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ABSTRACT
The upcoming commercial development of tidal stream power requires a profound knowledge of tidal
streams. In this article, the spatial and temporal variations of the flow characteristics are investigated through
numerical simulations, at fine spatial and temporal resolutions. The study highlights the necessity of local site
characterisation prior to turbine installation, due to the high spatial variability of the flow characteristics over
distances of less than 100 m. The high variability in space and time of the flow characteristics at the scale of
a turbine and its impact on the blade angle of attack underscore the relevance of a good blade pitch control
strategy. The study of extreme events in term of maximal flow velocity and variations in the flow direction
gives insight for the structural dimensioning of future tidal stream power devices.

1. Introduction
The tidal stream energy industry is scaling up to commercial stage.
Several pilot farms have already been operating or are in development.
Among them, 4 turbines are already operated in the Pentland Firth,
Scotland, in the frame of the Meygen project, that is planned to ramp
up to a 86 MW capacity in its first phase. The FloWatt project will lead
to the installation, by 2025, of 7 turbines in the Raz Blanchard, France,
with a design capacity of 17.5 MW. Also in the Raz Blanchard, the
Normandie Hydrolienne project plans a 8 MW pilot farm. In parallel,
cost reduction programs such as TIGER (tidal stream industry energiser project) aim at demonstrating the techno-economic relevance of
tidal energy. For example, studies focus on maximising the production
of an array of turbines [1], optimising the grid connection [2] or
investigating the levelized cost of energy of tidal stream power [3–5].
These preliminary steps are required prior to the full exploitation
of tidal stream power sites, including the most powerful ones such as
the Raz Blanchard, the Pentland Firth or the Minas Passage (evaluated
respectively to 5.2 GW [6], 1.9 GW [7] and 2.5 GW [8]). In particular,
the turbine design and control must be optimised to maximise the
production and ensure the structural resistance at a minimal cost. The
sizing parameters, such as the exploitable power, the maximum blade
loads, the loading cycles or the fast variations in power production
must be assessed. To this end, a comprehensive knowledge of tidal flow
hydrodynamics is necessary.
Yet, tidal flows are highly variable in time. Though mainly affected
by the gravitational interaction of the Earth, the Moon and the Sun,

they are also sensitive to waves and atmospheric conditions. The large
vortices observed at the sea surface [9], called boils, testify to the
high turbulence intensity of tidal flows (see Fig. 1). Turbulence is
expected to affect the operation of turbines, in particular with effects
on the turbine wakes [10–12] and on the turbine loads [13–16]. Tidal
flows are also highly variable in space [17–19], in relation with the
variability of the coast line and the seabed morphologies. In particular,
the boundary layer that forms over the seabed is characterised by
a vertical gradient of velocity that affects the blade loads [20–22].
Therefore, a good understanding of the fine spatio-temporal variations
of the flow characteristics is required for the optimum design and
positioning of turbines.
The tidal flow hydrodynamics can be investigated through various methods. Among them, numerical simulations based on Reynoldsaveraged Navier–Stokes (RANS) models are used to predict the average
tidal flows. They are used, as examples, in the Irish Sea [23,24] or
in the English Channel [25]. Shallow water model are also used, for
example in the English Channel [26,27]. These models can cover large
areas for long periods of time, but at coarse spatial and temporal
resolutions. In addition to numerical approaches, in situ measurements
performed with acoustic Doppler current profilers (ADCP) provide high
frequency data of the instantaneous velocities and are widely used for
tidal resource characterisation [28–30]. ADCP can also provide time
averaged information on the velocity fluctuations using the variance
method [31–33]. This method is executed in tidal flows, providing turbulent kinetic energy (TKE) profiles [34–36], or even the full Reynolds
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Fig. 1. A boil at the sea surface of the Raz Blanchard. Courtesy Lucille Furgerot.

tensor for particular ADCP configurations [22,37]. ADCP measurement
periods are limited to a few months by their battery autonomy, but
these measurements can be used to perform tidal harmonic analysis that
provide resource estimations on a long term basis [38]. Nevertheless,
an ADCP only covers a vertical profile, and measurement campaigns
are difficult to execute due to the harsh conditions at tidal power
sites. Therefore, measurements are not sufficient to acquire a complete
knowledge of the hydrodynamics of a tidal power site at a reasonable
cost.
Large-eddy simulations (LES) are used to investigate the turbulent
characteristics of tidal and river flows and their spatial and temporal
variations [18,19,39–42]. They resolve the largest turbulent motions at
high spatial and temporal resolutions but limited spatial and temporal
extents. For this reason, they are particularly suited for the fine characterisation of the incoming flows in which tidal turbines will be installed.
The lattice Boltzmann method (LBM) is a computational fluid dynamic
method that excels in the simulation of flows involving large domains
and complex geometries [43] such as the seabed of a tidal stream power
site. Moreover, compared to Navier–Stokes resolution models, low
numerical dissipation is recorded with LBM simulations [44], which is
an advantage for the proper simulation of turbulent motions that have
a major impact on the hydrodynamic characteristics of tidal flows [18].
In this article, LES are performed on a fraction of the Paimpol-Bréhat
site. This test site for tidal stream power devices is situated in the
North Coast of Brittany, France (see Fig. 2). Despite the tidal potential
is lower than prospective commercial sites, the flow reaches speeds
up to 3 m.s−1 [45]. It is thus relevant to study its characteristics, as
several turbine prototype have been and will be tested there. The flow
characteristics are analysed at the scale of a turbine, with a focus on the
spatial variations of the time-averaged hydrodynamic characteristics
over the turbine swept area and on the temporal variations of extreme
and spatially averaged hydrodynamic characteristics.
The article consists of three main sections. The first section is dedicated to the numerical model, the simulation domain, the simulation
overall results and the result analysis method. The second section
covers the spatial and temporal variations of the flow characteristics at
the scale of a turbine. In the third section, these results are interpreted
in terms of practical insights for tidal turbine design and operation. The
main findings are then listed in the last section.

Fig. 2. Geographic location of the Paimpol-Bréhat site.

2. Methods
2.1. Insight from existing ADCP measurements
Two, 4-beam ADCPs were deployed in the Paimpol-Bréhat site
by NortekMed for Electricité de France, from April to July 2014 at
positions A1 (48◦ 54.595′ N;2◦ 53.488′ W) and A2 (48◦ 54.576′ N;
2◦ 53.453′ W). The ADCP data consist of 1 Hz sample averaged over
one minute, every ten minutes. The time evolution of the velocity
magnitude from the 4th to the 24th of June 2014, 29.5 m above the
seabed, is represented in Fig. 3. A high variability is measured between
the maximum velocity at neap tide (around 1 m.s−1 ) and at spring tide
(up to 3 m.s−1 ). A clear difference is also measured between flood and
ebb, reaching up to 1 m.s−1 . In order to investigate the most critical
flow conditions, the focus is put on the highest velocity magnitude
conditions, at a spring tide flood peak.
The time evolution of the flow direction and velocity magnitude at
point A1 of June, 13th 2014 is represented in Fig. 4. The difference
in the velocity magnitude between flood and ebb appears clearly. The
2
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Fig. 5. Simulation domain. The vertical sections materialise mesh zones of different
resolutions. Every square edges are composed of 26 mesh nodes.

Fig. 3. ADCP measurements of the current velocity magnitude at the Paimpol-Bréhat
site.

Fig. 6. Detail of the mesh.

2.2. Numerical setup

The numerical setup is based on feedback from previous works [18,
41]. The numerical model is built from the Palabos library [46], using
the Bhatnagar, Gross and Krook collision model [47] with a regularisation procedure [48]. The LES model is based on the static Smagorinsky
model [49], adapted to LBM [50] with a 0.14 Smagorinsky constant.
The seabed is modelled by a no-slip condition based on the work of
Bouzidi [51]. The sea surface is considered to be flat and is modelled
by a free slip. Dirichlet conditions [52] are applied on the lateral
boundaries. The top an lateral boundaries are supplemented with 2 m
thick zones where the viscosity is artificially increased to improve the
numerical stability [53]. The domain is periodic in the longitudinal
direction. Therefore, a volumic force is applied uniformly on all the
domain nodes to compensate load losses. The value of the force is
controlled in order to maintain a constant value of the longitudinal
velocity averaged over the whole simulation domain. This value is set to
2.0 m.s−1 . The bathymetry resolution is 1 m. The simulation domain is
partitioned into an octree structure. Each partition is cubic and contains
a fixed number of mesh nodes (263 mesh nodes). The mesh is cartesian
and the mesh resolution is proportional to the partition dimensions.
The mesh resolution is 0.33 m near the seabed and 0.66 m near the
sea surface. The time step is set to 12.3 ms. The simulation domain is
1091 m long and 409 m wide. The domain bathymetry is represented in
Fig. 5 and the mesh distribution is materialised on two vertical sections,
each square edge being composed of 26 mesh nodes. A detail of the
mesh is represented in Fig. 6. The major part of the domain has a depth
around 45 m, with a deeper area going down to 55 m and rocky reliefs
reaching 30 m. The numerical mesh is composed of 330 million nodes.
The calculation of time averaged quantities is performed over 20 min of
simulated time and after a convergence period of 20 min of simulated
time. The time variations of the instantaneous quantities are analysed
over a 24-min period. The full calculation took 200 h on 196 processors.

Fig. 4. ADCP measurements of the current velocity magnitude and direction at the
Paimpol-Bréhat site.

plots are not very smooth, which shows that the one minute averaging
period is too short to ensure a proper convergence. The flow direction
is stable during flood (around 320◦ ) and ebb (around 115◦ ). The peak
of flood of the afternoon of June, 13th 2014 is taken as the reference
flow condition for the numerical simulation. As the purpose of the
article is to investigate the short-time and spatial variations of the flow
characteristics, the study focuses on a single flow condition.
3
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upwelling of turbulent motions [58,59]. This is confirmed in Fig. 9.
The turbulent motions situated above the 15 m depth plan are detected
through 𝜆2 visualisation. Trails of turbulent motions are observed at the
same positions as trails of underspeed.
As the consistency of the simulation is verified, the results can be
examined from two standpoints: (i) the spatial variability at the disk
scale of the time-averaged hydrodynamic conditions and (ii) the time
variability of the hydrodynamic conditions spatially averaged over a
disk, as well as the extreme values over a disk.
3. Results
Fig. 7. Disk positions within the simulation domain. The A1 and A2 points represent
the positions of ADCP measurements.

3.1. Spatial variability within disks
3.1.1. Time averaged velocity
A global view of the time averaged velocity on the disks is represented in Fig. 10. Regarding the longitudinal velocity (Fig. 10a), the
three columns of disks distinguish from each other (the first column
includes disks 1 to 4, the second column consists of disks 5 to 8 and
the third column of disks 9 to 12). The third column is characterised
by a vertical velocity gradient and a relatively high velocity, from 2.2
to 2.6 m.s−1 . The first and second columns are characterised by lower
velocities, from 1.8 to 2.4 m.s−1 , as well as velocity gradient strongly
tilted in the lateral direction, up to 50◦ for the disk number 1. The
longitudinal velocity distribution is similar for all the disks of a same
column.
Regarding the vertical (Fig. 10b) and lateral velocities (Fig. 10c),
a strong local variability is observed within the disks. The vertical
velocity ranges from −0.05 to 0.05 m.s−1 , with strong variations within
a same disk, from −0.03 to 0.05 m.s−1 over the disk number 3.
Contrariwise, the vertical velocity is uniform on disks number 6, 8, 10
and 12. A global tendency is recorded on the lateral velocity, that is
mainly negative. This could be explained by a flow bypass of the large
bathymetry elevation situated on the right side of the domain.

2.3. Disk probes
The simulation results are analysed in the perspective of a realistic
tidal turbine. The flow characteristics are assessed over areas representative of the swept area of a turbine. The SIMEC Atlantis AR1500
turbine is selected for this study because it is already operating within
the most powerful tidal farm to date, Meygen 1 A. The turbine diameter
is 18 m, the rotation speed ranges from 7 to 15 RPM and the rated
power is 1.5 MW. The turbine swept area is thus modelled as 18 m
diameter disks. The disks are positioned as high as possible in the water
column, to catch the maximum power. Hence, the disk tops are situated
10 m under the minimum sea-level, in line with the regulations. The
disks have no effect on the flow and only act as probes. In this work,
four rows of three disks are placed in the flow. The distance between
the disk centres is 40 m in the lateral direction and 60 m in the
longitudinal direction. The disks are numbered from 1 to 12 as in Fig. 7,
where the ADCP positions A1 and A2 are also represented.
In this study, the disks are used in two ways. Firstly, the spatial
variations of the time-averaged flow characteristics are assessed by
direct visualisation on the disks. The purpose is to investigate effects
such as fluctuating loads and variations of the flow incidence on blades
due to the flow inhomogeneity. Secondly, the temporal variations of
the flow characteristics are assessed, considering spatial averages over
a disk or extreme values detected over a disk. This aims at identifying
exceptional events that can lead to extreme loads on a blade, to
degraded operation due to stall and temporary misalignment with the
flow, or to variations in the production.

3.1.2. Velocity variance
A global view of the longitudinal velocity variance over the disks is
represented in Fig. 11. This quantity is highly spatially variable over a
given disk, ranging from 0.2 m2 .s−2 to 0.8 m2 .s−2 on disk number 5.
The high values concentrate in the lower part of the disks. The disks of
the first column have a similar distribution of this quantity, that ranges
from 0.02 to 0.05 m2 .s−2 . The longitudinal velocity variance is slightly
higher on the disks of the third column (from 0.03 to 0.06 m2 .s−2 ),
with also a similar distribution from one disk to another. However,
on the second column, the first disk is characterised by high values,
reaching 0.08 m2 .s−2 , and this value decreases gradually for disks
situated downstream.

2.4. Preliminary results and validation
The simulation results are compared to the ADCP data. Vertical
profiles of velocity magnitude and direction are represented in Fig. 8.
As the sampling period of one minute appeared not to be sufficient for
the convergence of the time mean, the simulation results are compared
to the ADCP data averaged over 10 successive sampling periods (blue
lines). Each 1 min sampling data is represented by a red line, showing
the dispersion of the measurements on the considered period. The
green lines, that represent the simulation results, are in good adequacy
with the measurements, for both measurement points. The available
measurements do not provide turbulence characteristics. However, the
six components of the velocity variance were validated against measurements in a previous work, with similar flow characteristics [41],
which strengthen the confidence in our results.
General simulation results are presented in Fig. 9, with the time
averaged longitudinal velocity plotted on the horizontal plane at a
15 m depth. The average longitudinal velocity is characterised by
longitudinal strips of overspeed and underspeed. Such strips were
already observed in a previous work [18]. They are associated to the
phenomenon of large streamwise vortices as described in the literature [54–57]. The strips of underspeed are usually associated with the

3.1.3. Angle of attack
At a given rotation speed 𝛺, the apparent current angle 𝜃 on a blade
element situated at a distance 𝐿 from the rotation centre is sensitive to
the flow velocity magnitude 𝑈 and the flow incidence 𝛼 (see Fig. 12
and Eq. (1)).
𝜃 = 𝑎𝑡𝑎𝑛(

𝑈 𝑐𝑜𝑠(𝛼)
)
𝛺𝐿 ± 𝑈 𝑠𝑖𝑛(𝛼)

(1)

The gradients of time averaged velocity are thus responsible for
cyclic variations of the apparent current angle. Yet, the apparent current angle is a critical parameter for the choice of the most appropriate
blade design and wedging angle. Indeed, the angle of attack 𝛾 is the
sum of the apparent current angle and the wedging angle. The blade
setup is made relative to a reference apparent current angle 𝜃𝑟𝑒𝑓 , in
order to obtain the blade optimal angle of attack 𝛾𝑟𝑒𝑓 . Once the setup
is chosen, the deviation from reference (𝛥𝜃 = 𝜃 − 𝜃𝑟𝑒𝑓 ) results in a
deviation of the angle of attack 𝛥𝛾 and thus fluctuating loads, reduced
blade performance and possible stall. Obviously, 𝛥𝜃 = 𝛥𝛾, thus 𝛥𝛾 can
4
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Fig. 8. Comparison between numerical results and ADCP measurements at the peak of flood of June, 13th 2014, at points A1 and A2.

could be improved for the first and third columns, with more adequate
choices of the target longitudinal velocities. However, the discrepancies
are also high on the second column, from −3◦ to 4◦ .
Besides the spatial variations of the time-averaged flow, the apparent current angle is also sensitive to the velocity fluctuations in time.
𝛥𝜃 is represented in Fig. 14, using the pitch controlled calculus as in
Fig. 13a, in the case of an instantaneous flow velocity field. The results
are strongly affected by the velocity fluctuations, with discrepancies
ranging from −6◦ to 6◦ . The discrepancies are in the shape of patches
of up to 10 m. They are thus attributed to turbulent motions rather than
global variations in the flow direction or intensity. All the turbines are
locally affected by discrepancies reaching an absolute value of more
than 2◦ and most of them by discrepancies reaching more than 4◦ .

Fig. 9. Horizontal plane of time-averaged longitudinal velocity at a 15 m depth and
𝜆2 visualisation of vortices above a 15 m depth.

3.2. Time variability over a disk
be calculated, whatever the blade design, only knowing 𝛺, 𝜃𝑟𝑒𝑓 and the
velocity vector. The value of 𝜃𝑟𝑒𝑓 depends on the turbine design.
In the case of fixed pitch turbines, 𝜃𝑟𝑒𝑓 is fixed and can be written

The disk number 3 is selected for this study, as the time averaged lateral velocity recorded on the disk is close to zero. It is
thus ideally oriented relatively to the averaged flow, which eliminates
misalignment effects that would affect the results for other disks.

𝑈

𝑟𝑒𝑓
relative to a fixed reference velocity 𝑈𝑟𝑒𝑓 , as follow: 𝜃𝑟𝑒𝑓 = 𝑎𝑡𝑎𝑛( 𝛺𝐿
).
In the case of pitch controlled turbines, 𝜃𝑟𝑒𝑓 can be adapted to the local

velocity and written as 𝜃𝑟𝑒𝑓 (𝑥, 𝑦, 𝑧) = 𝑎𝑡𝑎𝑛( 𝑈 (𝑥,𝑦,𝑧)
), where the ⋅ operator
𝛺𝐿
stands for the time average. 𝛥𝛾 is represented in Fig. 13 for both turbine
types and for every disk.
In Fig. 13a, 𝜃𝑟𝑒𝑓 is based on the pitch controlled blade equation. In
this case, the discrepancies are low, ranging from −1◦ to 1◦ , and the
significant values are circumscribed around the disk centres.
In Fig. 13b, 𝜃𝑟𝑒𝑓 is based on the fixed pitch blade equation, with
𝑈𝑟𝑒𝑓 = 2.2 m.s−1 . In this case, the discrepancies are high, ranging
from less than −4◦ to more than 4◦ , with extreme values concentrated
on the disk peripheries. Significant differences are observed between
the three columns of disks. The discrepancies are mainly positive for
the first column, negative for the third column and centred around
zero for the second column. This is explained by the fact that the
average longitudinal velocity is mainly lower than the target velocity of
2.2 m.s−1 for the first column, higher for the third column and centred
on 2.2 m.s−1 for the second column (see Fig. 10a). Thus, the results

3.2.1. Variability of the longitudinal velocity averaged over a disk
The time evolution of the longitudinal velocity spatially averaged
over the disk number 3 is represented in Fig. 15. The longitudinal velocity is centred around 2.1 m.s−1 and ranges from 1.75 to 2.35 m.s−1 .
Sharp peaks of underspeed or overspeed are observed. These peaks have
a typical duration of 10 to 20 s. The velocity passes from a value of
1.85 m.s−1 to a value of 2.3 m.s−1 in less than 50 s. Slow variations
are also observed in the range 1.9 to 2.2 m.s−1 .
The time evolution of the longitudinal velocity on the disks of the
third column is plotted in Fig. 16. A peak of underspeed is observed
for the four disks, with a regular time shift of around 30 s. This time
shift is consistent with the time necessary to cover the 60 m between
two successive disks at the average speed of the flow. The peak has a
similar shape, a similar intensity and a similar time duration for the
four disks. This indicates that a large turbulent event subsists within
the flow over long distances and over long periods of time.
5
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Fig. 11. Longitudinal velocity variance over the disks.

Fig. 12. Calculation of the apparent current angle.

values of the incidence are not linked to a misalignment of the turbine
with the flow. The strong variations of the lateral velocity around the
mean value are either positive or negative.
3.2.3. Maximum longitudinal velocity over a disk
The time evolution of the maximum longitudinal velocity observed
over the disk number 3 is plotted in Fig. 19a. It ranges from 2.2 to
2.9 m.s−1 , with a typical value around 2.5 m.s−1 . It is characterised by
strong variations of short duration (10 to 20 s). In order to mitigate
the effect of the variation in the average longitudinal velocity, the
maximum longitudinal velocity is divided by the spatial average of
the longitudinal velocity over disk number 3 in Fig. 19b. This representation actually smoothens out the low frequency variations in the
maximum velocity. The result has a typical value ranging around 1.2.
The sharp peaks remain and reach up to 1.4.

Fig. 10. Time averaged velocity over the disks.

3.2.4. Maximum incidence over a disk
The time evolution of the maximum incidence on the disk number
3 is plotted in Fig. 20. The maximum incidence ranges from 8◦ to 32◦ ,
with an average value around 13◦ . Most of the time, the maximum
incidence is constraint between 10◦ and 15◦ . Sharp peaks of incidence
are observed, typically reaching 15◦ to 20◦ , with exceptional values
above 20◦ . These sharp peaks highlight the occurrence of intense and
localised turbulent events.

3.2.2. Variability of the incidence averaged over a disk
The time evolution of the flow incidence on disk number 3 is
represented in Fig. 17. It has a typical value of around 2◦ and ranges
from 0 to 7◦ . It is characterised by fast variations, with sharp peaks
of less than 10 s. These variations in incidence can be linked to the
variations of the lateral velocity on the disk number 3, plotted in
Fig. 18. The lateral velocity has a typical value centred on 0. Thus, the
6
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Fig. 15. Longitudinal velocity on disk number 3.

Fig. 16. Longitudinal velocity on disks number 9, 10, 11 and 12.
Fig. 13. Deviation in the apparent current angle, based on the time-averaged velocity
field.

Fig. 17. Incidence on disk number 3.
Fig. 14. Deviation of the apparent current angle over the disk. Case of a controlled
pitch turbine and an instantaneous flow field.

7

Energy Conversion and Management 269 (2022) 116123

P. Mercier and S.S. Guillou

Fig. 18. Lateral velocity on disk number 3.
Fig. 20. Maximal incidence on disk number 3.

4. Discussion
4.1. Turbine positioning
Significant differences in the flow intensity are observed between
the disks, despite their close spacing. The longitudinal velocity is
around 2.4 m.s−1 for the disks of column 3, and only around 2.1 m.s−1
for the disks of column 1, situated only at a 80 m distance. The strong
lateral variability of the longitudinal velocity implies a much higher
harvestable energy on the third column compared to other columns.
This highlights the necessity of avoiding the zones of underspeed and
high turbulence observed previously (see Fig. 9) and thus the necessity
of a local flow analysis to optimise the turbine positioning.
Also, the variations in the turbulence characteristics can be significant in the longitudinal direction, as observed for the second column
of disks. This could be explained by the generation of intense but
ephemeral turbulent events in the wake of specific seabed landforms.
The turbines should obviously be placed at a sufficient distance for
turbulence to fade and avoid intense fatigue loads on the blades and
degraded production due to the high turbulence intensity. The rapid
fading of turbulent motions is however not systematic, as a large
turbulent motion is observed successively on all the four disks of the
third column. The turbulent motion longevity is thus variable. The
parameters determining this longevity are not investigated in this work.
4.2. Variations in the turbine production
The turbine production is sensitive to the longitudinal velocity as
well as the incidence. The available power is proportional to the cube
of the longitudinal velocity, thus a variation of the longitudinal velocity
from 1.85 to 2.3 m.s−1 , in less than 50 s, as detected in the case of
the disk number 3, results in multiplying the available power by a
1.9 factor. Such a fast variation should be anticipated to smooth the
production.
The variations in the flow incidence are expected to affect 𝛾, with
a reduced blade performance and an increased risk of stall. As stated
previously, 𝛥𝛾 also depends on the turbine rotation speed and the
distance to the rotation centre. A 9 m radius turbine, with 𝛺 ranging
from 7 to 15 RPM is considered here. The calculated 𝛥𝛾 is presented in
Tables 1 and 2, for the rotation speeds of 7 and 15 RPM respectively.
The tables show 𝛥𝛾, for three positions on the blade and various values
of the flow incidence. As the flow incidence is calculated in absolute
value, the most critical cases are considered, the fluctuating part of
the flow velocity vector being parallel to the velocity of the blade
section, and for these vectors being in the same (positive values of 𝛥𝛾)

Fig. 19. Maximal longitudinal velocity on the disk number 3.
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Table 1
Value of 𝛥𝛾 for various values of incidence, in the case 𝛺 = 7 RPM and
U = 2.5 m.s−1 .

Table 3
Value of 𝛥𝛾 for various values of incidence, in the case 𝛺 = 15 RPM and
U = 5 m.s−1 .

𝛼 (◦ )

L = 3 m

L = 6 m

L = 9 m

𝛼 (◦ )

L = 3 m

L = 6 m

L = 9 m

2
5
10
15
20
25

−1.13/1.13
−2.83/2.81
−5.70/5.59
−8.61/8.35
−11.6/11.1
−14.6/13.8

−0.48/0.50
−1.17/1.27
−2.23/2.62
−3.16/4.04
−3.93/5.52
−4.52/7.06

−0.24/0.26
−0.57/0.68
−1.02/1.46
−1.34/2.32
−1.50/3.26
−1.49/4.26

2
5
10
15
20
25

−1.68/1.67
−4.25/4.14
−8.62/8.18
−13.1/12.1
−17.8/16.0
−22.7/19.8

−1.13/1.13
−2.83/2.81
−5.70/5.59
−8.61/8.35
−11.6/11.1
−14.6/13.8

−0.73/0.73
−1.79/1.85
−3.52/3.75
−5.17/5.69
−6.71/7.67
−8.14/9.67

Table 2
Value of 𝛥𝛾 for various values of incidence, in the case 𝛺 = 15 RPM and
U = 2.5 m.s−1 .
◦

𝛼 ( )

L = 3 m

L = 6 m

L = 9 m

2
5
10
15
20
25

−0.43/0.45
−1.04/1.15
−1.97/2.38
−2.76/3.69
−3.40/5.07
−3.84/6.50

−0.12/0.14
−0.28/0.37
−0.46/0.83
−0.53/1.37
−0.47/1.98
−0.29/2.66

−0.05/0.07
−0.12/0.19
−0.16/0.44
−0.12/0.75
0.00/1.12
0.20/1.55

damages. Considering the average flow, fixed pitch turbines undergo
deviations in the angle of attack up to 4◦ . These deviations are drastically reduced for pitch controlled turbines. Moreover, the present study
is restricted to a single flow condition, whereas the flow conditions are
highly variable in time. This strengthen further the relevance of pitch
control, because pitch controlled turbines will be able to adapt to the
varying conditions whereas fixed pitch control can only be optimised
for a single flow condition.
In addition, the velocity gradient is not necessarily vertical. Thus,
the pitch control setup should be adapted to the local flow conditions
assessed through measurements or local LES and not only based on
standard power laws and regional RANS simulations.
The variations observed in the case of an instantaneous flow field
point out the systematic negative impact that turbulent motions may
have on the turbines. Despite no firm general conclusion can be drawn
from a single instantaneous condition, significant variations of the
angle of attack are observed, over large parts of the disks and on all
disks. The turbulent motions are thus expected to result in frequent and
wide-amplitude variations of the angle of attack, resulting in fatigue
loads.

or opposite directions (negative values). Generally, 𝛥𝛾 increases with
𝛼 and decreases with the distance to the rotation centre and with the
rotation speed. Also, the negative value of 𝛥𝛾 have a lower magnitude
than the positive values.
The typical value of the average incidence (around 2◦ ) is associated
with moderate values of 𝛥𝛾 (1.13◦ in the worst case, with a low rotation
speed and a low distance to the rotation centre). Peak values of the
average incidence (around 5◦ ) are associated with moderate values
of 𝛥𝛾 for a high rotation speed (maximum of 1.15◦ at 3 m from
the rotation centre). At a low rotation speed, 𝛥𝛾 becomes significant,
with values up to 2.83◦ . This suggest that for low rotation speeds,
a significant part of the blades might operate in a degraded mode.
However, this impact is highly dependent on the blade polar curves
and thus cannot be quantified here.

4.5. Extrapolation to commercial sites
In the present work, the turbulence intensity at commercial tidal
power sites is assumed to be similar to the Paimpol-Bréhat site. With
this hypothesis, the increased velocity magnitude results in wider variations in the flow incidence. Table 3 presents the value of 𝛥𝛾 for
the critical rotation speed of 7 RPM and a flow velocity of 5 m.s−1
representative of the spring tides of prospective commercial tidal power
sites such as the Raz Blanchard. Assuming a similar behaviour of the
flow incidence as in the Paimpol-Bréhat site, 𝛥𝛾 would take typical
values of 0.73◦ at the tip and 1.68◦ at 3 m from the rotation centre,
and peak values up to 1.85◦ at the tip and 4.25◦ at 3 m. Locally, 𝛥𝛾
would take typical values up to 5.69◦ at the tip and 13.1◦ at 3 m. With
such values, the blades would regularly operate in a degraded mode,
resulting in power losses and increased structural damages. An increase
of the rotation speed will attenuate the issue, but could raise other
problems, such as increased noise and risk of collision with animals.

4.3. Extreme events
Extreme events such as powerful turbulent motions may affect
the turbines, with local extreme loads due to extreme values of the
longitudinal velocity or dynamic stall due to strong variations in the
flow incidence.
The maximal velocity is a meaningful quantity to estimate the loads
that the turbine blades should be able to withstand. In this particular
case, it reaches up to 2.9 m.s−1 . The maximal longitudinal velocity
at a given instant is, as expected, correlated to the spatial average of
the velocity on the disk at this instant, with a typical proportionality
factor around 1.2. This proportionality, if confirmed at other tidal sites,
could be used as a safety factor for the blade design. However, extreme
events exceed this factor for short periods of time, with the maximal
longitudinal velocity regularly reaching 1.3 times the average over the
disk and exceptionally 1.4 times.
The typical maximal value of the incidence (from 10◦ to 15◦ ) is
associated with values of 𝛥𝛾 from 1.02◦ to 2.32◦ at the blade tip and
from 5.59◦ to 8.61◦ at a 3 m distance from the rotation centre, for a
rotation speed of 7RPM (see Table 1). These values suggest that the
blade might operate locally in a degraded mode at any time. This issue
is significantly reduced for a faster rotation speed, with values of 𝛥𝛾
ranging from 0.12◦ to 0.75◦ at the tip and from 1.97◦ to 3.69◦ at a 3 m
distance from the rotation centre (see Table 2).

4.6. Limits
The pitch controlled configuration is idealised. In the study, the
wedging angle can be adapted to the flow all along the blade. In practice, the pitch control modifies the wedging angle uniformly along the
blade. This case was not investigated here, because it would suppose
to make a choice in the pitch angle, that would affect differently the
blade elements depending on their position on the blade and would
depend on the particular blade profile and twisting, which would limit
the universal relevance of the study.
Some underspeed and overspeed zones cover the full longitudinal
extend of the simulation domain. The intensity of the underspeed and
overspeed may thus be overestimated because of the periodic boundary
condition. Thus, conclusions regarding the lateral variations of the time
averaged flow characteristics should be drawn in a qualitative way.

4.4. Fatigue loads
The cyclic variations of the apparent current angle, due to the
gradients of velocity, result in cyclic loads and thus potential fatigue
9
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5. Conclusions
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