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Tracking a large vortex at a tidal power site

Philippe Mercier, and Sylvain S. Guillou

Abstract—Tidal turbines are sensitive to the high turbu-
lence of tidal flows. Large and intense vortices are gener-
ated at the seabed and cause extreme loads, fatigue damage
and degraded power production. Thus, these vortices must
be characterised prior to the turbine installation. The vortex
characteristics are strongly affected by the seabed macro-
roughness (rocks, faults) that induces spatial variations
of the flow characteristics at a local scale. Numerical
simulations, that cover large areas, are suited to catch these
spatial variations. The ability of Large Eddy Simulations
(LES) to simulate turbulent motions has been validated
at a tidal power site. The most critical flow conditions can
be identified. However, LES are computationally expensive,
which reduces their spatial and temporal coverages to a few
square kilometers and a few tens of minutes. This limits
the possibility of a comprehensive prediction of the most
intense turbulent events occurring at a tidal power site.
Rather than trying to fully characterise a given tidal power
site, this work aims at identifying the physical processes
leading to extreme turbulent events. To do so, the vortices
must be detected and tracked individually, to understand
their generation process in relation with the local seabed
morphology. A few vortices are detected and extreme flow
variations are observed in their vicinity. This confirms the
interest of the method for an easy detection of the most
troublesome vortices and the seabed morphologies that
generate them.

Index Terms—Tidal flows, Turbulence, Numerical simu-
lation, Seabed roughness

I. INTRODUCTION

HE tidal industry is ramping up from the test

of full-size prototypes towards the installation of
commercial farms. Several pilot farms are in develop-
ment (Normandie Hydrolienne project, FloWatt project,
Phares project) or already operating (Meygen). One of
the main uncertainty for the growth of the tidal sector
is the durability of the tidal devices, that are exposed
to a harsh environment. Notably, tidal flow are highly
turbulent, which affects the turbine production and
wakes, and induces extreme and fatigue loads [1], [2].
The turbulence intensity of tidal flows is affected
by the waves, the wind, the seabed morphology and
the presence of turbines. The impact of turbulence
at a given site can be assessed through acoustic
Doppler current profiler (ADCP) measurements. How-
ever, ADCP devices only provide a vertical profile at
their location, which is not sufficient to capture the
fine spatial variations of the flow characteristics [3].
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Fig. 1.
Furgerot.

Boil at the surface of Raz Blanchard. Courtesy Lucille

In contrast, numerical simulations cover wide areas.
Large-eddy simulations (LES) reproduce the turbulent
motions [4]-[6] and can help identifying the best loca-
tions for the turbine installation [7].

Fig. 2. Location of the Paimpol-Bréhat tidal test site.

However, LES are computationally expensive, which
constraints the flow conditions that can be studied.
Also, the result interpretation is time-consuming due
to the high volume of data to be treated. For these
reasons, being able to predict the areas where intense
vortices are likely to be detrimental to tidal turbines,
based only on the observation of the seabed mor-
phology and the characteristics of the flow available
from regional Reynolds averaged Navier-Stokes simu-
lations (flow direction and intensity), would be a big
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improvement for a more efficient turbine positioning.
Reaching this goal requires a better understanding
of the vortex dynamics in powerful tidal flows. The
present contribution focuses on the turbulent vortices
generated at the seabed. These vortices are found to
be intense and to sustain over long distances. Some
of them are observed to reach the sea surface (see
Figure 1) [8]. The physical processes at stake for their
generation and time evolution are complex [9], [10]
and highly dependent on the seabed morphology [11]-
[13]. This study concerns the Paimpol-Bréhat tidal test
site Figure 2. First, the simulation method, setup and
overall results are presented, as well as a description
of a vortex detection method. Then, some vortices
are detected on the whole simulation domain and on
targeted areas. Finally, the insights of this simulation
and the benefits of the vortex detection method are
discussed.

II. METHODS
A. Numerical setup

The numerical model is based on the lattice Boltz-
mann method (LBM) implemented in the open-source
C++ library Palabos [14]. LBM is an unsteady numeri-
cal flow simulation method based on the resolution of
the Boltzmann equation [15]. Coupled with the large-
eddy simulation (LES) [16], it is suited for the simula-
tion of turbulent flows. Its low numerical dissipation
allows an accurate simulation of turbulent motions
[17]. Due to the simplicity of its execution, it handles
heavy meshes of complex geometry on massively par-
allel computations at a low computational cost, relative
to more classical Navier-Stokes formulations [18].

The study area is located in the Paimpol-Bréhat site
in France (Figure 2). The flow velocity reaches 3 m.s™!
[19] and the site is equipped with facilities that make it
a good test site work full scale tidal turbine prototypes.
The simulation domain measures 1091 m in length
and 409 m in width, with a depth ranging from 30
m to 55 m. The seabed morphology is known from a
bathymetry of resolution 1 m. The simulation domain
is discretised into a Cartesian mesh of 330 millions of
nodes with a 0.33 m resolution near the seabed and a
0.66 m resolution near the sea surface.

The seabed is modelled with a no-slip boundary con-
dition [20]. The collision model is based on the Bhat-
nagar, Gross and Krook model [15] with an increased
numerical stability based on a regularisation procedure
[21]. The subgrid scale model is a LBM version of the
Smagorinsky model [22], using a Smagorinsky constant
of 0.14. The sea surface is modelled by a free slip
boundary condition and the lateral boundary condition
by a Dirichlet condition [23]. These boundaries are sup-
plemented with 2 m thick zones of increased viscosity.
The domain is periodic in the longitudinal direction
and a uniform force sustains the flow at an average of 2
m.s~!. This model has been used in several studies [6],
[24], [25] and validated against in site measurements
in the Raz Blanchard [5] and at Paimpol-Bréhat tidal
site [7]. A global view of the simulation domain and
cross-sections of instantaneous longitudinal velocity
are shown in Figure 3.
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B. Average quantities

The simulation has been validated against in site
measurements in a previous work [7]. Some time-
averaged results are shown in Figure 4a (average lon-
gitudinal velocity) and Figure 4b (longitudinal velocity
variance), on a horizontal plane at a 20 m depth.
Figure 4a brings to light longitudinal streaks of under-
speed (around 2.0 m.s~!) and overspeed (around 2.5
m.s~1). In Figure 4b similar streaks are observed on the
average longitudinal velocity variance, that reflects the
flow turbulence. The streaks of overspeed are situated
at the location of streaks of low turbulence and vice
versa. These results are consistent with previous work

[6].

C. Vortex detection method

Usually, vortex visualisations are based on isosur-
faces of quantities such as pressure, vorticity, Ay crite-
rion [26] or Q criterion [27]. These visualisations are
suited for the interpretation of the dynamics of turbu-
lent motions by humans. However, they are based on
the choice of thresholds that depend on the flow char-
acteristics. The optimal thresholds may vary spatially
within a given flow. A high number of vortices may
complicate the identification of individual vortices due
to their overlapping. Finally, the numerical identifica-
tion of an individual vortex is complex on parallel com-
putation, because it relies on non-local operations. For
these reasons, these isosurface visualisations are highly
time consuming and difficult to automate. Therefore,
the identification of vortices by their cores can be more
appropriate. Vortices usually take elongated shapes
that can be identified by their central line, for example
by detecting helicity lines [28] or vorticity maxima [29].
Notably, the predictor-corrector method [30] is based
on the tracking of vorticity lines and pressure minima.
The later method is adapted here to the tracking of
vorticity lines and A, minima.

The tracking method consists of four steps:

1) Detection of local minima of A\ criterion.

2) Growing of the core lines following vorticity lines
and applying a correction by the minimum of A,
criterion.

3) The core line growing stops when a shutoff pa-
rameter is reached (contact with another core line,
contact with a wall, low vortex intensity).

4) The core lines are filtered, removing the smallest
and the least powerful ones.

At step one, the value of the A, criterion of each mesh
node is compared to all its neighbouring nodes. If
no neighbouring node has a higher value of Ag, the
mesh node is tagged as a local minimum of Ay, from
which the core lines will be grown. At step two, the
core lines are grown from local minima of A;. The
neighbouring nodes that are in the direction of the
vorticity vector are pre-selected (prediction step) and
among them the node having the minimum value of
A2 is added to the core line. This process is repeated
from this node until step three, when the selected node
already belongs to a core line, belongs to a solid wall,
or if the vortex intensity is low. This last criteria is
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Fig. 4. Average longitudinal velocity and velocity variance at a 20
m depth.

evaluated by checking if the vorticity of the neighbour-
ing nodes is not collinear to the vorticity of the core
line node. These three steps are performed during the
calculation and only involve local calculations, which
ensures a low computational cost. The fourth step is
performed in post-processing. The shortest and the
least powerful vortices are removed to capture only
the relevant physical processes.

III. RESULTS
A. Large spatial coverage vortex detection

The vortex detection method is first applied on the
whole simulation domain, as in Figure 5. The vortices
are coloured by their altitude, with hot colours in the

Depth (m)
-55. -50. -45. -40. -35.

—

upper part of the water column and cold colours in the
lower part.

Large vortices are identified as typical horseshoe
structures (see zoom number 2, for example). These
structures are organised in trails, with successions of
several large vortices of similar shapes and altitudes.
Some of these trails are situated just downstream of
large rocks (see zoom number 3). Some other trails
cannot be obviously related to a seabed asperity (see
zoom number 1), or possibly to a seabed asperity
situated far upstream (see zoom number 2).

In some areas, such as Zone A and Zone B, a lot of
small vortices are observed downstream large rocks.
These vortices do not organise in trails, they stick close
to the seabed and do not sustain over long distances.
No large vortices are identified among the numerous
small vortices.

The seabed of the simulation domain is crossed by
faults and cracks. These asperities are not associated
with vortices in a clear way, by contrast with rocky
asperities.

B. Focus on individual vortices

The identification of areas where large and intense
vortices are generated paves the way to their detailed
study. In Figure 6 two large vortices are observed in the
vortex trail identified in the Zoom 3 area in Figure 5.
These two vortices are similar in dimensions to the
large rock that is suspected to have generated them,
with an approximate 20 m to 30 m extend. They have
a typical horseshoe shape and expand over around 20
m in depth.

To assess the impact of this type of turbulent motions
on potential tidal turbines, their influence on the flow
at a local scale is visualised over a volume represen-
tative of standard dimension turbines. In Figure 7, a
large horseshoe vortex is reaching a visualisation disk
of 18 m diameter representative of a 1.5 MW turbine.
The disk is coloured by the longitudinal velocity. At
the point where the vortex crosses the disk, a very
strong gradient of longitudinal velocity forms. The
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Fig. 5. Overview vortex visualisation.

Large

/ vortices

Fig. 7. Impact of a large vortice on a fictive turbine.

Fig. 6. Two large vortices identified in the wake of a large rock (see
Zoom 3 in Figure 5). IV. DI1SCUSSION AND CONCLUSION

High resolution numerical simulations of environ-
mental flows are rare in the literature. The results
of the present work bear similarity with previous

! works, which strengthen their findings. However, the

longitudinal velocity varies from 1.8 m.S5™! t0 2.9 m.s~
in a few meters. differences in the seabed morphology have a notice-
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able effect on the flow characteristics. The use of a
vortex detection method helps understanding the flow
dynamics.

The trails of underspeed and overspeed observed
in this simulation are consistent with previous simu-
lations [6], [7], [24]. The present contributions tends
to confirm the association of underspeed trails with
high turbulence and the association of overspeed trails
with low turbulence, which is already described in the
literature [31]-[33]. This phenomenon is essential for an
appropriate turbine positioning. Indeed, the distance
between trails of underspeed and overspeed is of the
order of a hundred meters, which is a very fine scale
compared to tidal resource assessment maps. Also,
the trails of underspeed are associated with a higher
turbulence, which reinforce the need to avoid placing
turbines at these places.

The detection of numerous successions of large vor-
tices contrasts with previous simulations for which
only few and isolated large vortices were detected
[5], [6]. Also, the turbulence generators in the Raz
Blanchard tidal power site were mostly identified as
seabed asperities elongated in the direction transverse
to the flow [6]. This contrasts with the present work,
where the turbulent structures are mostly present
downstream of large and sharp rocks. One possible
interpretation for this lies on the differences in the
bathymetry morphology. In the studied part of the Raz
Blanchard [6], the bathymetry indicates a rough seabed
and the largest seabed asperities are faults and cracks.
There are no large rocky obstacles. In the present work,
the seabed is relatively smooth, but dotted with large,
steep and isolated rocks. Thus, the flow dynamics
at the Paimpol-Bréhat site could be regarded as a
superposition of independent obstacle wakes, whereas
the flow dynamics at the Raz Blanchard site is closer to
a fully rough wall flow, in which the unsteady motions
are modelled by the combination of various seabed
asperities.

The vortex detection method is suited for the iden-
tification of large turbulent motions. It simplifies the
capture of the most intense coherent structures, that
have a strong impact on the flow characteristics. The
filtering of smaller and less powerful vortices clarifies
the global view of the flow and enable targeting the
areas of interest within the simulation domain. The
method helped detecting a highly energetic vortex
inducing a very high velocity gradient on a potential
turbine. The detection of such an exceptional turbulent
event is crucial to avoid placing a turbine in a trajectory
where intense turbulent vortices are likely to run. In
a previous study of the same tidal power site [7], a
random arrangement of probes was not able to detect
a vortex as intense as the one detected in the present
study.
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