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Résumé :
Dans ce papier est étudiée expérimentalement l’influence de la houle et du courant combinés sur le
comportement de deux hydroliennes à axe horizontal pré-commerciales. Les essais sont réalisés dans
un bassin à houle et courant où les conditions d’essais sont obtenues par vélocimétrie laser. La vitesse
moyenne de l’écoulement est calculée par intégration sur le disque rotor. Les amplitudes de houle et les
orbitales de vague sont déterminées par méthode des moindre carrés.
Une attention particulière est apportée sur l’influence de la profondeur d’immersion des turbines. L’ana-
lyse des performances et des efforts sur les pales met en évidence une augmentation des fluctuations
d’efforts avec la diminution de la profondeur.
Le moment de mise en rotation en pied de pale sur une turbine subit des fluctuations allant jusqu’à 100
% de l’effort moyen sous l’effet de la houle et de la turbulence lorsque la turbine est proche de la surface
libre. La houle est responsable de la moitié de cette fluctuation.

Abstract:

This paper studies wave influence on two horizontal axis tidal turbines from industrial partners : Sabella
and Magallanes. The trials have been performed in a wave and current flume tank where upstream flow
conditions have been monitored thanks to Laser Doppler Velocimetry. Mean velocity is computed with
rotor disc integration of the velocity profile. Wave amplitude and orbital amplitude are computed thanks
to least mean square method.
A special attention has been paid to turbine immersion depth. Performance and blade root loads analy-
sis highlight higher fluctuations when the turbine is close to the free surface.
When a turbine is close to the free surface, the edgewise moment fluctuations can reach 100 % of the
mean effort under combined wave and turbulence loading. Wave is responsible for half part of these
fluctuations.

Key words: Horizontal axis tidal turbine, Tidal energy converters, Wave-
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1 Introduction
Tidal Energy Converters (TEC) experience harsh conditions, including strong upstream flows such as
the ones encountered in the Alderney Race. In this highly energetic aera, the turbulence intensity is about
6 % to 13 % [14], and wave can reach a significant height of 7 m and a peak period of 13 s during the
Eleanor storm [9] for instance.
The MONITOR project was launched in 2018 [15]. The main objective of this project is to improve
the TEC reliability facing those severe real-life conditions. This program is supported by the Interreg
Atlantic Area because the Atlantic region in western Europe presents one of the biggest tidal potential in
the world. Through multiple testing techniques: in-situ measurements, numerical simulations, and flume
tank trials, the MONITOR project aims at better understanding TEC response to such conditions.
Based upon former studies evaluating TEC blade loads variations due to turbulence [11, 1], experimen-
tal testings carried out during the MONITOR project enabled TEC response to turbulence [13] to be
quantified. It is especially shown that loads standard deviation at peak performance Tip Speed Ratio, i.e.
nominal TSR, are three times higher in high turbulence cases versus low turbulence cases. Moreover, de-
pending on TEC design, turbulence may affect positevely or negatively the overall turbine performance
of a few percents.
The present work, as part of flume tank testings of the MONITOR project, investigates TEC response
to combined wave and turbulence effects. Previous studies [3, 7] have investigated the TEC response to
wave exposure. All studies agree that TEC torque and thrust standard deviation drastically increase in
wave cases, with an amplitude depending on wave parameters, immersion of the turbine and TSR. Never-
theless, it is still unclear if the effect of waves combined with a high turbulence level environment can be
compared to a turbulent flow only from a material constraints point of view. The aim of the present work
is to quantify this combined effect in order to reproduce as much as possible the in-situ conditions and
the corresponding blade root loads variations. This experimental study focuses on two pre-commercial
devices from industrial partners of the MONITOR project. First, there is the Magallanes ATIR. A 2 MW
device composed of a floating platform supporting two variable-pitch 3-bladed turbines. Secondly, there
is the Sabella D12 bottom-mounted fixed-pitch and 5-bladed 1 MW device.
First, the experimental set-up and the upstream flow conditions will be analyzed thoroughly in section
2. Secondly, the effect of waves on both performances CP , CT and blade root loads will be discussed in
section 3.

2 Experimental set-up and upstream flow conditions
The set-up description of this section is very close to the one offered in [13], the present paper is a
continuation of this previous work.

2.1 Experimental configuration and turbine models description
The experiments were carried out in the IFREMER wave and current flume tank in Boulogne-sur-Mer.
The flume tank working section is 18 m long, 4 m wide and H = 2 m deep. The streamwise flow ve-
locity ranges from 0.1 to 2.2 m/s. More details are available in [4]. The experimental set-up, illustrated
in fig. 1, was the same for both turbines. The hub of the scaled turbine is set at a depth of either -1.0 m
or -0.6 m below the free surface. The flow conditions were monitored at the hub center axis, approxi-
mately two turbine diameters upstream of the turbine with a bi-dimensional Laser Doppler Velocimeter
(LDV). More details about the flume tank and the instrumentation can be found in [4, 13]. Both the
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Figure 1 – Schematic side view of the test configuration with turbine immersion being either 0.3H or
0.5H .

Magallanes Renovables ATIR and the Sabella D12 scaled models, shown in fig. 2, are based on the
existing IFREMER mechanical and electrical generic turbine, a 3-bladed horizontal axis turbine, used
in previous works [13, 5]. It is a fixed pitch device. This results in a major difference between the model
and the full-scale device for the ATIR turbine. Whereas the full scale model has variable-pitch blades,
the scaled model has fixed-pitch blades. Hence the ATIR blades will not be at the optimum pitch angle
in all operating conditions. This is not an issue for the Sabella D12 turbine because full scale model is a
fixed-pitch turbine. Model parameters are detailed in Table 1. Magallanes Renovables and Sabella blade
profiles are confidential.

Figure 2 – Pictures of the scaled models: left is Magallanes Renovables’ ATIR, right is Sabella’s D12.

Table 1 – Turbine model parameter description.

Description ATIR D12

Rotor Radius R [mm] 338 300
Hub Radius [mm] 55 96
Number of blades 3 5

The scale of the ATIR and the D12 models are 1:28 and 1:20 respectively. The Froude criterion was
preferred to the Reynolds criterion to scale the experimental set-up because the full scale Reynolds
numbers are around 107 and these values cannot be obtained in the flume tank, as detailed in [13]. Be u
the velocity temporal mean, g the acceleration due to gravity and ν the water kinematic viscosity. Then
the Froude number is Fr = u/(gH) and the Reynolds is Re = uR/ν. Under those definitions, the
Froude equals to 0.18, for both real scale and experimental cases. The Reynolds number range in the
flume tank, depending on the turbine, is [2.4, 2.7]× 105.
In this study, the Tip Speed Ratio (TSR) varies from 0 to 8 for both turbine. The torque and thrust are
directly measured on the rotation axis while each blade root is equipped with a load-cell measuring two
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forces and three moments. These sensors and their axis system are represented on the rotor hub in fig. 3,
see [4] for more details. These axis systems are the reference to name forces and moments of each blade
root. Adapting the unconventional 5-bladed D12 to the IFREMER device forced to mount one blade

Figure 3 – Axis system for each blade root load and represention of weight W⃗ for each blade. The weight
is represented at the center of the axis system, and not at the gravity centre, to ease representation.

alone, and the four other blades by groups of two. Therefore, for the Sabella scaled turbine, the blade
root loads can only be studied for the single blade.
Finally, during all the trials, the turbine parameters and the flow velocity are recorded synchronously.
The signals are sampled at a frequency of 128 Hz, excepted for the LDV which has an irregular sampling
rate. The acquisition time is set to 180 s for all cases.
Two cases are presented in this paper: "WM only" represents the case where the wavemaker is idle
into the water, i.e. with current only. This case is mandatory to characterize the velocity profile and
turbulence generated by the presence of the wavemaker. It is considered as the reference case. "A95-
F05" represents the wave and current case, with a required wave amplitude of 95 mm (with no current)
and wave frequency of 0.5 Hz.

2.2 Upstream velocity conditions
The upstream velocity along x-axis at the hub center z-position is defined by eq.( 1) in agreement with
the axis system presented in fig. 1.

u(t) = u+ u′(t) + uwave(t), (1)

where u is the temporal mean, u′(t) is the fluctuating component due to turbulence and uwave(t) is
the orbital velocity component along x-axis. If there are no wave, uwave(t) = 0. The required mean
upstream axial velocity in these trials is u0 = 0.80 m/s. Specific mean upstream flow velocity will be
found in Table 3.
Fig. 4a represents the velocity profile along the water column for the two tested cases. Dots on the velocity
profiles represent mean values, noted u(z), linked by linear interpolation. The colored area represents
the corresponding standard deviation. Concerning the profiles, the shear is linear between z = -0.2 m
and z = -1.0 m for both cases. It can be noticed that "A95-F05" case has a shear with a higher slope.
For z < -1.0 m, the velocity profile is nearly constant for both cases. An example of the position of the
turbine rotor in the flume tank is shown in fig. 4b. The dashed lines stands for the turbine rotor disc for
Sabella, R = 300mm, at z0 = −0.6m. The rotor disc is seen from behind, facing upstream flow. To take
into account the velocity variations along z, the velocity profiles are integrated on the rotor disc surface,



25ème Congrès Français de Mécanique Nantes, 29 août au 2 septembre 2022

0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90

u [m/s]

−1.6

−1.4

−1.2

−1.0

−0.8

−0.6

−0.4

−0.2

0.0

z
[m

]

WM only

A95-F05

(a) Velocity profiles, mean ± std, for "WM only" and
"A95-F05" cases.

(b) Disc integration scheme for Sabella D12, at depth
-0.6 m.

Figure 4 – Velocity profiles processing.

as advised in [10]. Spatial integration through a trapezoidal approximation is used, as represented in
fig. 4b by the orange polygones.
Moreover, several possible sources of error are identified. First these velocity profiles have been recorded
with a tri-component LDV, different from the bi-component LDV used to record the velocity during the
trials with the turbine model. This could lead to difference in the obtained velocity value. Secondly, these
profiles were recorded at a different moment than the trials with the turbine model. As those trials are
180 s long, this could also lead to some convergence discrepancies. To avoid those errors, the integration
is performed on velocity profiles normalized by the velocity mean at the hub z-position, z0.
This process results in coefficients named Kn, n ∈ {1, 2, 3}. They depend on the turbine type, the
immersion depth and the time series. The time series can be u(t), u2(t) or u3(t) and it gives the index
of the coefficient. For all the cases, K1 ∈ [0.98, 1.00] serves to correct TSR, K2 ∈ [0.97, 1.00] serves
to correct CT , and K3 ∈ [0.96, 1.00] serves to correct CP .

2.3 Turbulence
The incoming turbulence is at first regulated using flow straighteners, grid and honeycomb, placed at the
inlet of the working section. Then the wavemaker presence generates turbulent structures that penetrate
the water column. The ambient turbulence intensity in the flume tank is thus defined downstream of the
wavemaker, at the bi-component LDV x-position, as presented in fig. 1.
The 3D turbulence intensity is defined by eq. (2). An isotropy assumption between the v and w compo-
nents can be made. This signifies that for both of them, mean and standard deviation are of same order
of magnitude. This hypothesis has been verified thanks to the velocity profile measurement with the
tri-component LDV. The obtained I3D at each depth highlights that the isotropy hypothesis between v

and w components is valid for z < -0.3 m. Then, as the turbine hub is at z0 = -0.6 m or z0 = -1.0 m,
this hypothesis is valid for the studied domain. This hypothesis allows to compute the 3D turbulence
intensity with the data from the bi-component LDV by using the second measured velocity component
twice. u, v, and w components are all decomposed in the same way as described in eq. (1). The turbu-
lence intensity is computed with the contribution of turbulence only. That is to say the first order wave
contribution, computed with an in-house sinusoidal least mean square code built according to [8], is
substracted from the velocity signal.
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I3D =

√
1/3(σ2

u′ + σ2
v′ + σ2

w′)

u2 + v2 + w2 ≃
√

1/3(σ2
u′ + 2σ2

v′)

u2 + 2v2
≃

√
1/3(σ2

u′ + 2σ2
w′)

u2 + 2w2 (2)

The wavemaker presence generates an ambient turbulence intensity around I3D ≈ 10% at -1.0 m to
I3D ≈ 15% at -0.6 m. This turbulence intensity range corresponds to in-situ measured values [16, 9].
Specific turbulence intensity can be found for each case in Table 3.

2.4 Waves analysis
In this part, different approaches of processing the wave characteristics are investigated. The main ob-
jective here is to present the wave characteristics in the flume tank. A second objective is to highlight the
possibility of rebuilding the wave orbital profiles under the free surface in further experimental analysis
and in numerical works.
The measured wave amplitude comes from the wave probe signal processed with an in-house sinusoi-
dal least mean square code built according to [8]. The wave orbital velocity along x-axis is defined by
uwave(t) = b sin(ωwavet) + c cos(ωwavet) with b, c ∈ R also evaluated thanks to the same least mean
square method. Then wave orbital amplitude equates

√
b2 + c2.

Airy’s wave dipersion relation, from [12], is used to compute ideal wavenumber k0 with an in-house built
Newton procedure for equation resolution. Wave dispersion relation adapted to flume tank, i.e. with a
current velocity, from [2], is solved with the same Newton’s procedure for equation resolution. This
gives a theoretical wavenumber for the flume tank k. From this, the wavelength L is obtained through
L = 2π/k. Results are described in Table 2. For the "Theory" approach, the wave amplitude is compu-
ted with a formula from [2], characterizing the effect of the flume tank current on the wave amplitude.
Results are in column "Wave "Theory" amplitude" of Table 2.
Eventually, two approaches are used to compute wave orbital amplitude. The first one is named "Theory"
because it uses the previously obtained wave amplitude and the wavenumber k to compute orbital am-
plitude thanks to Airy’s wave theory. The second one is named "Adjusted theory" because it uses the
measured wave amplitude from the wave probe and the wavenumber k to compute orbital amplitude,
again with Airy’s wave theory.
Table 2 summarizes all the results obtained from this wave processing. The main objective of this pro-

Table 2 – Waves analysis.

Wave fwave Depth

- Hz m mm mm mm m m·s−1 m·s−1 m·s−1

−1.0 0.08 0.10 0.07

−0.6 0.11 0.13 0.10

Theory
wavelength
L

Wave
amplitude
without
current

Wave
measured
amplitude

Wave
"Theory"
amplitude

Orbital
measured
amplitude

Orbital
"Theory"
amplitude

Orbital
"Adjusted
theory"
amplitude

A95-
F05 0.5 8.4 95 57 77

cess is to characterize the wave of the upstream flow and showing that the "Adjusted theory" process
is capable of producing accurate results on the wave orbital amplitude. This last point aims at proving
the possibility of Airy’s wave theory to reproduce accurately wave orbital amplitude measured in flume
tank so that this process can be used to describe orbital through the water column in upcoming works.
The measured wave amplitude of 57 mm is significantly lowered compared to the required amplitude of
95 mm. A part of the explanation comes from the effect of the current in the flume tank, as highlighted
in Table 2 with the "Wave "Theory" amplitude" column. However, this is not sufficient to account for all
the decrease. The wavemaker transfer function must explain part of the gap between the "Theory" result
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and the measurement. Moreover waves reflection in the flume tank as well as higher wave orders must
have also played a role in the discrepancy between the "Theory" result and the measurement.

2.5 Summary of upstream flow conditions
In a word, major upstream flow parameters including mean velocity, turbulence intensity, measured wave
amplitude, measured orbital amplitude, are summarized in Table 3.

Table 3 – Upstream flow major parameters.

Depth Turbine Wave u I3D

m - - m·s−1 % mm m·s−1

WM only 0.8 10.1 - -
A95-F05 0.81 10.8 57 0.08

WM only 0.79 9.3 - -
A95-F05 0.81 10.3 57 0.08

WM only 0.72 14.8 - -
A95-F05 0.7 15.7 57 0.11

WM only 0.72 15.4 - -
A95-F05 0.71 16.3 57 0.11

Wave
measured
amplitude

Orbital
measured
amplitude

−1.0
ATIR

D12

−0.6
ATIR

D12

3 Turbines performances and blade root loads evaluation
Because of confidentiality aspects, values have to be normalized. The following reference case is used:
"WM only" at -1.0 m depth at optimal performance TSR for each turbine: TSR = 6.0 for Magallanes
and TSR = 4.5 for Sabella. For any load A, Aref is the temporal average of this load for the reference
case. Hence, normalized load A∗ = A/Aref is studied.

3.1 Power and thrust coefficients
Tip Speed Ratio is defined by:

TSR =
RΩ

K1u
, (3)

where Ω is the turbine angular frequency. Power and thrust coefficient are defined by:

CP =
P

1
2ρπR

2K3u3
CT =

T
1
2ρπR

2K2u2
, (4)

where ρ is the fluid density. The power P and thrust T come from the torque and thrust sensor, see fig. 3.
Fig. 5 presents C∗

P , C∗
T results versus TSR for Magallanes ATIR turbine, fig. 5a, and Sabella D12,

fig. 5b. The C∗
T curves continuously increase with the TSR. Moreover, for one turbine, they are very

close to each other whatever the case under investigation. The C∗
P curves are also common: increasing

with the TSR, going through a maximum, then decreasing. An awaited result is the lower TSR of
optimal performance of Sabella turbine compared to Magallanes one. This is explained by the higher
solidity of Sabella turbine. Nevertheless, the curves present some discrepancies between the cases that
deserve analysis.

As mentionned in [13], Magallanes Renovables ATIR turbine suffers from a strong Reynolds effect at
u0 ≃ 0.8 m·s−1, partly because of the fixed-pitch model. Thus a possible way of explanation of the better
C∗
P performance at both depth in the wave case "A95-F05" may be due to higher Reynolds encountered

by the blades because of the orbital velocities. Nevertheless, comparison with [13] for this turbine can
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Figure 5 – Performances of ATIR and D12 turbines versus TSR.

only be limited because the blades have a brand new rough coating. This coating deeply enhances the
performances for the reference case "WM only" at -1.0 m depth compared to the equivalent case from
[13]: high turbulence intensity at u0 ≃ 0.8 m·s−1. Finally the decrease in performance at -0.6 m may be
due to the lower mean velocity at this depth. For the wave case "A95-F05", a decrease of 23 % of C∗

p,max

from -1.0 m depth to -0.6 m depth is observed. For the "WM only" case, a decrease of 19 % of C∗
p,max

from -1.0 m depth to -0.6 m depth is observed. Turbulence must not be responsible for this decrease
because it has been shown in [13] that turbulence affects positively the performance of the Magallanes
turbine. The shift of TSR at which occures C∗

p,max: from TSR = 6 to TSR = 6.5 may be explained
by higher turbulence as for Sabella turbine. But this effect was not observed in [13].
Concerning Sabella turbine analysis, it can be easily noticed that at -1.0 m depth, the wave doesn’t affect
the turbine performance: C∗

P curves are the same for both "WM only" and "A95-F05" cases. From -
1.0 m depth to -0.6 m depth, for "WM only" case, the C∗

p,max decreases of about 3 %. This effect is
presented in [13] between the medium to high turbulence intensity cases. So this must confirm an effect
of high turbulence intensity on Sabella turbine which slightly decreases the performances. Moreover,
the TSR at which occures C∗

p,max is a little higher: TSR = 4.5 instead of TSR = 4, as seen in [13]
and also observed for Magallanes turbine. From -1.0 m depth to -0.6 m depth, for "A95-F05" wave case,
the C∗

p,max decreases of about 9 %. This higher decrease in performance for this case may be due to the
higher turbulence intensity at the -0.6 m depth and the stronger orbitals experienced. It may also be to
the Reynolds effect as the mean velocity is lower at -0.6 m. The TSR at which occures C∗

p,max is even
higher, nearly TSR = 5 instead of TSR = 4.
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3.2 Blade root load analysis
Blade root loads indices are defined according to axis systems presented in fig. 3. Blade root loads are
analyzed thanks to polar plots on fig. 6 for the edgewise moment Mx1 and on fig. 7 for the thrust force
Fx1. Angular phase of the blade root loads signal is built using Hilbert transform on Fy1, as already
performed in [6]. The angular domain is then divided into sectors of angle θ0 equating two times the
angular resolution: θ0 = 2Ω/fs, where fs is the sampling frequency. For each sector, if A is a blade root
load, the normalized phase average is Ã∗θ, and the normalized phase standard deviation is σ∗

θ(A).
Only Magallanes results will be presented here because Sabella ones are still under processing.

3.2.1 Mx1 processing and analysis

The angles are reported according to fig. 4b. h superscript is used here to denote the hydrodynamic
component. As highlighted in fig. 3, weight affects the edgewise moment M∗

x1. In order to remove the
effect of weight momentum M∗

P , the following data processing has been designed. The example taken
here is for a turbine rotating in the counter clockwise, mathematically positive, direction of rotation
according to fig. 4b. The edgewise moment can be divided between the hydrodynamic part and the
weight part. We admit that the hydrodynamic momentum M̃∗

x1

θ,h
is equal at 90° and 270° because it

is at the same water depth and thus the same averaged velocity. M∗
P is then obtained thanks to linear

combination.
M∗

P =
1

2

(
M̃∗

x1

θ
(90°)− M̃∗

x1

θ
(270°)

)
(5)

Then, to isolate hydrodynamic effect, the projection of the weight momentum, as represented in fig. 3,
is removed using eq. (5).

M̃∗
x1

θ,h
= M̃∗

x1

θ −M∗
P sin(θ) (6)

The result of this process is the polar representation of the hydrodynamic part of the edgewise moment,
noted M̃∗

x1

θ,h
. It is presented on fig. 6 polar plots. The striking element is the oval shape of M̃∗

x1

θ,h
for

all cases and at both depth.

While min M̃∗
x1

θ,h
is between 0° and 20°, max M̃∗

x1

θ,h
is at 190°. This highlights a direction of asym-

metry. It can also be observed with the gap between M̃∗
x1

θ,h
and M∗

x1. M̃∗
x1

θ,h
is oval for both cases

at both depth. This must result from the velocity gradient noticed on the profiles of fig. 4a. The angle
of maxσ∗

θ(Mx1) is close to the angle of max M̃∗
x1

θ,h
at depth -0.6 m and it is close to the angle of

min M̃∗
x1

θ,h
at depth -1.0 m. There is a striking increase of M∗

x1 at -1.0 m for the wave case "A95-F05"
which must explain the highest C∗

P previously observed in fig. 5a. At -0.6 m, M∗
x1 is also a little higher

for "A95-F05" than for "WM only". However, this phenomenon is less important at -0.6 m than at -1.0
m.

Table 4 – Relative value of maxσ∗
θ(Mx1)

Depth "WM only" "A95-F05"
m % %

-0.6 80 100
-1.0 56 60

Table 4 shows the relative value of the maximum standard deviation of M̃∗
x1

θ,h
. It represents a way

to know the maximum amplitude of the fluctuating load encountered by the blade. Relative value of
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Figure 6 – M̃∗
x1

θ,h
for Magallanes ATIR at peak performance TSR = 6.7 at depth -0.6 m and TSR =

6.0 at depth -1.0 m. The red data on the left represents the "WM only" case. The blue data on the right
represents the "A95-F05" wave case. The red/blue line draws M̃∗

x1

θ,h
for each angle. The red/blue area

represents the standard deviation associated. Straight lines represent the direction of min M̃∗
x1

θ,h
, green,

max M̃∗
x1

θ,h
, purple. Both represent the ovalized direction of the load. Eventually the yellow straight

line represents the direction where the blade sees the higher load fluctuations: maxσ∗
θ(Mx1).

maxσ∗
θ(Mx1) is increasing when wave is added to turbulence ("A95-F05" case), and when the turbine

gets closer to free surface from -1.0 m to -0.6 m. However, it is hard to determine the importance of
variations only due to wave from Table 4 as the influences of turbulence and wave are mixed. To only
measure the effects of wave, the amplitude of M̃∗

x1

θ,h
variations have been processed using an in-house

built sinusoidal least mean square method at the wave frequency [8]. At -1.0 m, the relative amplitude
of this variations is 31 % of mean load value and at -0.6 m, it is about 46 % of mean load value. Hence
those results highlight that wave seems to be responsible for half of the fluctuating loads represented in
Table 4.
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3.2.2 F̃ ∗
x1

θ
analysis

Inasmuch as there is no effect of weight on Fx1, as it can be seen in fig. 3, the data can be directly
plotted. F̃ ∗

x1

θ
is represented on polar plot in fig. 7. The striking element is that the gap between F̃ ∗

x1

θ

and F ∗
x1 remains limited for all the angles. The standard deviation also appears limited compared to one

encountered for the M̃∗
x1

θ,h
signal.
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Figure 7 – F̃ ∗
x1

θ
for Magallanes ATIR at peak performance TSR = 6.7 at depth -0.6 m and TSR =

6.0 at depth -1.0 m. The red data on the left represents the "WM only" case. The blue data on the right
represents the "A95-F05" wave case. The red/blue line draws F̃ ∗

x1

θ
for each angle. The red/blue area

represents the standard deviation associated. Straight lines represent the direction of min F̃ ∗
x1

θ
, green,

max F̃ ∗
x1

θ
, purple. Both represent the ovalized direction of the load. Eventually the yellow straight line

represents the direction where the blade sees the higher load fluctuations: maxσ∗
θ(Fx1).

While min F̃ ∗
x1

θ
is at 0° for -1.0 m depth and at 20° for -0.6 m depth, max F̃ ∗

x1

θ
is at 170°, excepted

for "WM only" at -0.6 m case which is at 20°. The same direction of asymmetry as the one observed
for M̃∗

x1

θ,h
in section 3.2.1 is noticed. While maxσ∗

θ(Fx1) is located between 5° and 30° at -1.0 m, it
is located at 95° for -0.6 m cases. It is the same behaviour as the one observed for the M̃∗

x1

θ,h
signal in
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section 3.2.1. Thus maxσ∗
θ(Fx1) and maxσ∗

θ(Mx1) are apparently correlated.
Table 5 shows the relative value of the maximum standard deviation of F̃ ∗

x1

θ
. It represents a way to know

the maximum amplitude of the fluctuating loads encountered by the blade. maxσ∗
θ(Fx1), which is about

16 % of mean load F ∗
x1 for all cases at both depth, seems less sensitive to wave or turbulence compared

to maxσ∗
θ(Mx1) reaching 100 % of mean effort in case of wave and turbulence at -0.6 m.

Table 5 – Relative value of maxσ∗
θ(Fx1)

Depth "WM only" "A95-F05"
m % %

-0.6 16 17
-1.0 16 16

As for the M̃∗
x1

θ,h
signal, it is hard to determine the importance of variations only due to wave from

Table 5. To only measure the effects of wave, the amplitude of F̃ ∗
x1

θ
variations are processed with the

same in-house built sinusoidal least mean square method. At -1.0 m, the relative amplitude of this va-
riations is 9 % of mean value and at -0.6 m, it is about 11 %. Even if F ∗

x1 appears to be less sensitive to
waves or turbulence than the edgewise moment, wave seems also to contribute to half of the fluctuating
load.

4 Conclusion
— While wave doesn’t affect Sabella maximum C∗

P at the lower immersion depth -1.0 m, maximum
C∗
P decreases from about 10 % at the upper immersion depth -0.6 m.

— Wave increases Magallanes maximumC∗
P of about 10 % at both immersion depth -1.0 m and -0.6

m. Performance is globally lowered at the upper immersion depth, -0.6 m, due to the Reynolds
effect seen by Magallanes blades inasmuch as the mean velocity is lower compared to the one at
-1.0 m.

— Concerning the Magallanes turbine in the case close to free surface, maximum standard deviation
of the edgewise moment is about 100 % of the mean effort when wave is added to turbulence.
Fluctuating edgewise moment generated by wave has an amplitude about 46 % of the mean effort
at -0.6 m and decreases to the value of 31 % of the mean effort at -1.0 m.

— Concerning the Magallanes turbine in the case close to free surface, maximum standard deviation
of the axial force is about 17 % of the mean effort in the wave and turbulence case. Fluctuating
axial force generated by waves has an amplitude close to 10 % of the mean effort for both im-
mersion depth: -0.6 m and -1.0 m.

— All in all, both wave and turbulence generate fluctuating loads of similar order of magnitude.
Those fluctuating loads add between each other and both contribute to material fatigue.
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