing in mind that the total number of structures should not be
too low to have enough statistical representation. However, as the turbulent structure size
λ is increased to better represent the in situ turbulence integral length scale L, a higher
value than one may be necessary to have enough structures to ensure the above mentioned
statistical representation. In that respect, Figure 7 shows the disc-averaged velocity deficit for
turbulence intensities of I∞ = 1.5% in Figure 7a and I∞ = 15% in Figure 7b. For the lower I∞
value, the numerical disc-averaged velocity deficit was already too dissipative as indicated
in Section 3.2 (Figure 6a). A higher value of R f is slightly intensifying the phenomenon
of numerical dissipation and even more for the far wake from x/D ≥ 5D in Figure 7a.
For I∞ = 15%, the results with R f = 1 are in accordance with the experimental results,
as highlighted in Figure 6b. However, an overestimation of the disc-averaged velocity is
also visible for R f ≥ 5 as depicted in Figure 7b. As the ambient turbulence value is higher
and the turbulence structures are more numerous with R f > 1, such a phenomenon is
understandable and physically interpretable.
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Figure 7. Comparison of the numerical disc-averaged velocities obtained for three filling ratios R f
and two turbulence intensities (TSR = 3.67, λ = 4.5 m, σ = 0%). (a) I∞ = 1.5%. (b) I∞ = 15%.
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The influence of the turbulent structure size variation, represented by the value of
σ(λ), does not change the tendency as one can observe from the data presented in Figure 8
for I∞ = 15%. Choma Bex et al. [32,56] reported that a higher value of σ(λ) would improve
the spectral representation of the turbulent kinetic energy cascade, a −5/3 slope being
nearly obtained from σ(λ) = 75% and above. However, as shown in Figure 8, σ(λ) = 75%
still really overestimates the dissipation of the experimental disc-averaged velocity deficit
for the higher values of R f . As a conclusion on that aspect, the value of σ(λ) does not
have an influence on the velocity deficit and the driving parameter is the filling ratio
R f , the experimental disc-averaged velocity deficit being accurately reproduced both for
σ(λ) = 75% or σ(λ) = 0% with R f = 1 and always overdissipated with higher values
of R f .
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Figure 8. Comparison of the numerical disc-averaged velocities obtained for three filling ratios R f
and two standard deviations σ(λ) (TSR = 3.67, λ = 4.5 m, I∞ = 15%).

3.4. Influence of the Turbulent Structure Size λ

Lastly, the influence of the turbulent structure size λ and hence the integral length
scale L, is presented in Figure 9. To better represent the physical turbulence characteristics
of the Alderney Race as reported in the literature [15,16,18,21] for instance, higher values
of λ were evaluated to physically represent the L values of a couple of decametres as
experimentally measured in the race. With λ = 4.5 m, R f = 1 corresponds to N = 7426
turbulent structures. In order to have a sufficient statistical representation of the flow
with higher values of L or λ, we chose to keep the same number of structures, which
increases the value of the filling ratio R f (see Equation (16)). Once again, an overdissipation
phenomenon is obtained for both σ(λ) = 0% and σ(λ) = 75% as shown in Figure 9. The
case with σ(λ) = 75% is even noisier but tremendous turbulent structure sizes of up to
2λ can be regularly obtained in the flow field with σ(λ) = 75%. This might not be so
physical as the integral length scale is closer to the larger size encountered in the in situ flow.
Therefore, a new asymmetric law for the distribution of λ is under works to better represent
the physical characteristics that are: a lower number of large structures and much more
smaller structures possibly reproducing the real turbulent cascade structure distribution
in homogeneous turbulence. This will be tested soon but, for the time being, the present
implementation is still worth investigating on a real 4 tidal turbine farm configuration.
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Figure 9. Comparison of the numerical disc-averaged velocities obtained for TSR = 4.1, I∞ = 10%
and several λ. (a) σ(λ) = 0%. (b) σ(λ) = 75%.

4. Four Tidal Turbine Array: The NEPTHYD Layout
4.1. Description of the Selected Configuration: The NEPTHYD Project

As mentioned in the introduction, the NEPTHYD precommercial farm was meant to be
made up of four of Alstom’s Oceade™ 3-bladed 18 m diameter turbines, with geometrical
characteristics and blade profiles inspired by those of the former TGL turbine. This same
TGL geometry also served as a basis for the open-geometry turbine of IFREMER since the
first work of Maganga et al. [57]. This open-geometry model (defined in [9]) is used in
this work, as indicated in the previous section. According to the report of the Autorité
Environnementale [36], the optimal production current velocity for the Oceade™ turbine is
higher than 3.1 m/s, which is why we chose an upstream velocity U∞ of 3.2 m/s. The TSR
was set as 4.1, which corresponds to the optimal rotational speed of the device (see Table 1
of [36]). According to the projected configuration shown in Figure 1, the four turbines
are positioned at approximately the same depth of 38 ± 1 m. In order to simplify this
configuration, and as the bathymetry cannot be taken into account in the present approach,
all turbines were set to the same vertical position.

The schematic representations of Figure 10 show the turbine layout and spacing
within the computed domain. As shown in Figure 1, the first front row of three turbines
is perpendicular to a direction inclined at an angle of 20◦ from the north. This specific
direction corresponds approximately to the main flood and ebb direction at this position of
the Alderney Race. Therefore, the incoming velocity vector is mostly perpendicular to the
three upstream turbines as presented in Figure 10a. Keeping in mind that tidal flows are
not always bidirectional, Harding and Bryden [58] studied directionality issues a few years
ago and they reported many sites in the UK waters with peak spring velocities higher than
2 m/s and the flow direction rotated up to 20◦ (or even more sometimes) from the principal
axis. Frost et al. [59] also studied this aspect in detail in Ramsey Sound (Wales, UK) where
they reported many tidal velocity conditions at up to +/−20◦ in this well known energetic
site. For France, Maslov et al. [60] for instance reported approximately 15◦ and 35◦ in two
sites of Brittany and Guillou et al. [61] performed a very interesting study where a couple
of sites in the Alderney Race were assessed numerically with experimental validation.
From this last study, based on the presented results, similar angular asymmetry could be
estimated for sites referred to as #2 and #3 in the paper. Even though they are not the most
energetic ones in the race based on the velocity results, tidal angular asymmetry can vary
to a great degree in the Alderney Race. So as angular asymmetry may reasonably occur,
an inclination of this velocity vector is indicated in Figure 10b with an angle α. However,
as the turbines are equipped with a yaw mechanism, they can rotate to align with the new
flow direction. Therefore, and in the present configuration of Figure 10b, interaction will
be highly enhanced between the middle upstream turbine and the downstream one. The
higher the angle of the tidal asymmetry, the more intense the interaction will be. Such
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configurations will be tested with several tidal angular asymmetry angles, namely 5◦,
10◦, 15◦ and 20◦. These results will be presented in Section 4.3. To facilitate the flow
representation for the simulations in Section 4.3, the configuration of Figure 10b will be
rotated by the angle α so that the incoming velocity vector always aligns with the x-axis,
as depicted in Figure 10c. The turbine layout is not modified; the turbines are only yawed
to align with the incoming velocity direction. However, before studying enhanced wake–
turbine interaction, the influence of the ambient turbulence characteristics will be evaluated
in Section 4.2.

Figure 10. Four tidal turbine array configurations: (a) initial configuration (straight flow), (b) config-
uration with a yawed flow, (c) configuration with a yawed flow used for the simulation.

4.2. Initial Configuration

For the sake of comparison, Figure 11 shows the flow around the four turbines in
the configuration of Figure 10a without ambient turbulence. For this computation, wake
induced turbulence and dissipation were accounted for using only the LES model based
on the PSE method implemented in the code [9]. The SEM contribution was switched
off imposing an absolute constant incoming velocity U∞ = 3.2 m/s. From Figure 11, it
can be seen that there is hardly any interaction between the turbines except for a slight
wake deflection of the two upstream upper turbines. Besides, the wake extension is very
long and exceeds the 12.5 D length presented in this figure. This proves the conservative
property of the code even on long distances.

The account for ambient turbulence will drastically modify the flow pattern. From
the ample literature existing on the turbulence characterisation of the Alderney Race, only
the ambient turbulence values reproduced from the paper of Sentchev et al. [16] will be
tested and presented here. Depending on the ebb or flood conditions and for a distance
from bottom of 16 m (which is close to the hub height), two ambient turbulence intensities
are encountered: I∞ = 10% and I∞ = 14%. The corresponding integral length scales L are
26.6 m and 30.0 m respectively. As these values are close, we considered the highest one for
the computation but chose to also test out a smaller length scale of L = 18 m. The selected
values, L = 18 m and L = 30 m, correspond to λ = 27.5 m and λ = 45.9 m respectively
(according to the linear relationship between turbulent structure size and integral length
scale, see Section 2.3).
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Figure 11. Time-averaged wakes obtained without ambient turbulence for TSR = 4.1.

For the four configurations presented in Figure 12, a single value of σ(λ) = 75% is
considered for the variation of the turbulent structure size. Therefore, the only values that
differ are the ambient turbulence intensity I∞ = 10% or 14% and the associated integral
length scale L = 18 m or 30 m. Due to the size of the structures, a filling ratio R f of one
would have led to an incredibly low number of structures (e.g., N ≈ 10 for L = 30 m)
which would have compromised the statistical representation of the flow. Thus, a higher
value than R f = 1 had to be chosen and the decision was made to fix the number of
turbulent structures to N = 10472 for all the computations, in order to avoid too much
difference between these configurations. Owing to the size of the computational study
space, this constant number of N = 10472 turbulent structures leads to the filling ratios
R f = 229 for L = 18 m and R f = 1059 for L = 30 m. Following the results presented
in Figures 7–9 of the previous section, it is anticipated that the wake dissipation will be
overestimated. In that sense, the results presented in Figure 12 would have a tendency
to estimate shorter wakes and hence lower interactions than would be the case in reality.
When compared to the result without ambient turbulence of Figure 11, the wakes of the four
configurations in Figure 12 are in fact much shorter. However, mostly due to an increase
in wake meandering with ambient turbulence, higher and more numerous interaction
phenomena are encountered. In three out of the four studied configurations an interaction
phenomenon is observed between an upstream turbine wake and the downstream turbine.
Although a higher ambient turbulence intensity should reduce the wake length, it is not
obviously observable from the left (I∞ = 10%) and right (I∞ = 14%) wake maps of Figure 12
nor from the wake lines presented in Figure 13. Even though these results were averaged
over 188 instantaneous velocity fields, representing an average over 89.6 s of physical time,
this should still not be long enough for such high ambient turbulence levels.
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Figure 12. Time-averaged wakes obtained for two turbulence intensities and two integral length
scales (TSR = 4.1, σ(λ) = 75%).

The curves presented in Figure 13 are very interesting in the way that axial induction
is well represented in front of each turbine. A small acceleration in the upstream bypass
can also be observed for the downstream turbine (purple dashed-dotted line). Much longer
computations, possibly with a refined discretisation will be required in a near future to
better identify the influence of the integral length scale on the turbine wake. As mentioned
in the previous section, a new asymmetric distribution for the turbulent structure size λ
would also improve the results. This would lead to a better representation of the physical
phenomenon, which is to say many more smaller structures than larger ones for a given
central average value of λ0 (see also [32]). Although this hypothesis remains to be validated,
it could also be assumed that a number of turbulent structures high enough to ensure a
statistical convergence but still verifying a filling ratio R f close to one (rather than the
over 1000 considered here) would lead to better results. If a R f of one is achievable,
the overestimation of the dissipation could be avoided leaving more space for possible
variations depending on the integral length scale L and/or a small variation of ambient
turbulence, as it is the case between I∞ = 10% and I∞ = 14% here. However, the current
numerical set-up can already give very interesting insights into interaction configurations,
such as in the case of this NEPTHYD layout with an incoming velocity yawed with respect
to the main flow direction.
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Figure 13. Time-averaged wake lines obtained for two turbulence intensities and two integral length
scales (TSR = 4.1, σ(λ) = 75%). For each turbine, the corresponding line passes through its centre.
The solid grey line depicts the incoming velocity U∞ = 3.2 m/s.

4.3. Yawed Flows

Figure 14 shows the wake configurations for an incoming flow inclined with angles
ranging from 5◦ to 20◦ with respect to the main current direction. The positions of the
turbines correspond to the configuration shown in Figure 10c. For these computations,
the same numerical parameters were chosen as for the case with I∞ = 10% and L = 18 m,
imposing R f ≈ 229 with σ(λ) = 75%. All the turbines are rotating at TSR = 4.1.

Individually, each turbine wake looks similar to those presented in the previous
subsection. However, as the angle increases, more and more interaction can be observed.
At an inclination angle of 10◦, a weak interaction can already be observed on the image of
Figure 14 but nothing is observable on the corresponding wake lines of Figure 15 (keeping
in mind that the wake lines are taken from the turbine centre of rotation and aligned with
the turbine direction). Although a weak interaction is visible around the tip of the blades,
nothing is yet visible on the lines. However, for the last two configurations with 15◦ and
20◦ inclinations of the current, very clear interactions can be observed on the corresponding
plots of Figure 14. The induction zone of the downstream turbine is clearly connected to the
wake of the upstream middle turbine. The interaction is higher for the last 20◦ case, where
approximately half of the downstream turbine will be perceiving the upstream wake and
also associated additional velocity fluctuations. From the downstream wake lines (violet
dashed-dotted lines of Figure 15), a small modification is already visible upstream of the
turbine but a large modification of the downstream wake is evidenced, the velocity deficit
becoming progressively higher for the 15◦ and 20◦ inclinations. Such modifications and
impacts on the flow perceived by the downstream turbine were anticipated but the present
numerical approach can now much better quantify these interactions and even deliver
more quantitative information, such as mean velocity deficit, mean shear flow profile and
also additional velocity fluctuations.



Energies 2021, 14, 3826 17 of 23

Figure 14. Time-averaged wakes obtained for several yaw angles (I∞ = 10%, L = 18 m, R f ≈ 229,
TSR = 4.1, σ(λ) = 75%).

To better quantify these aspects, numerical probes were defined in the flow domain
and are represented by the points denoted from 1 to 6 in each plot of Figure 14. Probes
1 and 2 are centred one diameter upstream of the upper and middle upstream turbines
respectively. These probes are included in order to show the incoming flow disrupted only
by ambient turbulence. Probes 4 and 6 are centred one and two diameters upstream of the
downstream turbine respectively, whereas probes 3 and 5 are located in front of the blade
tip of the downstream turbine, still one and two diameters upstream respectively. These
probe locations highly emphasise the tightness of this layout proposed by Engie-Alstom
at the time. As it is an official precommercial set-up proposed by real major companies
in the field, it is worth investigating. The 200 s of velocity measurements recorded by
each probe are reproduced for each given configuration in Figure 16. This measurement
duration is possibly not long enough to have fully converged mean and standard deviation
values, but clear tendencies can already be observed on the results shown in Figure 17.
As anticipated, for a 5◦ yaw angle, no significant impact can be observed: probes 1 and 2
display a mean velocity a little lower than the far upstream incoming velocity of 3.2 m/s
due to axial induction; probes 3 to 6 display higher values due to a small acceleration in
the bypass; and a slightly higher mean velocity than 3.2 m/s is recorded for probes 4 and 6
as expected. What is more, no conclusions can be drawn from the standard deviations of
these quantities (Figure 17b).
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Figure 15. Time-averaged wake lines obtained for four yaw angles (I∞ = 10%, L = 18 m, R f ≈ 229,
TSR = 4.1, σ(λ) = 75%). For each turbine, the corresponding line passes through its centre. The solid
grey line depicts the incoming velocity U∞ = 3.2 m/s.

For a 10◦ yaw angle, some interesting phenomena can be identified. Firstly, probe 2
shows a higher mean velocity value together with a higher standard deviation. There is
no other explanation than the possibility of “natural” oscillations due to the passing of
turbulent structures which cause the velocity to increase and were not counterbalanced by
a sufficient averaging duration. Probes 3 and 5 show close to the same mean velocity values
(Figure 17a) but highly impacted standard deviations (Figure 17b). For these two probes,
clear explanations can be given: the mean velocities are not highly impacted because they
are at the outer limit of the wake, as shown in Figure 14 but a higher standard deviation
is observed because these probes are in the mixing layer of the wake. As a conclusion
for the downstream turbine, the mean flow velocity profile will not be highly modified
(no real shear in the velocity profile) but the turbine will perceive much higher velocity
fluctuations at the tip, possibly leading to advanced ageing and possible damage of the
blades and drivetrain.

For the 15◦ and 20◦ yaw angles, these two configurations will be treated together as the
evidenced phenomena are similar, although intensified for the higher angle. Probes 1 and
2 show a close to regular behaviour, as shown by the averaged velocity (Figure 17a). The
major influence of interaction can be observed for probes 3 and 5 directly from the velocity
records of Figure 16, showing an important velocity deficit. This deficit translates into a
lower averaged velocity value (Figure 17a) and even more so for the larger yaw angle of 20◦.
Therefore, the downstream turbine will experience a large shear in the averaged velocity
profile since the mean value of probes 4 and 6 remains unchanged. This important shear
flow will only affect one side of the turbine which will inevitably create load fluctuations.
For all four of the tested configurations (from 5◦ to 20◦), these probes are very little affected
by the interaction phenomena. Finally, coming back to probes 3 and 5, a decrease of the
standard deviations can be observed. This is explained by these probes being situated
clearly in the wake of the upstream turbine. This is somewhat obvious, although an



Energies 2021, 14, 3826 19 of 23

increase of these values in the wake would have been expected instead. This aspect will
need further validation and confirmation, which would be facilitated by longer simulations:
computations run on a longer duration will have much better convergence of these standard
deviations. Computations with smaller interparticles spacing (the Lagrangian equivalent
of the mesh size) will also be considered for a better spatial discretisation of the concerned
interaction phenomena.
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Figure 16. Velocity u measured by six numerical probes, for four yaw angles (I∞ = 10%, L = 18 m,
R f ≈ 229, TSR = 4.1, σ(λ) = 75%)
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Figure 17. Time average and standard deviation of the velocity u (I∞ = 10%, L = 18 m, R f ≈ 229,
TSR = 4.1, σ(λ) = 75%). (a) Time average of the velocity; (b) Standard deviation of the velocity.
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5. Conclusions

This paper presented an industrial application of the recent implementation of the
SEM (Synthetic Eddy Method) in the Lagrangian Vortex framework, of which the theo-
retical basis is detailed in Choma Bex et al. [32]. The influence of the turbulence intensity,
turbulence integral length scale, the distribution of the turbulent structure sizes and also the
turbulent structure filling ratio were studied and analysed. All these analyses were applied
to an 18 m diameter 3 bladed turbine, similar to Alstom’s Oceade™ turbine. The upstream
mean velocity, turbulence intensities and integral length scales were chosen from recent
published works dedicated to analysing the Alderney Race turbulence characteristics.

Additionally, a four turbine array was also simulated and analysed. This array is
the reproduction of the NEPTHYD precommercial farm that was granted by the French
government in the past year to the consortium composed by Engie-Alstom, just before the
Alstom-GE decision to halt tidal energy development. In that respect, the tested farm is
really representative of an industrial configuration, both in terms of geometrical layout
and also in terms of the tested velocity and turbulence characteristics. From the presented
results, the individual computed wakes have a downstream extension of approximately 3
to 4 diameters. However, these computations may be somewhat too dissipative as pointed
out from the aforementioned filling ratio analysis. Unfortunately, the influence of the
different turbulence integral length scales did not show a clear tendency in the present
results. Nevertheless, this is the first attempt at taking into account these integral length
scales for such a configuration and several points of improvement are already identified.
The account of tidal angular asymmetry was also tested on the NEPTHYD four turbine
configuration in order to emphasise possible mutual interaction among turbines. For a
10◦ yaw angle, the downstream turbine is not clearly in the wake of the upstream turbine,
and the average velocity profile is not largely modified. However, the computed velocity
record issuing from numerical probes located 1D and 2D upstream of the downstream
turbine showed increased velocity fluctuations, most probably due to the fact that the tip
of the downstream turbine blades is in the mixing layer of the upstream wake. For an
increased yaw angle up to 20◦, an important shear in the mean velocity profile will be
experienced all over the blade on nearly half of the turbine swept area. From these two
configurations, it is clear that the induced blade and drivetrain fluctuating loads will be
largely affected.

The account of fluctuation of loads on the turbine blades will be the next major task for
the numerical code considered here. The numerical approach of Baltazar and Falcao [62,63]
or more recently Boujleben et al. [64] consider a 3D blade capable of better modelling the
force experienced by the blade. Unfortunately, this approach cannot deal with dynamic stall,
which is an obvious situation encountered by the turbine in such configurations. From the
developments of Riziotis et al. [65] or Zanon et al. [66], both in the Lagrangian framework
but in 2D, improvements of the blade model are possible in that respect. An extension in
3D is envisioned in the near future. Another very interesting work of Salvatore et al. [67],
which is very close to our formulation, is also considered. However, their approach with
Lagrangian vortex sheets prevents the use of the PSE-LES diffusion model as well as the
presented ambient turbulence model, both of these aspects being of major importance in
the present study. A new formulation will be proposed soon in order to improve on the
already published work of Togneri et al. [68] using synthetic turbulence but not in the
framework of turbine interactions.
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