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A B S T R A C T

In this paper the turbulence effects are studied for three rotors mounted on the same instrumented hub.
Two scaled models of industrial turbines and one open-geometry turbine are considered. The turbulence
characteristics are obtained from 2D Laser Doppler Velocimeter measurements and the turbine behaviour is
analysed from thrust and torque measurements. Three turbulence intensities and a large range of tip speed
ratios and flow velocities are considered. The results are anonymised in order to ensure confidentiality. The
rotors have different blade profiles, blade numbers and solidity. The rotor design largely modifies the mean
power and thrust coefficients. The turbulence intensity only slightly changes these results but has a larger
influence on the fluctuating loads than the different rotor designs. The spectral analysis of the rotor torque
and thrust shows that, at low frequencies the load variations are correlated to those of the flow velocity with
some differences due to the turbulence intensity levels. The coherences between the loads and the velocity seem
to be not affected by the rotor type. At high frequencies, the load variations are correlated to the speed control
unit of the scaled model and the rotor design has an impact on the rotational speed and loads coherences.

1. Introduction

Tidal energy constitutes an interesting resource for European coun-
tries in the Atlantic area and several concepts were proposed during
the last decades. However, the development of this sector is still limited
due to uncertainty in the engineering design. Different strategies exist
to design tidal turbines and particularly their blades which are critical
components (Liu and Veitch, 2012). The optimisation of the turbine
performance using a hydraulic design allows to maximise the energy
output and decrease the loads experienced by the supporting structure
and other components (Kaufmann et al., 2019). The blade robustness
can also be improved with the selection of an appropriate material.
For example, in the case of turbines with fixed pitch blades, composite
blades can be designed to passively adapt their angle of attack during
operation and hence reduce the loads (Murray et al. , 2018).

One of the issues that should be taken into account for blade design
is the load variations due to the ambient turbulence of the deployment

� Corresponding author.
E-mail address: gregory.pinon@univ-lehavre.fr (G. Pinon).

site, which affect the reliability of the turbine. Several in situ veloc-
ity measurements have shown that the ambient turbulence intensity
may vary significantly depending on the implementation site. The
turbulence intensity measured goes from � 4–9% in Strangford Lough
(UK) (MacEnri et al., 2013), to � 10–13% in Puget Sound (USA) (Thom-
son et al., 2012; McCaffrey et al., 2015) and Sound of Islay (UK) (Milne
et al., 2013), or to � 20–30% in East River (USA) (Li et al., 2010).
Moreover, recent studies (Mycek et al., 2014; Blackmore et al., 2016)
have shown that the ambient turbulence has an important influence on
the turbine performance. Particularly, Mycek et al. (2014) found that
the fluctuations of the power and thrust coefficients increase drastically
with the turbulence intensity. Thus a high turbulence intensity has an
impact on the fatigue of the turbine.

In this context, the MONITOR project ( Togneri et al., 2019), sup-
ported by the Interreg Atlantic Area programme, was launched in
2018. Its global objectives are to investigate, using multiple testing
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Fig. 1. Schematic CAD representation of Magallanes Renovables’ ATIR tidal platform.

methodologies (numerical, laboratory and at-sea), the reliability of
tidal energy converters (TEC) subjected to real in-situ flow conditions
(possibly with high ambient turbulence ( Mycek et al., 2014; Blackmore
et al., 2016; Milne et al. , 2016; Togneri et al., 2017) and severe wave
conditions (Faudot and Dahlhaug, 2012; Luznik et al. , 2013; Guo et al.,
2018)) and to develop tools to help TEC developers improve device
reliability ( Scheijgrond et al., 2019).

The aim of this study is to characterise the fluctuating loads for
a single turbine immersed in a regular current flow with different
levels of turbulence. The turbine scaled models used during the tri-
als are based on two pre-commercial prototypes, namely Magallanes
Renovables’ ATIR tidal platform and the bottom mounted D12 turbine
of Sabella. The ATIR (Fig. 1) is a floating device composed of a 3-
bladed bi-rotor turbine with variable pitch mechanisms to optimise
the energy production. The turbine diameter is � = 19 m, its overall
length is 45 m, its breadth is 6 m and its weight is 350 tons. The
device is designed for a maximum power output of 2 MW. Its platform
is anchored to the sea bottom by four mooring lines, to the bow and
stern. A first full scale prototype was tested at the Ría de Vigo in Spain
and generated power for current velocities from 1 m/s to 3 m/s ( Diaz-
Dorado et al., 2021). The platform was then deployed at the European
Marine Energy Centre (EMEC) in Scotland, during summer 2018. The
device is reaching a TRL (Technology Readiness Level) of 9. Sabella’s
D12 (Fig. 2) is composed of a single rotor with 5 fixed (no-pitch) and
symmetrical blades. The turbine diameter is 12 m for a power output
of 500 kW. The D12 is scheduled for installation in 2021; Sabella’s
earlier D10 model operating on the same design principles has already
undergone two test deployments in 2015 and 2018.

Finally, results from the open-geometry scaled turbine of the IFRE-
MER (Gaurier et al., 2015, 2019, 2020) will also be used as a matter of
comparison. Therefore, there is a total of three turbines at similar model
scales that were tested for the same inflow conditions with the same
test facility and instrumentation. Each turbine has a different blade
design: IFREMER’s turbine is not optimised for one site but is designed
to operate for a large range of operating velocities; the ATIR blades are
designed for a target operating velocity; the D12 orientation is fixed and
its blade profile is symmetric in order to work in bi-directional flow.

This work is divided in four main sections, following this introduc-
tion. First, the experimental set-up and the upstream flow characteris-
tics are described in Sections2 and 3. Then the results obtained for the
time averaged torque and thrust coefficients and their fluctuations, for
each turbine, are presented in Section 4. Lastly, a spectral analysis of
the rotor loads is carried out in Section 5.

2. Experimental set-up

In this section, the turbine models as well as the flume tank and the
instrumentation are described. The different flow conditions considered
are also presented.

Fig. 2. Representation of Sabella’s D12 turbine.

2.1. Flume tank description and experimental configurations

The trials were carried out in the IFREMER wave and current flume
tank in Boulogne-sur-mer, presented in Fig. 3. The flume tank working
section is 18 m long, 4 m wide and 2 m deep. The streamwise flow
velocity ranges from 0.1 to 2.2 m/s.

The experimental set-up, illustrated in Figs. 4 and 5, was the same
for both trial campaigns. The hub of the scaled turbine was set at
a height of 1 m below the free surface. The flow conditions were
monitored at the hub height and at 1.4 m (approximately 2 times
the turbine diameter) upstream of the turbine with a bi-dimensional
Laser Doppler Velocimeter (LDV). This system is composed of four
laser beams with two wavelengths: 488 nm and 514.5 nm. The mea-
surement volume, created by the intersection of the laser beams, is
approximately 0.01 mm 3 (the measurement volume is 2.51 mm long
and the laser beams thickness is approximately 0.12 mm). The LDV
estimates the velocity components of the particles passing through this
volume. The particles used in the IFREMER flume tank are silver-coated
glass spheres with a diameter of 10 �m. Since a measurement value
corresponds to a detected particle, the sampling frequency is irregular.
For this study, the mean sampling rate is between 200 Hz and 500 Hz.
An Acoustic Doppler Velocimeter (ADV) was also placed in the flume
tank but it was not used for the present study. More details about
the flume tank and the instrumentation can be found in Gaurier et al.
(2018, 2019).

2.2. Upstream flow conditions

The ambient turbulence intensity � � generated in the flume tank
can be regulated using flow straighteners placed at the inlet of the
working section. It goes from � � � 1.5% when both a grid and a
honeycomb (see Figs. 4 and 6) are used, to � � � 3% when only the
honeycomb is used and to a higher value of � � � 15% when removing
all the flow straighteners. Thus, this � � range corresponds to measured
in-situ values (Mycek et al., 2014; Milne et al. , 2013; Thomson et al.,
2012; Togneri et al., 2017).

In the present study, the three possible turbulence intensities were
used. The different cases will be referred to as Low Turbulence Inten-
sity (LTI), Medium Turbulence Intensity (MTI) and High Turbulence
Intensity (HTI) in the following sections.

Lastly, the mean upstream axial velocity range used in these trials
goes from � � = 0.80 m/s to � � = 1.4 m/s.

2.3. Turbine models description

Both the ATIR and the D12 scaled models, shown in Fig. 7, are
based on the existing IFREMER generic turbine, a tri-bladed turbine
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Fig. 3. IFREMER’s Boulogne-sur-Mer flume tank, working section highlighted in red. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Fig. 4. Schematic side view of the test configuration.

Fig. 5. Side view of the turbine in the flume tank with the 2D LDV (left) and the ADV
systems.

with a horizontal axis, used in previous works ( Gaurier et al., 2019,
2020). Only the blades and the hub were changed to adapt the turbine
to the industrial device geometries. For the D12, a nacelle diameter
extension was added to better represent this particular characteristics
of the device. Finally for the ATIR, only one of the rotors was modelled.
Model parameters, such as the hub radius and the blade lengths, are
detailed in Table 1. The blades of the IFREMER turbine are designed
from a NACA 63418 profile. Magallanes Renovables and Sabella blade

Fig. 6. Picture of the honeycomb flow straightener.

Table 1
Turbine model parameter description.

Description IFREMER ATIR D12

Profile NACA 63418 – –
Rotor radius � [mm] 362 338 300
Hub radius [mm] 55 55 96
Hub length [mm] 720 720 720
Number of blades 3 3 5
Blade length [mm] 307 283 204
Direction of rotation CC C CC
Blade material CF A CF

C: clockwise; CC: counter-clockwise; CF: Carbon fibre; A: Aluminium.

profiles are confidential. Both Sabella and IFREMER blades are made of
carbon fibre. They were produced by the same manufacturer and with
the same technique. The blades of the ATIR scaled model are made of
aluminium.

The scale of the ATIR and the D12 models are 1:28 and 1:20
respectively. Considering the characteristics of the experimental set-up,
the Froude criterion was preferred to the Reynolds criterion. Indeed,
the full scale Reynolds numbers are around 107 and these values cannot
be obtained in the flume tank. The Froude scaling parameters chosen
for both turbines are presented in Table 2. The Froude number is
defined as:

� � � =
� �

�
� × �

, (1)
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Table 2
Froude scaling characteristic between the prototype scale and the model scale for each turbine..

Turbine physical
parameters

Froude
scaling

ATIR
scale 1 � 1

ATIR
scale 1 � 28

D12
scale 1 � 1

D12
scale 1 � 20

IFREMER
–

Radius � [m] 1 � 	 9.5 0.338 6 0.300 0.362
Water depth � [m] 1 � 	 56 a 2 40a 2 2

Flow speed [m/s] 1 �
�

	 [4.2–7.4] [0.8–1.4] [3.6–6.3] [0.8–1.4] [0.8–1.2]
TSR range [–] – [0–8] [0–8] [0–6] [0–6] [0–8]

�
 � × 105 [–] 1 � 	
�

	 [400–700] [2.7–4.7] [220–380] [2.4–4.2] [2.9–4.3]

The chosen Froude scaling range is � �� = [0.18 � 0.32] for the three scaled turbines depending on the considered velocity.
aHypothetical water depth based on the scale factor.

Fig. 7. Pictures of the scaled models: left is Magallanes Renovables’ ATIR, middle is Sabella’s D12, and right is IFREMER’s generic turbine.

where � = 9.81 m/s 2 is the gravitational acceleration and � is the water
depth. The corresponding Reynolds numbers, defined as:

�
 � =
� � × �

�
(2)

(where � is the kinematic viscosity of the fluid), are also given in
Table 2 as a matter of information.

The upstream velocity range used in this study (� � = 0.80-1.4 m/s)
corresponds to a full scale velocity range of 4.2–7.4 m/s for the ATIR
and 3.6–6.3 m/s for the D12 turbine (see Table 2). In energetic sites
(e.g Alderney race, Fromveur strait, Fall of Warness, Bay of Fundy,
etc.), velocities at the order of 5 m/s are regularly measured. Even
higher velocities could be encountered for the highest tidal coefficients,
which are not so frequent. Therefore, the velocity range studied here is
relevant for the higher velocities encountered in highly energetic sites.

The blockage ratio � is defined as the ratio between the rotor
cross-section area  = � × � 2 and the flume tank transverse area
� = � × �:

� =

�

=
� × � 2

� × �
. (3)

The blockage ratios for these trials are � � 4.5% and � � 3.5% for
Magallanes Renovables and Sabella scaled turbines respectively. For
the IFREMER model, this ratio is about 5.1%. Since these ratios are
relatively small and close, no blockage correction (such as Bahaj et al.
(2007)) is applied.

The rotor of the scaled models is connected to a motor-gearbox
assembly consisting of a gearbox, a DC motor, a ballast load and a
motor speed control unit ( Mycek et al., 2014; Gaurier et al., 2020),
providing an active rotor speed control. The pitch of the blades is fixed
in each case. For the ATIR turbine, the main difference between the
model and the full-scale device, apart from size, is that the model has
fixed pitch blades and the full scale model has variable pitch blades.
This means that the blades of the model may not be at the optimum
pitch angle in all operating conditions.

The Tip Speed Ratio (TSR) is defined as the ratio of the tip velocity
of the blade to the upstream flow velocity:

� � =
� � × �

� �
(4)

where � � is the axial rotation speed. In this study, the TSR varies from
0 to 8 for the ATIR model and from 0 to 6 for the D12 turbine.

The torque and thrust are directly measured on the rotation axis
with a waterproof transducer. The latter is placed upstream of the rotor
seals to prevent measuring friction effects. For the 3-bladed models

Fig. 8. Picture of the blade root load cells and the three blade supports of Sabella’s
D12 scaled model.

(IFREMER and ATIR), each blade root is equipped with a load-cell
measuring two forces and three moments (seeGaurier et al. (2019)
for more details). For the 5-bladed D12, three blade supports were
manufactured in order to adapt the model to the IFREMER device. One
of them was used to support only one blade and two blades were fixed
on each of the other supports (seeFig. 8). Therefore, for the Sabella
scaled turbine, the blade root loads were studied only for one blade.

Finally, during both trial campaigns, the turbine parameters and the
flow velocity were monitored synchronously. The signals were sampled
at a frequency of 120 Hz, except for the LDV which has an irregular
sampling rate. The acquisition time was set to 180 s for the LTI and
MTI cases and to 360 s for the HTI.

3. Upstream flow characterisation

3.1. Turbulence intensity

The upstream turbulence intensity � � is defined as:

� � = 100

���
�

1�3(� 2
� �

+ � 2
� �

+ � 2
� �

)

� 2
� + � 2

� + � 2
�

(5)

where � � �
, � � �

and � � �
are the standard deviations of the velocity

components � � , � � and � � of the upstream velocity � � (� � = � � � � +
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� � � � + � � � � ); refer to Fig. 4 for a definition of the unit vectors. The
overbar denotes the time average. The mean streamwise velocity� � is
also denoted by � � in this paper.

In this study, the upstream flow velocity was measured with the
LDV in the x-y plane. Thus a bi-dimensional turbulence intensity is also
defined:

� 2�
� = 100

���
�

1�2(� 2
� �

+ � 2
� �

)

� 2
� + � 2

�

. (6)

Table 3 presents the values obtained for the three turbulence in-
tensity configurations (LTI, MTI and HTI), at � � = 1.2 m/s, for the
ATIR and D12 trial campaigns. The values for the HTI configuration
for the IFREMER turbine come from another trial campaign ( Gaurier
et al., 2019, 2020), for which no flow measurement with a turbine
was performed for the LTI and MTI conditions. The different statistics
were estimated by considering the LDV measurements for all the TSR
cases. The tri-dimensional values were calculated by assuming that
� � �

= � � �
(already validated from previous studies). As the one-

dimensional turbulence intensity, � 1�
� = � � �

�� � , is used in some
studies (e.g. McCaffrey et al., 2015; Blackmore et al., 2016; Medina
et al., 2017), these results are also given as a matter of information.
Independently from the aforementioned campaigns, Table 3 also shows
the turbulence statistics obtained from LDV measurements performed
at the turbine hub position, without the scaled turbine, for 30 min, for
the LTI and HTI conditions as a matter of further comparison.

For the LTI case, the standard deviations of streamvise velocity, and
thus the turbulence intensities, are slightly lower for the measurements
carried out without the turbine. Aside from that, the results are very
similar for the different configurations. Contrary to the lower turbu-
lence intensity cases, the flow is almost isotropic for the HTI condition
with � � �

�� � �
� 1.1. This is due to the honeycomb (see Fig. 6), placed

in the flume tank for the low � � configurations, which constrains the
flow in both the normal and transverse directions ( Medina et al., 2017).

3.2. Flow properties

As the turbulence intensity does not provide any information about
the turbulence spatial structure, some additional characteristics of the
flow are also studied. Since the sampling rate of the velocity mea-
surements is irregular, the LDV data are interpolated with a regular
time sampling for the estimation of the spectra and the correlations
presented in this section.

According to Blackmore et al. (2016), the integral length scale,
which characterise the size of the most energetic turbulent eddies, is an
important parameter. Assuming that the flow is statistically stationary,
this length can be estimated from the autocorrelation function of the
streamwise velocity:

�(�) =
� �

� (�)� �
� (� + �)

� 2
� �

(7)

where � �
� = � � � � � and � is the time lag. The integral time scale �

is obtained by integrating the autocorrelation function with respect to
time between � = 0 and the first time lag for which � = 0, denoted by
� 0.

� =
�

� 0

0
�(�)d�. (8)

Lastly, the integral length scale � is estimated from � using Taylor’s
hypothesis: � = � � � .

The length scales estimated for the IFREMER (only for the HTI
configuration), ATIR and D12 trial campaigns (at � � = 1.2 m/s,
considering all the TSR cases) as well as the measurements carried out
without turbine are presented in Table 4. It can be observed that, for
the four configurations, for the LTI and HTI cases, the integral length
scale is � 0.5 � 0.6 m. For the MTI, � is approximately twice the size.

Fig. 9. Power spectral densities of the streamwise flow velocity, obtained at � � =
1.2 m�s for the three turbulence intensities.

Fig. 10. Compensated spectra of the streamwise flow velocity, obtained at � � =
1.2 m�s for the three turbulence intensities.

In the same way as Medina et al. (2017), the flow properties are
also characterised via a spectral analysis of the upstream velocity.
The power spectral densities (PSD) of the streamwise velocity,  �� ,
presented in Fig. 9, were obtained using the scipy.signal.welch func-
tion of Python. For each turbulence intensity configuration, an inertial
subrange is visible but the frequency range is narrower for the lowest
values of � � : � 	 [0.6; 2.5] Hz for LTI, � 	 [0.6; 3] Hz for MTI and
� 	 [0.6; 30] Hz for HTI. These ranges are more visible in Fig. 10 which
presents the compensated velocity PSD ��  �� , where � is the negative
of the estimated slope.

The dissipation rate of the turbulent kinetic energy � can be es-
timated from  �� in the inertial subrange using Kolmogorov’s �5�3
law (Pope, 2000):

 �� (�) = �� 2�3 � �5�3 (9)

where � is the Kolmogorov constant (� � 1.5) and � is the wavenum-
ber. Using Taylor’s hypothesis (Pope, 2000), the wavenumber � can be
related to the frequency � :

� =
2��
� �

. (10)

Then, the dissipation rate can be estimated from the following rela-
tion ( Medina et al., 2017):

� =
( � 0

�

) 3�2 ( 2�
� �

) 5�2
(11)

where � 0 is obtained from the velocity PSD such that � 0� �� fits  �� (� )
in the inertial subrange. � 0 and the slope � are estimated using a linear
least-squares regression (seeTable 4).

As can be seen inFig. 9, except for the HTI case, in the inertial
subrange, the PSD differ from Kolmogorov’s law. The slopes estimated
are larger than 5/3 (see Table 4), particularly for the MTI. This result
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Table 3
Turbulence statistics measured during the trial campaigns for � � = 1.2 m�s.

Turbine Case � � [m/s] � � �
[m/s] � � �

[m/s] � 1�
� [%] � 2�

� [%] � 3�
� [%] � � �

�� � �
Time [s]

–
LTI 1.20 0.0202 0.0114 1.68 1.37 1.25 0.567 1800
HTI 1.17 0.158 0.175 13.6 14.3 14.5 1.10 1800

IFREMER HTI 1.18 0.155 0.174 13.2 14.0 14.3 1.12 13 × 360

ATIR
LTI 1.19 0.0222 0.0115 1.86 1.48 1.33 0.517 10 × 180
MTI 1.24 0.0537 0.0230 4.33 3.33 2.93 0.428 11 × 180
HTI 1.17 0.160 0.178 13.7 14.4 14.7 1.11 10 × 360

D12
LTI 1.19 0.0221 0.0114 1.86 1.48 1.33 0.515 11 × 180
MTI 1.23 0.0534 0.0246 4.32 3.37 2.98 0.460 11 × 180
HTI 1.16 0.158 0.170 13.6 14.1 14.3 1.08 11 × 360

Table 4
Turbulent flow characteristics for � � = 1.2 m�s.

Turbine Case � [m] � [m 2 s�3 ] � [m]  [mm] 	 [mm] �
 	 � 0 �

–
LTI 0.571 1.41 10�5 0.581 0.570 22.2 393 5.53 10�5 1.91
HTI 0.539 1.15 10�2 0.345 0.107 6.10 847 4.62 10�3 1.72

IFREMER HTI 0.564 1.00 10�2 0.372 0.110 6.41 871 4.26 10�3 1.67

ATIR
LTI 0.629 1.77 10�5 0.620 0.538 21.9 425 6.39 10�5 1.80
MTI 1.22 1.60 10�4 0.967 0.310 17.6 826 2.95 10�4 2.30
HTI 0.553 1.16 10�2 0.355 0.106 6.15 866 4.71 10�3 1.70

D12
LTI 0.495 1.22 10�5 0.881 0.591 26.1 506 4.96 10�5 1.91
MTI 1.04 1.76 10�4 0.862 0.303 16.6 778 3.13 10�4 2.20
HTI 0.588 9.90 10�3 0.395 0.111 6.55 905 4.13 10�3 1.68

Fig. 11. Ratio of the transverse and streamwise velocity spectral densities, obtained at
� � = 1.2 m�s for the three turbulence intensities.

is not surprising since the turbulent flow is not locally isotropic for
the lower � � values. Indeed, the local isotropy assumption is valid
if  �� � �� = 4�3 in the inertial subrange ( Saddoughi and Veeravalli,
1994; Milne et al. , 2013), which is not the case (see Fig. 11) for
the LTI and MTI conditions. Nevertheless, the values obtained for the
dissipation rates � are consistent with other studies ( Blackmore et al.,
2016; Medina et al., 2017).

From the dissipation rate �, another characteristic length of the
eddy size, the injection length scale � (Blackmore et al., 2016; Medina
et al., 2017), corresponding approximately to the scale at which energy
enters the turbulent cascade from the mean flow, and two other scaling
properties, Kolmogorov’s dissipation scale  and the Reynolds number
�
 	 based on Taylor length scale 	 (Pope, 2000), can be estimated:

� �
� 3

� �

�
(12)

 =
( �

�

) 1�4
(13)

	 =

�
15�
�

� � �
(14)

�
 	 =
� � �

	

�
(15)

where � � 1.141 10 �6 m2�s is the water kinematic viscosity. As these
quantities can be useful for comparison with other trials results, their
values are also given in Table 4 as a matter of information. However,
since Kolmogorov’s law is not respected for the LTI and MTI cases, these
estimations may not be accurate. At HTI, the values are similar for the
four configurations.

4. Performance evaluation

The performances of the three scaled devices are evaluated using
the power and thrust coefficients which are defined respectively by:

� ! =
"� �

1
2
# � 3

�

(16)

and :

� � =
�

1
2
# � 2

�

(17)

where " is the rotor torque, � is the rotor thrust and # is the fluid
density. The upstream axial velocity � � here is the velocity measured
by the LDV for each configuration. The overbar denotes the time
average. As the blade profiles are confidential, all results were divided
by a reference value, chosen for the LTI condition and a velocity � � :

• power coefficients and their standard deviations are divided by
the maximum � ! value;

• thrust coefficients and their standard deviations are divided by
the � � value at the TSR of the maximum value of � ! .

The anonymised values will be identified by �. As the ATIR and D12
performances are compared to those of the IFREMER model in this
section, the choice of the velocity case for the reference value was made
in order to have the highest common Reynolds numbers (seeTable 5).
Thus, the selected velocities are � � = 1.3 m/s for the ATIR, 1.4 m/s for
the D12 and 1.2 m/s for the IFREMER turbine, for which the Reynolds
number �
 � is between 4.20 × 105 and 4.39 × 105.

The results obtained for the time averaged power and thrust co-
efficients and their standard deviations, as a function of the TSR, are
presented in the following subsections.






























