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ABSTRACT. — The commercial exploitation of kinetic energy from tidal current involves deploying multiple turbines
constituting a park or a farm. The turbines located within the park suffer from the disrupted flow due to the wake of
machines located further upstream. This will potentially alter their performance. The evolution of the wake is influenced
by the environment and by the machine. A two-dimensional model of a vertical axis turbine of Darrieus type was per-
formed to investigate the flow within and downstream the turbine. The relative influences on the characteristics of the
wake of two parameters were evaluated: the speed of the upstream flow and the Tip speed ratio A. The latter seems to be
dominant for the lack of speed while the level of turbulence is a function of the two parameters setting.

Key-words: Marine Renewable Energy, Vertical axis current turbine, numerical simulation, wake, turbulence, Marine
current turbine farm.

Etude numérique du sillage d’une hydrolienne a axe vertical

RESUME. — L’exploitation de I’énergie cinétique des courants de marée impliquera le déploiement de plusieurs hydro-
liennes constituant un parc. Les hydroliennes se trouvant au sein de ce parc subiront le flux perturbé du sillage des
machines situées plus en amont, altérant potentiellement leurs performances. L’évolution du sillage est influencée par
I’environnement et la machine. Une modélisation bidimensionnelle d’une hydrolienne a axe verticale de type Darrieus a
été réalisée pour étudier 1’écoulement dans et en aval de la turbine. L’influence relative sur les caractéristiques du sillage
de deux paramétres a été évaluée : la vitesse de I’écoulement amont et la vitesse réduite de I’hydrolienne. La vitesse
réduite A semble étre le paramétre dominant pour le déficit de vitesse alors que le niveau de turbulence est une fonction
des deux parameétres.

Mots-clés : Energies Marines Renouvelables, Hydroliennes a axe vertical, simulation numérique, sillage, turbulence,

ferme hydrolienne.

I. INTRODUCTION

The establishment of Tidal Energy Converter (TEC)
involves interactions between the machines like the wake
effects which could disrupt their behaviour. The evolution
of the wake is influenced by two types of parameters,
the environmental and the operating parameters. The for-
mer are associated with the hydrodynamic of the instal-
lation site, and in particular with the turbulence level.
It depends on the fluid velocity, the bathymetric vari-
ations, the nature of the sea bed and its roughness, the
effect of the free surface, and the position of the machine
in the water column.

The seconds are those that determine the behaviour of
the machine, that is to say, the parameters that define at
which tip speed ratio A (Equation 1) the turbine will work
for a given current speed. The tip speed ratio is the ratio
between the speed of the blades (due to the rotation) and the
upstream fluid velocity (where R is the radius of the turbine
(m), o is the angular velocity (rad.s") and U, is the upstream
flow velocity (m.s™)).

Article published by SHF and available at or

74

A= Ro/U, (M

This tip speed ratio (Fig. 1) depends on the design of
the mechanical system but also on the power conversion
system to which the turbine is coupled. For a given flow
velocity the machine is more or less effective in extracting
energy according to its rotational speed (characteristic of the
mechanical system). There is an optimum rotational speed.
The operating point (A) is determined by the interaction
between the load torque imposed by the electric generator
and the mechanical torque produced by the fan. It is essen-
tial to know the characteristics of the complete system as
each operating point corresponds to a different flow regime
that will generate different structures in the wake.

This study is designed to model and characterize the near
wake (velocity, turbulence level) downstream of a tidal tur-
bine in different operating conditions. The study is con-
ducted on a Darrieus vertical axis tidal turbine which could
be used in rotary currents and which would be little affected
by turbulence (Ferreira, 2009).
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Figure 1: Schematic representation of the evolution of the
power related to the rotational speed (wl, 2, ®3...) for
different upstream velocities (Ul, U2, U3...). The red curve
reflects the operation of a generator at constant speed rota-

tion. The black curve is the one equipped with a system
researching the maximum power.

II. METHOD

The characterization of the wake is very complex due to
the large number of factors which are involved and vary
independently in time and space. So at first glance, a number
of simplifications are necessary. In this work, we propose a
description of the wake downstream of a vertical axis tidal
turbine by a two-dimensional model. Only the parameters
related to the machine are considered here, the effect of the
environmental turbulence is not investigated.

The URANS modelling were performed with the com-
mercial code Ansys Fluent (v.14). The turbulent model used
is the model k - ® SST (Shear Stress Transport Model).
This strategy is more robust and more precise than standard
Reynolds averaged models (URANS) for the airfoil geom-
etries such as those used for the blades of turbines and can
simulate the turbulence close to the wall, the one in the near
wake and far wake (Vermeer et al. 2003).

II.1. Parameters of the study

Simulations were conducted for three velocities to reflect
changes in the tidal currents. For each speed, four operating
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points have been tested for tip speeds ratio (A) between 2
and 5. On all of these 12 cases, the rotation speed of the
machine is imposed as model input and remains constant
during the rotation (table 1).

I1.2. Validation

The most commonly used Reynolds number to describe
the flow within a vertical axis tidal turbine is the blade
Reynolds number. It is based on the blade chord length (c)
and on the blade velocity (Rw). This number is constant
along the rotation. Nevertheless, the flow within a Darrieus
rotor is complex as it can be seen figure 2 (A = 2). There are
regions where the boundary layer remains attached to the
blade, areas where stall regimes appear and regions where
the blade interacts with its own wake at the same time. Thus
for a given instant, each blade undergoes a completely dif-
ferent flow. So the blade Reynolds number is not anymore
sufficient to characterize the flow around a blade during its
rotation. Therefore, we prefer to use the Reynolds number
Re; =Wc/v based on the relative velocity W perceived
by the blades (v : fluid kinematic viscosity). The latter is
estimated with the relationship (0: Azimuthal position of the

blade): W =Uy\1+2Asin®+A*. The calculated values for
all the cases are between 8.10° and 1.107.

The model parameters and the boundary layer mesh
were defined from static simulations performed on a single
blade (NACAO0012) for different attack angles. The drag
and lift coefficients obtained on this range of Reynolds
numbers were compared to experimental works con-
ducted in a wind tunnel at the Sandia National Laboratory
(Sheldahl & Klimas, 1981). Drag coefficients calculated

Table 1: Rotational speeds imposed on the tidal turbine
for each operating point (1) depending on the upstream

Sfluid speed (U,).
I
U, 2 3 4 5
2 m.s’! 1.33 2 2.66 3.33
3 m.s’! 2 3 4 5
4.5 m.s! 3 4.5 6 7.5

Figure 2: Details of the flow (turbulent intensity) within a Darrieus type turbine in regime of stall (A= 2).
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Figure 3: A - B: lift and drag coefficients on a static blade in air flow for various Reynolds numbers (experiment from Sheldahl
and klimas, 1981). C: Normal (FN) and tangential (FT) forces on a dynamic two-bladed turbine (experiment from Strickland

et al. 1981).

by the model are rather good for both configurations
(figure 3A and B). The lift coefficient behaviour is well
described before the stall regime. The prediction of the
stall transition is better as the Reynolds number increases.
A dynamic validation was also conducted relatively to the
experience carried out by Strickland and his team in 1981
on a two-bladed tidal turbine prototype in dynamic situa-
tion in a traction basin (figure 3 c). As the inlet turbulence
intensity was not specified in the experiment, two cases,
1% and 4% rates were simulated. The magnitudes of com-
puted tangential and normal forces are good and the trend
is rather well reproduced for the normal force. The differ-
ences are mainly related to the three-dimensional effects
and free surface effects which are not reproduced in the
two-dimensional simulation.

I1.3. Characteristics of the computational domain

From the static validation case a boundary layer C mesh,
made of 81000 cells, was defined for each blade. The domain
was covered with a non-structured grid of 690,000 elements
where the finer cells have been located into the rotor and
downstream of the machine so as to capture the detail of
the flow in the wake (figure 4). The field extends over
6 rotor diameters (6 D) upstream and 15 D downstream of
the machine. The channel is 6 D width (which corresponds
to a blockage ratio of 0.16). The domain is divided into two
parts: a fixed one and a moving domain encompassing the
turbine and allowing the rotation (sliding mesh). The two
sub-domains are separated by a slippery interface (figure 4).
Only the blades were represented in this 2D case (no mast

Figure 4: Computational domain and mesh. The dimensions are expressed in turbine diameter. The red circle represents the
position of the sliding interface. Complete mesh (4) and detail of the C-boundary layer mesh around a blade (B).
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or arms). The blades are supposed to be of infinite length
which will result in an underestimation of the drag particu-
larly at the tips.

III. RESULTS

The twelve simulations carried out assess four flow
regimes (A= 2 to A = 5) in three upstream velocities (2, 3
and 4.5 m.s"'). Each simulation is performed for 8 revolu-
tions ensuring the stabilization of the flow in the near wake
(2 or 3 diameters of turbine downstream of the machine).

II1.1. Turbulent intensity

Figure 5.A shows the turbulence level in the wake of the
tidal turbine for an upstream velocity of 3m.s?! related to
the tip speed ratio (A). Note that the largest turbulent intensity
generated at the level of the rotor corresponds to A = 2. This
strong turbulent intensity is produced by the releases of vortex
which are characteristic of low values of A. This turbulence is
asymmetrical relatively to the channel axis. As the tidal turbine
increases in speed (A = 3 to A = 5), the dynamics of the flow
changes, the stalls disappear, and as a result the turbulent inten-
sity created in the rotor is smaller and will be dissipated more
quickly. This behaviour was also observed for the two other
current velocities considered. Thus for a given flow velocity the
wake will be more turbulent for small A. For a constant value of
A, the turbulent level increases with the upstream fluid velocity
(fig. 5.B). These results suggest that the dissipation of the tur-
bulent wake will intervene further downstream for small values
of A and when the current will increase. A longer calculation
(until stabilisation of the far wake) will certainly verify these
assumptions and will complete these preliminary results.

IIL.2. Velocity deficit

The same observation may be made by considering the
velocity deficit in the wake. For a given current velocity
(figure 6a), the flow dynamic is controlled by the value
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of A. The higher is the A the more important is the veloc-
ity deficit in the near wake. Thus, for A = 2, the minimum
velocity level in the wake represents about 50% of the
energy contained in the upstream flow while for A = 5, it is
only 15%. When the rotation speed increases, a part of the
flow bypasses the machine which explains why the deficit
increases in the near wake with high values of A. This phe-
nomenon is visible in figure 6(a), where a deceleration of
the fluid occurs upstream of the machine and which is more
overt when the rotational speed increases.

For a given value of A (figure 6B), as for turbulence, we
can see that the velocity of the flow can alter somewhat
the importance of the velocity deficit but not drastically.
Therefore, the parameter that controls the amount of energy
available in the near wake is mainly the tip speed ratio A.

IV. CONCLUSION AND OUTLOOK

A modeling of a vertical axis tidal turbine of Darrieus
type was carried out to investigate the flow in and down-
stream of the turbine. The relative influence of two param-
eters on the characteristics of the near wake was evaluated:
the upstream flow velocity and the tip speed ratio of the
turbine. It appears that the velocity deficit is mainly driven
by the tip speed ratio. On the other hand, the importance of
turbulence is an inverse function of the value of A, and an
increasing function of the upstream velocity. Additional long
simulations must be performed to study the far wake.

However this preliminary study emphasis the importance
to well know the complete turbine behaviour (mechanical
system coupled with the electric system) to identify the
operating points of the machine. It should be supplemented
by a 3D study, as well as an investigation of the influence of
the upstream turbulence. Taking into account explicitly the
generator through the resistant torque is expected to increase
the degree of realism of the model (Belhache ef al., 2013).
Finally, in order to consolidate this study, measurements in
an experimental channel (force, velocity) are carried on a
tidal turbine prototype.

45mis -

Rotor

-2 -1 0 1 2

Figure 5: Evolution of turbulent intensity in the wake (A) related
to X for an upstream velocity of 3 m.s. (B) related to the upstream
velocity for A = 4 (the axis is provided in turbine diameter).
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Figure 6: Non-dimensional velocity u/ U, along the channel axis (the unit is the turbine diameter) near the turbine:

a) U, = 3m.s"' ; b) 1=4.
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