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Abstract—The development of marine current turbines arrays
has been an active research topic for some years. However,
many studies are still necessary in order to fully understand the
behaviour of such arrays. One of these studies is the impact of the
ambient turbulence on the behaviour of marine current turbines.
Indeed recent studies have shown that ambient turbulence
intensity highly modifies the behaviour of horizontal axis marine
current turbines. Consequently numerical simulations have to
represent the ambient turbulence or at least its effects on the
performance and wake of the turbines. This paper presents
the latest numerical developments carried out at LOMC in
collaboration with IFREMER in order to take into account the
effects of ambient turbulence.

Index Terms—Turbulence, Marine current turbine, Numerical
computations, Synthetic-Eddy-Method, Wake, Performance.

I. INTRODUCTION

The development of marine current turbines arrays has been
an active research topic for some years [1]-[3]. However, many
studies are still necessary in order to fully understand the
behaviour of such array. One of these studies is the impact
of the ambient turbulence on the behaviour of marine current
turbines. Indeed recent studies have shown that ambient turbu-
lence intensity I, (see eq. (1)) highly modifies the behaviour
of horizontal axis marine current turbines [4]-[7].

I =

1 2 2 2
100 \/3[«7 (o o 2 )] (1)

One of the most noticeable influence can be observed in the
wake, downstream of the turbine. Indeed as shown in Fig. 1,
the higher the turbulence intensity [ is, the faster the wake
effects decrease. Moreover the interactions between turbines
are also highly modified by the effect of the ambient turbulence
as shown by Mycek et al. [8] in their study of the performances
and wake of two interacting turbines.

It reveals crucial to accurately characterise the influence
that different levels of ambient turbulence I, have on tidal
turbine. Indeed, several in situ studies have shown that ambient
turbulence may vary between 3.2% [9] and 10.3% [10],
or even more (see [8]) in some other potential tidal sites.

The relative spread in ambient turbulence levels inhibits the
definition of general guidelines on tidal arrays with respect to
turbulence. Therefore, the influence of each level of ambient
turbulence needs to be characterised, either experimentally or
numerically.

Consequently numerical simulations have to represent the
ambient turbulence, or at least its effects on the performance
and wake of the turbines. The point here is not to describe a
turbulence model (like in RANS, LES or DES models) but to
generate accurate turbulent inflow conditions that represent a
given ambient turbulence level. Some numerical works were
carried out in that aim. For example, Chatelain et al. [11] used
the Mann’s algorithm [12] to synthesise a turbulent inflow in
the case of wind turbines simulations. As for marine current
turbines simulations, Togneri et al. [13], [14] already inves-
tigated a similar Synthetic-Eddy-Method in order to generate
synthetic turbulent inflow conditions for their BEMT software.

This paper presents the latest numerical developments car-
ried out in order to take into account the effects of ambient
turbulence. Therefore a new module was integrated to the
three-dimensional software developed at LOMC [15]. This
software already possesses an LES turbulent model, its tur-
bulent eddy viscosity being based on the work of Mansour
et al. [16]. The new module, based on the Synthetic-Eddy-
Method developed by Jarrin et al. [17], [18], was initially
dedicated to the production of inflow conditions for Eulerian
Large-Eddy Simulations. The present work intends to apply
this SEM model to the Lagrangian Vortex Method framework.

The first part of this paper is devoted to the presentation
of the numerical method used to compute the flow around
three bladed horizontal axis marine current turbines. Then in
a second part, the Synthetic-Eddy-Method is presented as well
as its integration in the present software. The last part of
this paper focuses on preliminary results obtained using this
method to represent the ambient turbulence /... Eventually,
conclusions are drawn on the presented work and an outlook
on future numerical work is given.
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Fig. 1. Sketch of the experimental set-up reproduced from [8]. Wake behind a
turbine with TSR = 3.67, Uso = 0.8m.s~! for different ambient turbulence
intensity /oo [6]. The turbine centre is located at the coordinate (0;0), =*
(resp. y*) stands for x/D (resp. y/D), D stands for the turbine diameter
and u* represents the dimensionless velocity deficit calculated as @/Uco.

II. NUMERICAL METHOD

The software developed to simulate marine current turbines
is based on the Vortex method [19]-[21]. This method is an
unsteady Lagrangian method, where the flow is discretised us-
ing vorticity carrying particles and the turbines are represented
using a panel method [22]. In this numerical method, the
Navier-Stokes equations for an unsteady and incompressible
flow are used in their velocity/vorticity (u, &) formulation:

V-u =0, )

DS (3.9)% +vAG, 3
Dt

where W is the velocity field, W =V AU is the vorticity
field and v is the kinematic viscosity. Equation (3) basically
represents the momentum equation in the velocity-vorticty
formulation. (& - V) @ stands for the stretching term and

vAW for diffusion. Thanks to viscous splitting (see Chap.
5 of Cottet & Koumoutsakos [21]), diffusion is handled via
a Particle Strength Exchange model initially developed by
Degond & Mas-Gallic [23] and Choquin & Huberson [24].
Additionally, an LES model with a turbulent eddy viscosity
based on the work of Mansour et al. [16] completes the
numerical model for diffusion. One can refer to [15] for more
detailed information.

Particles emission

Blade - Slim profile Wake

el =

Panel method Particular method

Fig. 2. Decomposition of the Vortex method.

The Helmholtz decomposition of the velocity field (eq. (4))
is used in order to decompose the velocity vector:

B=VAP+Vo+T® =TV + W0+ D>, @

Thus the velocity field is divided into three parts:

e a potential component uo representing the influence
of the turbines blades on the flow (see Fig. 2). This
component U? of the velocity field is obtained using
a panel method [22] to solve

A¢p =0. (5)

This previous equation (5) is obtained by introducing
equation (4) in the continuity equation (eq. (2)). One
can refer to [25] in order to have the latest numerical
developments on that part of the software.

¢ a rotational component uv representing the wake of the
turbines (see Fig. 2). The component U is the solution
of the equation

AY = -3, ©)

obtained by introducing the Helmholtz decomposition
(eq. (4)) in the vorticity definition @ =VAd.

¢ a velocity vector uU> representing the upstream tidal
current.

In order to make the link between the rotational and the po-
tential parts of the velocity, particles are emitted at the blade’s
trailing edge thanks to a Kutta-Joukowski condition [15], [26],
[27]. The emitted particles are then advected in the flow as
shown in Fig. 2. The emission scheme was recently modified
to take into account more precisely the influence of the turbine
blades feet. Thanks to those modifications an improvement of
the near wake representation (< 4 diameters) was achieved.

The particles emitted at the trailing edge of the blades
represent the downstream wake of the turbines (see Fig. 2).
The rotational part UY of the velocity field is calculated as the
sum of the influence of these vorticity carrying particles. The
expression of the component Y is obtained in every point
M of the fluid domain by solving the equation (6) thanks to
the Biot and Savart law [27], [28]:
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with O—>)Q the position of the particle ¢, M X, the vector
going from any point M of the domain to the particle 7, €2;
the vorticity carried by this particle ¢ and IV the total number
of particles in the flow. The evaluation of this component uv
for each particles represent the major part of the computational
cost. For that reason, a Treecode algorithm inspired from Lind-
say and Krasny [29] is used to reduce the computational time.
For more details on the computations, including regularisation
of equation (7), remeshing or time-stepping, etc., one can refer
to [15], [27].

III. SYNTHETIC-EDDY-METHOD

The Synthetic-Eddy-Method proposed by Jarrin et al. [17],
[18] is investigated in this study in order to represent the
ambient turbulence effects thanks to the above mentioned 3D
software. For instance, this method was already adapted by
Togneri et al. [14] to their BEMT code for tidal turbines. The
Synthetic-Eddy-Method was initially developed to generate an
input flow with a given turbulence intensity I, and a given
anisotropic ratio (o,:0,:0,) by adding a perturbation term,
which is added to the mean velocity of the flow u>.

A. General overview of the method

Similarly to a Reynolds decomposition of the velocity, a
fluctuating term w7 is added to the upstream mean velocity
@™ and the upstream tidal current velocity U™ then be-

comes:
UN(Z)=d>® + U7 (F) (8)

On the contrary to the already presented method [17], [18],
this perturbation term is not only added at the inlet of the fluid
domain but everywhere in the studied space. But this aspect
will be treated later in sub-sec. III-B.

This perturbation term U is calculated as the influence
of N generated turbulent structures”, also called “eddies”,
randomly placed in the studied space. Then the perturbation
term ©° induced by those NN turbulent structures is simply
defined as the sum of the influences of each structure k:

N
u(Z) =) UHD), ©)
k=1

with @ being any point of the flow and UoF the velocity
induced by a single turbulent structure k. This velocity can be
expressed as:

U (T) = \/??kF?(? —Z*%) Vke[1,N], (10)

where V,, is the volume of the three-dimensional space con-
taining all the N turbulent structures”. At this point, the
turbulent structure k and more particularly its intensity ik
needs to be defined together with the function Fx.

Each turbulent structure & is defined by its position Z* in
the flow and its intensity @*. The intensity €* is defined as:

3
cf =D aijef; Vie{1,2,3}, VEe[L,N]. (D)

j=1

The different efi ; terms that intervene in equation (11) are
independent random values that follow a normal or Gaussian
distribution centred around 0 with a variance of 1. This eﬁj
term is supposed to represent the random aspect of turbulence.
The elements a; ; represents any element of a matrix A, which
is basically the Cholesky decomposition of the Reynolds Stress
Tensor R (see eq. (12)).

_ Riy Rip Ruigs 7 _
R = R271 R272 R2,3 =AA with A = (am-)
R31 R3o Rsgs

(12)
Thanks to these equations (11) and (12), the link between the
intensities ¢ * _of the turbulent structures and the Reynolds
Stress Tensor R ensures the generation of a velocity field
that statistically replicates any given turbulence intensity /.,
and any given anisotropic ratio (0,,:0,:0) [17], [30]. Indeed
the three components of the anisotropic ratio (o,,:0,:0,,) are
just the square root of the diagonal components over the
component Ri; of the Reynolds Stress Tensor R. Moreover
the turbulence intensity I, expression can be rewritten in
function of the trace of the Reynolds Stress Tensor R as shown
in equation (13):

100\/ % [02(Uoo )+ 02 (Voo ) +02 (Woo )]

Ioo = 2 152 +2
us +05 +ws,

_ 100 Ri1+R22+R3 3
TS 3

100 tr(ﬁ)
=] 3

13)

This last equation (13) ensures that the generated turbulence
will have the desired turbulence intensity /., and the desired
anisotropic ratio (0,:0,:04).

The second part of equation (10) is F5; also called the shape
function and it can be express as:

3

P3(9) =[] £ -

i=1

(14)

Y defines the size of the zone of influence of each turbulent
structure k. This size could naively (and maybe erroneously)
be interpreted as a turbulent length scale (Taylor or Kol-
mogorov length scales) but this will need further investi-
gation. As it is defined by a vector A, and presented in
equation (14), the zone of influence can ideally have different
sizes regarding each coordinate ();). Ideally, each turbulent
structure could have its own size A but this needs to be
further investigated. However, in the present implementation,
all turbulent structures share the same size vector A and unless
mentioned are isotropic. The sub-functions f) that intervene
in the evaluation of the shape function F~; have to meet some



conditions to ensure that the ambient turbulence has the chosen
characteristics:

argmax(fx(y)) =0, (15a)
Y

Iy) = fir(=y), (15b)
A

/ A(ff(y)dy =1 (15¢)

In the preliminary results presented in section IV, the basic
shape function F;g (eq. (14)) indicated in Jarrin et al. [17],
[18] is used. Indeed its sub-function f) basically is a tent
function, represented by a triangular function centered at zero
with a base of 2.

fx(y):{ \/g(k—\yl) it |yl <A
0

(16)
otherwise.

Figure 3 depicts tent functions for different values of A.
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Fig. 3. The tent function for different sizes A of turbulent structure.

It is anticipated that this basic tent function (eq. 16) will
not meet all the requirement of smoothness, especially if ones
want to computed the velocity gradient, etc. However, in order
to start with, this basic function issued from the bibliography
will be used.

B. Integration of the Synthetic-Eddy-Method into the Vortex
method

The numerical method presented in section II is by defini-
tion an unsteady Lagrangian method on an unbounded domain.
Indeed, the fluid domain is supposed to be infinite but the
zone where particles are present, grows with the particles
emission and their advection in the flow. In fact, there is no
domain boundaries as in Eulerian formulation. Unfortunately
the Synthetic-Eddy-Method need the definition of a precise
volume V,; (see eq. (10)) containing all the turbulent structures,
which is not required for classical Vortex method. Thus in
order to combine the Synthetic-Eddy-Method with the Vortex
method, a studied space Es needed to defined. The desired
velocity fluctuations induced by the Synthetic-Eddy-Method
will be applied inside this Eg domain.

Once the studied space Eg is defined, a turbulent space E,
of volume V,, can be created. This turbulent space E,, contains
all the turbulent structures used in the Synthetic-Eddy-Method.
If one wants to have a statistically correct velocity fluctuations
everywhere inside the studied space Eg, some conditions on
the turbulent space E, are needed, especially at the limit.
Therefore, the turbulent space E, needs to be a little larger
than the studied space Eg:

min (x; € E;) <min (z; € Eg)—\; Vi€ {1,2,3}, (17a)
max (z; € E,;) > max (z; € Eg)+X\; Vi€ {1,2,3} (17b)

with @ a position vector and X = Ai, (1 = 1,3) the size
vector of the turbulent structures. Those conditions simply
ensure that all the study space is influenced by the turbulent
structures.

Now that the turbulent space F, is defined, the generation
of the turbulent structures can be performed. E, is initialised
with the N turbulent structures k and their intensities €~
are calculated using equation (11) with eﬁj taking the value
1 with a probability of 1/2 and the value —1 with an equal
probability. Then each turbulent structure is randomly placed
in the turbulent space F,,.

During the simulation, the turbulent structures will be
advected by the flow. Here, different strategies can be applied:
either the structures can be advected by ﬁ; which is
somehow too simplistic, or the structures can be advected by
U as defined in equation (4). Additionally, these structures
could also be used in order to compute the stretching term
of the Navier-Stokes equation (first term of the right end side
of equation (3)) but not presented here. In this preliminary
study, the first option was chosen that is: the structures are
advected by > without influencing the stretching term.
These structures work somehow as an under-layer, which
means that they will influence the velocity distribution on
the turbines (and hence the particles emission process) and
also the particles in the wake. But they will not be influenced
reciprocally.

Regarding the second option (the structures are advected
by the actual fluid velocity ), several questions arise. In
fact, the validity of the method relies on the randomness of
the turbulent structures locations; will this property still be
valid when advected by W ? Thus, with the second approach,
the Synthetic-Eddy-Method may not replicate the prescribed
Reynolds stress tensor. Some more work needs to be perform
on that prior to choose this second option.

Finally during the advection of the turbulent structures, each
structure leaving the turbulent space E, will be suppressed and
replaced by a newly generated one at the inlet of the turbulent
space E,.

IV. NUMERICAL RESULTS

The numerical results presented in this section are issued
from preliminary computations and will only be used as proof
of concept. At first, the ambient turbulence module will be run
without any turbine to ensure that model correctly reproduces



the different input parameters. Then, a computation will be
presented with the presence of a single turbine for a moderate
turbulence intensity I, level.

A. Results on the ambient turbulence model without turbine

The ambient turbulence module was firstly studied without
turbine to ensure that the model correctly reproduces the
different input parameters such as the turbulence intensity /.
and the anisotropic ratio (0,:0,:0,). This verification is quite
straight forward as I, o, 0, and o,, can be deduced from
the Reynolds Stress Tensor R (see eq. (13)).
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Fig. 4. Comparison between values of the Reynolds Stress Tensor R (see
eq. (12)) prescribed to the model and the ones obtained with the Synthetic-
Eddy-Method at Ioc = 15% for different number N of turbulent structures
of size A\; = (1.0, 1.0, 1.0).
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Fig. 5. Comparison between values of the Reynolds Stress Tensor R (see
eq. (12)) prescribed to the model and the ones obtained with the Synthetic-
Eddy-Method at Ioc = 3% for different number N of turbulent structures of
size A; = (1.0,1.0,1.0).

In that aim, 3D turbulent velocity fields were generated on
a fluid domain FEg of dimensionless size 6 X 6 x 6. In order
to validate the model, the generated flow-field characteristics
are analyzed. Figures 4 to 7 give examples of comparison
between the Reynolds Stress Tensor R prescribed to the
model and the one recalculated from the generated flow. These
four examples are for diagonal Reynolds Stress Tensors R,
which correspond to an ambient turbulent I, of 15% and 3%
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Fig. 6. Comparison between values of the Reynolds Stress Tensor R (see
eq. (12)) prescribed to the model and the ones obtained with the Synthetic-
Eddy-Method at Ioo = 15% with N = 1000 structures and for different
turbulent structures of sizes .
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Fig. 7. Comparison between values of the Reynolds Stress Tensor R (see
eq. (12)) prescribed to the model and the ones obtained with the Synthetic-
Eddy-Method at Ioc = 3% with N = 1000 structures and for different
turbulent structures of sizes .

respectively. The anisotropic ratio was arbitrarily set to the
one observed in Milne et al. [10]. On these Figures 4 to 7, the
values recomputed from the generated flow show an excellent
agreement with the prescribed ones and thus regardless of the
number of used turbulent structures or their size. This good
agreement between the prescribed and recomputed values of
the Reynolds Stress Tensor R proves the model capacity to
generate velocity fluctuations replicating a given turbulence
intensity I, and anisotropic ratio (0,:0,:04,).

Figure 8 displays the results obtained with the
Synthetic-Eddy-Method for different values of ambient
turbulence. It shows example of “turbulent” flow-field
generated with the model for the same anisotropic ratio
(04:04:04)=(1.0,0.75,0.56) and different turbulence intensities
I. One can observe that the generated flow seems to be very
realistic, although all the proper turbulence characteristics are
not taken into account. Additionally, even though the turbulent
structures sizes were equally set to \; = (1.0,1.0,1.0), this
length cannot be clearly observed only looking at the velocity
field.
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Fig. 8. Examples of velocity field provided by the ambient turbulence model
for N = 1000 structures of size A; = (1.0,1.0,1.0) and different values of
Io.

The turbulent structures size X) is revealed to be an
important parameter for this Synthetic-Eddy-Method and its
influence needs to be further investigated. Figure 9 displays
flow-field generated by the model for three sizes of struc-
ture. The differences between those three flow-field are quite
striking. Indeed, when the turbulent structures are small, each
independent structure can be clearly identified, and the larger
they get, the more difficult it is to locate them as they are
superposing themselves.

A complete study of the different intervening parameters is
under progress. The main parameters to be assessed are the
turbulent structure size A, the number N of required turbulent
structures for a given volume V, of FE,, etc. Fluctuation ve-
locity spectra are also envisaged in order to better characterise
the Synthetic-Eddy-Method such as in [31].

B. Results using the ambient turbulence model on a single
turbine

Further to the previous study of turbulent flow without any
turbine, a few computations were run with a turbine. Those
tests were run for a turbulent intensity I, of 3%, the lowest
turbulent intensity value for which experimental results are
accessible in the [IFREMER wave and current flume tank. The
obtained results are very encouraging and a qualitative analysis
can already be performed.

Figures 10 and 11 depict the numerically computed wakes
for I, = 0% as in ref. [15] and for I, = 3% similarly to the
experiments performed by Mycek et al. [8]. The experimental
wake is also presented as a matter of comparison. The Tip
Speed Ratio T'SR-value is set to 2.5. The turbulent parameters
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Fig. 9. Example of velocity field provided by the ambient turbulence model
for Ino = 15%, N = 1000 structures and different structure sizes.

were arbitrary set to X = (0.2,0.2,0.2), N = 2000 in a fluid
domain Eg that goes from —1 to 12.5 in the z direction and
from —2.5 to 2.5 in the y and z directions.

The velocity maps presented on Figure 10 seem to indicate
that the velocity deficit is underestimated in the numerical
wakes for both without and with ambient turbulence set to
I, = 3%. This underestimation could partially be attributed to
the fact that, since now, only rather coarse computations were
performed. With finer discretisations, better velocity deficit
are expected as already obtained in [15]. However, taking a
closer look on the velocity profiles presented in the Figure 11,
one can see that numerical computation already give a fair
estimation of the velocity profiles in the wake of the turbine.

Moreover the numerical velocity profiles presented in Fig-
ure 11 at 2, 3 and 5 diameters downstream of the turbine show
that even a low ambient turbulence intensity of 3% already
have an effect on the wake. Indeed the ambient turbulence
model seems to have a smoothing effect on the near wake, one
of the best example being the smoothing of the velocity deficit
peak owing the hub of the turbine at x = 2D downstream
(and x = 3D to a smaller extend). The disappearance of this
velocity deficit peak is a qualitative improvement of the turbine
near wake as this velocity peak does not clearly appear on
the experimental velocity profiles. However, with the addition
of ambient turbulence, the computation further reduces the
velocity deficit (especially at = 2D and 3D) which is not
in accordance with the experiments. As already mentioned,
these are only preliminary results which need to be further
validated with more computations (finer discretisations, a mesh
independence analysis, etc.). Hopefully, in a near future, more
intense turbulent conditions are scheduled (higher turbulence
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Fig. 10. Velocity maps in the wake downstream a three bladed turbine at
TSR = 2.5. The center of the turbine is located at the coordinate (0;0).

intensities and possibly anisotropic cases) in order to cover the
whole ambient turbulence intensity range (3% < I, < 15%).

V. CONCLUSIONS AND FURTHER WORKS

The important role played by the ambient turbulence in-
tensity on marine current turbines’ behaviour was addressed
thanks to a numerical investigation. The works carried out
at LOMC in partnership with IFREMER in order to better
represent the influence of the ambient turbulence in numerical
computations was introduced. Indeed, a new module based
on this Synthetic-Eddy-Method initially proposed by Jarrin et
al. [17], [18] was implemented in the numerical code in order
to represent the ambient turbulence around marine current
turbines. The general characteristics of the Synthetic-Eddy-
Method were presented together with its integration in the
framework of a 3D unsteady Lagrangian Vortex method.

The capability of the ambient turbulence model to reproduce
a perturbed flow that verifies any turbulence intensity /., and
any anisotropic ratio (o,:0,:0,,) was validated. Moreover the
compatibility of the presented ambient turbulence model with
the use of a turbine on the software was proven and first results
in terms of turbine wake were presented.

As a matter of short-term perspective, a better qualification
of the Synthetic-Eddy-Method is needed in order to better
understand the input parameters of the model. For instance,
the role of the shape function need to be identified and
improvement are already planned. In fact, the present function
is really simplistic with a major inconvenience. Indeed, the
first derivative of a tent function is not continuous and not
defined for the value —\, 0 and A. And as already mentioned,
the velocity gradients are necessary for the evaluation of the
stretching term of the Navier-Stokes equation. One possible
shape function candidate correcting this inconvenient could
be a Gaussian function with a compact support.

Another development on the ambient turbulence model
could be the modification of the Synthetic-Eddy-Method in
order to generate a divergence-free flow. In fact, divergence-
free flow is a compulsory hypothesis inherent to the Vortex



method in order to apply the Biot & Savart law. Unfortunately,
the present implementation is for sure not divergence-free. For
low to moderate turbulence intensities, this should introduce
a tremendous error in the flow but increasing the turbulence
intensity might become an issue. Such kind of development
were already initiated by Poletto et al. [32] but need a lot of
work in order to be introduced in the framework of Vortex
method.

However, in the meantime, the next step in this study is
to perform a complete numerical investigation of a marine
current turbine and confront the numerical results obtained
with experimental data [6] for I, = 3% and I, = 15%. The
final goal of this study being the computation of an entire farm
of marine current turbines for any turbulent intensity is hard
challenge. This hard challenge is however treated step by step,
as the other paper proposed by Carlier er al. [25] wish to treat
the numerical treatment of turbines in a farm.
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