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Abstract

In high flow velocity areas like those suitable for tidal applications, turbu-
lence intensity is high and flow variations may have a major impact on tidal
turbine behaviour. A three-bladed horizontal axis turbine model (scale 1:20)
is positioned in the wake of a square wall-mounted cylinder, representative of
specific in situ bathymetric variation, to experimentally study these effects in a
current flume tank. Local and global loads are acquired in synchronisation with
velocity measurements to study the turbine response to flow fluctuations. Ve-
locity measurements need to be obtained close to the turbine, contrary to what
is commonly considered, to properly correlate velocity and loads fluctuations.
Results show that the loads phase average and their dispersion evolve according
to the sheared velocity profile. We conclude that the turbine load fluctuations
directly respond to the low frequency velocity fluctuations and are dominated
by the turbulent structures shed from the cylinder. It is then possible to com-
pare the effects of large coherent turbulent structures on the turbine behaviour
to cases with more classical free stream turbulence commonly studied. These
results provide a substantive database in high Reynolds number flows for further
fatigue analysis or recommendations for turbine positioning in such flows.

Keywords: Turbulence, Experimental trials, Wall-mounted cylinder, PIV,
LDV, Horizontal Axis Tidal Turbine

1. Introduction

Industrial projects for tidal energy harvesting have started to emerge all
around the world. Understanding the impact that the extreme marine envi-
ronment has on the survivability of tidal energy converters is fundamental for
the successful development and commercialisation of full scale devices. Recent5
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efforts from the scientific community to drive the development of tidal tech-
nology forward mainly include the estimation of wave loading on tidal energy
devices [1, 2, 3, 4, 5, 6, 7]. According to Ouro et al. [8], energetic turbulent
structures met in the tidal areas are the most relevant hydrodynamic features
the marine turbines are subjected to. These structures are generated from ir-10

regular seabed bathymetry or large-scale turbulence that is convected with the
free-stream flow. In such tidal areas, turbulence intensity varies between 3 %
and 24 % [9] and many papers have underlined the importance of studying the
turbulent inflow impacting the turbines, e.g. Refs. [10, 11] for wind turbines.
Among these studies, some of them have been carried out in the Ifremer flume15

tank: e.g. see Refs. [9, 12, 13, 14]. Mycek et al. [9] concluded that the wake
of a tidal turbine is dissipated faster when the inflow turbulence intensity in-
creases. Blackmore et al. demonstrated in Refs. [15, 12] that the increase of
turbulence intensity and turbulent length scale slightly increases the power and
thrust coefficients. Durán Medina et al. [13] as well as Payne et al. [14] showed20

that the flow turbulence intensity significantly affects the temporal variability
of the turbine power production. Another consequence is the impact of these
velocity fluctuations on the structural loads or on the blade fatigue which has
been studied by Davies et al. [16] for instance. Finally, the temporal power
variability due to turbulent flow presents a major challenge for electrical grid25

systems, as shown by Lewis et al. [17].

A better understanding of the nature of turbulence in tidal areas is therefore
a key goal in the successful installation and operation of tidal energy devices.
Understanding the structure of turbulence will make it possible to predict its
appearance and possibly manage or control its influence. The design of modern30

marine current turbines is currently being driven by the extreme loads imposed
upon the turbine. As noted by Madsen et al. [18], these extreme loads during
normal operation in turbulent conditions may exceed the design loads for wind
turbine.

The study of Kelley et al. [10] underlines the importance of the coherence35

level of the incoming flow for fatigue loads analysis. Churchfield et al. [11]
studied a wind turbine submitted to a stable and unstable flow with a high
or low surface roughness. They concluded that coherent turbulent structures
embedded in the flow cause loads fluctuations as significant as when the turbine
is in the wake of another upstream turbine. The study of Chamorro et al.40

[19] focuses on an experimental set-up where a vertical cylinder produces Von-
Kármán vortex streets that impact the turbine afterwards. They showed that
the loads are impacted in the same frequency range as the vortex emitted from
the cylinder wake. Byrne et al. [20] showed that if obstacles, with a size of more
than 20 % of the turbine size, occupy more than 30 % of the turbine swept area,45

the turbine must be elevated or its location changed to avoid any structural issue.
Chamorro et al. [21] underline the lack of study on the turbulent structures effect
on turbines power production and wake meandering, especially for bathymetry
generated structures. One of the most extended studies on that topic is the
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paper written by Ouro et al. [8] where the behaviour of a turbine above dunes50

is numerically studied at Re = 6 × 104, with a focus on the turbine wake.
Fatigue analysis exists on tidal turbine blades submitted to fluctuating loads in
a marine environment, e.g. see Refs. [16, 22]. However, no fatigue study was
found with loads fluctuations from large scale turbulent structures emitted from
bathymetry elements.55

Ikhennicheu et al. [23] present a case study comparison of various elementary
obstacles used to reproduce bathymetry variations, like those encountered in
the Alderney Race (middle of the English Channel), as shown by its geological
description by Furgerot et al. [24]. They concluded that wide obstacles (6 times
wider than its height) produces the most energetic wake that extends up to60

the free surface. In this case, large scale turbulent structures are periodically
emitted from its wake and their diameter is similar to the one of a turbine at the
same scale [25]. In order to know if such flow structures can be critical for tidal
turbines behaviour, specific studies must be carried out. This work proposes
to extend the existing database of the literature with the experimental study65

of a turbine response to the coherent turbulent wake of a wall-mounted square
cylinder at a high Reynolds number of Re = 2.5× 105.

The experimental set-up is described first with a presentation of the tank,
the velocimetry techniques and the three-bladed horizontal axis turbine model.
Then, the flow variations characteristics are detailed. The impact of this partic-70

ular inflow on the turbine behaviour is finally investigated through the analysis
of local and global loads, correlation and coherence studies.

2. Experimental set-up

2.1. Flume tank and instrumentation
The tests have been carried out in the wave and current circulating flume75

tank of Ifremer located in Boulogne-sur-mer (France) presented in Figure 1.
The test section is 18 m long × 4 m wide × 2 m high.

In this work, the three instantaneous velocity components are denoted (u, v, w)
along the (x, y, z) directions respectively. x is the main flow direction, y is ori-
ented from the observation window towards the wall and z is from the tank80

bottom to the free surface (see Figure 4). Each instantaneous velocity com-
ponent is separated into a mean value and a fluctuating part according to the
Reynolds decomposition: u = u + u′, where an overbar indicates the time av-
erage. The incoming flow (u∞, v∞, w∞) is assumed to be steady and constant.
By means of a grid and a honeycomb, that acts as a flow straightener, placed at85

the inlet of the working section, a turbulent intensity of I∞ = 1.5 % is achieved
for a flow velocity of 1 m/s. Turbulence intensity I∞ in the incoming flow is
defined by equation 1, with σ the standard deviation.

I∞ = 100

√
1
3 (σ(u∞) + σ(v∞) + σ(w∞))

u∞
2 + v∞

2 + w∞
2 (1)
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Figure 1: Schematic of the Ifremer flume tank

The obstacle considered here is a wall-mounted cylinder, chosen to be repre-
sentative of a wide obstacle in real-life conditions. Such obstacle can be observed90

in the Alderney Race (English Channel) according to its geological description
by Furgerot et al. [24], which is a suitable area for tidal turbines installation.
Its dimensions are H × 6 H × H, with H the obstacle height. The upstream
flow is a simple boundary layer developing over the tank floor. At the obstacle
position, the boundary layer height δ is calculated as δ95 = z(0.95 × u∞). It95

yields δ = 0.325 m. To consider turbulent events interaction with the free sur-
face, experiments are achieved in Froude similitude where Fr =

u∞√
gDb

, with g

the gravity and Db the tank depth. Furthermore, obstacle height H is chosen
to be high enough so that the Reynolds number is close to real conditions and

low enough to limit the blockage ratio: Re =
Hu∞
ν

with ν the water viscos-100

ity. It yields H = 0.25 m (see Table 1 for all dimensions). In the following,
non dimensional lengths are used for all parameters indexed by ∗: x∗ = x/H,
y∗ = y/H, z∗ = z/H and δ∗ = δ/H.

Table 1: In-situ and experimental conditions (1:20 scale): u∞ stands for the far upstream
velocity, H for the rugosity height, Db for the water depth, Re for the Reynolds number, Fr

for the Froude number and D for the turbine diameter.

Scale u∞ H Db Re Fr D
[-] [m/s] [m] [m] [-] [-] [m]

Alderney Race 1 5 5 40 2.5× 107 0.25 ' 15
Flume tank 1/20 1 0.25 2 2.5× 105 0.23 0.724

To characterize the flow, two Laser Velocimetry techniques are used: LDV
(Laser Doppler Velocimetry) and PIV (Particle Image Velocimetry). Before-105

hand, the water of the tank is seeded with 10 µm diameter silver coated glass

4



micro-particles.
For the PIV measurements, a Nd-yag Laser Gemini-Like is used: power

is 200 mJ per probe and wavelength is 532 nm. The laser is synchronized
with a Camera FlowSens EO-2M 1600 pix× 1200 pix which acquires double110

images with a time lag of 1600 µs. PIV measurements are acquired during
180 s, hence 2700 double images are taken with an acquisition frequency fe =
15 Hz. The data are post processed with the software Dynamic Studio. The
displacement of particles is calculated using a Cross-Correlation on 32 pix ×
32 pix interrogation windows with 50 % overlap [26]. Outliers are detected115

using the Universal Outlier Detection method [27].
The LDV measurements are carried out using a 2D DANTEC FiberFLOW

system. The probe is positioned horizontally for (u, v) measurements. With
LDV measurements, the acquisition frequency is not constant. It depends on
the number of particles passing through the measurement volume. At a specific120

streamwise position, fe varies from 200 to 300 Hz depending on the turbulent
agitation and the flow velocity.

Various sources of experimental errors can be identified for both techniques,
they are detailed in [25].

A three-bladed horizontal axis turbine (Figure 2) is positioned in the cylinder125

wake. This turbine has been developed at Ifremer and was first presented in
[28]. The turbine blades are rigid and their open geometry is described in [9, 29].
Its diameter is D = 0.724 m (Table 1). The turbine rotation speed is controlled
and the blade pitch does not change. Each blade root is equipped with a specific
load-cell including 5 different channels: 2 forces (Fxi and Fyi) and 3 moments130

(Mxi, Myi and Mzi, i = 1, 2, 3). Blades axis are detailed in Figure 3. The
torque (Mtot) and the thrust (Ftot) applied on the main rotation axis are also
measured.

Figure 2: Picture and schematic side view of the experimental turbine

This turbine is positioned at mid-depth in the tank and at a distance x∗ = 16
from the cylinder. The experimental set-up is represented in Figure 4 and135

depicted on Figure 5 To characterise the turbine load fluctuations, the incoming
velocity is measured in two different ways:

1. with a single LDV point, located 2D upstream of the turbine and at the
hub height (z∗ = 4), acquired in synchronization with the turbine loads.
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Figure 3: Representation of the blades axis and rotation direction of the turbine facing the
flow with angular positions

This upstream distance (2D) is commonly used in the literature (e.g. see140

Ref. [30]). Its pertinence is however discussed in Ikhennicheu et al. [25]
and in the present study.

2. with a PIV map, located as close as possible to the turbine rotor and in
the plane (XOZ). The size of the PIV map is 330×840 mm2. It is centred
vertically at the hub height and ends horizontally at the blade root. It is145

acquired in synchronization with the turbine loads as well.

Both velocity measurement techniques are not acquired simultaneously since
the LDV probe immersed in the water would create perturbations in the PIV
plane. LDV and PIV characteristics are summed up in Table 2.

Velocimeter Probe plane position fe [Hz] Duration [min]
PIV x∗ = 16− 0.2 = 15.8 15 3
LDV x∗ = 16− 2D/H = 10.4 [200; 300] 6

Table 2: Sum up of the incoming flow measurements carried out upstream from the turbine

In this study, the turbine is considered parked (TSR0) or rotating. The150

rotation speed is chosen as the nominal operating point, which corresponds to
the turbine highest produced power. In the present set-up for which the Tip
Speed Ratio (TSR) similitude is used, that point is TSR = 4 (TSR4), as shown

in Gaurier et al. [29]. It is reminded that TSR =
ΩR

u
with Ω the angular

velocity and R = 0.362 m the turbine radius.155
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Figure 4: Schematic representation of the experimental set up with the cylinder of height H
and the turbine with diameter D. The incoming flow with its far velocity u∞ and turbulence
intensity I∞ is characterized upstream of the turbine with PIV and LDV measurements. Both
velocity measurement techniques are not acquired simultaneously, but always in synchroniza-
tion with the turbine loads. Dotted rectangle indicates the PIV camera field of view.

Figure 5: Picture of the set up in the tank: the upstream cylinder with PIV laser shooting in
front of the turbine

2.2. Inflow characterization
The cylinder wake, described in Ikhennicheu et al. [25], is represented on

Figure 6. It extends towards the surface so that the turbine is half immersed
in the wake of the obstacle, at x∗ = 16. The standard practice of measuring
velocity 2D upstream of the turbine (x∗ = 10.4) is compromised here. Indeed,160

due to the rising nature of the wake, the velocity changes between the LDV
measurement point and the turbine position (PIV measurement position). Here,
there is a 10 % difference on the average velocity and a 45 % difference on the
standard deviation between the two locations: σ(uLDV ) = 0.07 and σ(uPIV ) =
0.13.165
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Figure 6: Representation of the cylinder wake extension versus the turbine location. The full
black line represents the wake extension: u = 0.9 × u∞. The dotted black line stands for
the recirculation zone: u < 0. The positions of the laser measurements (LDV and PIV) are
displayed as well.

The velocity profiles measured with PIV at 0.2 H upstream of the turbine
are presented on Figure 7 over the turbine diameter. Cases with and without
the turbine which is in rotation or parked are displayed. Without the turbine,
the velocity profile illustrates that the cylinder wake (where u < 0.9 × u∞)
reaches z∗ ' 4.5 (Figure 7a). Above that position, the average velocity and170

turbulent intensity of the outer flow is restored: u = u∞ and I = I∞. There is a
strong average velocity difference between the top and the bottom of the profile
(0.23 m/s). That velocity difference is relevant because even though it has
low influence on the turbine global performance, it strongly impacts the loads
variability on each blade according to Li et al. [31]. There is also a difference175

of around 50 % in the standard deviations between the top and the bottom of
the velocity profile.

The turbine presence induces a strong inflow velocity deficit of around 20 %
at hub height, between the no turbine case and the TSR0 case (Figure 7b).
An inflexion of the velocity profile is clearly noticeable close to z∗ = 4 as180

well. Indeed, the momentum theory shows that the flow speed reduces from
the freestream conditions far upstream of the turbine to the velocity incident
at the rotor plane. That effect leads to the apparition of an induction zone
upstream of the turbine as explained by Simley et al. [32] for a full-scale wind
turbine. When the turbine rotates, the velocity deficit increases (Figure 7c).185

With the parked turbine, since blade 1 is at the top dead centre, the velocity in
the top part of the profile upstream of the blade reduces. At the profile bottom
part, i.e. for z∗ < 3, blades 2 and 3 are out of the measurement plane, hence the
velocity profile is identical to the one in the empty tank (Figure 7d). With the
turbine at TSR4, the velocity decrease is visible on the whole velocity profile.190

The spectral content of the cylinder wake is extensively described in Ikhen-
nicheu et al. [25] showing large scale vortices shed downstream of the obstacle
at a frequency around 0.3 Hz Figure 8 presents the velocity spectral content
upstream of the rotating turbine. The Power Spectral Density, Suu and Sww
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for the streamise and spanwise components of the velocity, enables two peaks195

to be identified:

• at f ' 0.3 Hz, with a high amplitude, corresponding to the shedding
frequency coming from the cylinder,

• at f ' 5.4 Hz, with a relatively low amplitude, equals to 3 times the
rotation frequency (fr = 1.8 Hz at TSR4). This is the blade passing200

frequency.

This last frequency is mainly noticeable at z∗ = 5. Hence, at x∗ = 15.8, the
flow is submitted to the obstacle vortex shedding and the blade shadowing effect
(0.2 H downstream of the PIV map). The vortex structures contained in the
upstream flow interact with the turbine, modifying their behaviour close to the205

turbine position. In the following, we study the turbine response to the vortex
structure impacts.

3. Turbine response characterization

3.1. Turbine response to velocity fluctuations
In this section, the rotor loads are analysed. Loads averaged values and210

standard deviations are given in table 3 for the thrust Ftot and local loads on
each blade. When the turbine is in rotation at TSR4, loads values are Fxi > 0
and Fyi < 0 (i = 1, 2, 3) which is consistent with the turbine rotation direction
(see Figure 3) and the sensors orientation. For the parked turbine, average
and standard-deviations values follow the same trend as the rotating case but215

they are about 50 times lower. A difference appears between the blades loads,
especially on the Fxi where the standard deviation on blade 1 is 2.5 lower than
for blades 2 and 3. Indeed, without rotation, the turbine remains in its initial
position: blade 1 is at the top dead centre and blades 2 and 3, shifted of ±120°,
out of the symmetry plane. The turbine is half immersed in the cylinder wake220

and the velocity fluctuations present in the wake only impact the lower part
of the turbine. With the rotation, the blades are periodically immersed in the
wake and the local load average is the same on all three blades. Minimal and
maximal values indicate thrust fluctuations ranging up to 25 % of the average
values underlining how critical that test case could be for turbine structural225

integrity.

In order to study the turbine response, vortices present in the cylinder wake
are presented, based on the observations from Ikhennicheu et al. [25]. Figure
9a presents a fluctuating velocity field of an ideal vortex, illustrating the local
acceleration on its bottom part and the deceleration on its top part. Comparing230

these two vortices, the one observed on the PIV field is vertically asymmetrical
around its centre (see Figure 9b). Hence, only the significant deceleration in the
bottom part of vortices is likely to be perceived by the turbine.

10



Ftot Fx1 Fx2 Fx3 Fy1 Fy2 Fy3

TSR0
Average value 37.0 11.2 10.3 10.4 -2.0 -2.4 -1.9

Standard-deviation 4.3 0.8 1.9 1.9 0.2 0.4 0.4
Min. value 11.4 4.2 1.8 0.8 -3.5 -4.7 -3.8
Max. value 49.7 15.2 15.2 15.2 -0.5 -0.7 -0.2

TSR4
Average value 178.0 55.0 56.2 54.5 -11.4 -14.7 -8.6

Standard-deviation 19.1 9.0 9.0 9.0 3.6 3.7 3.7
Min. value 58.9 1.6 8.8 8.2 -21.7 -27.7 -20.9
Max. value 221.6 74.6 74.6 74.6 3.3 1.5 6.1

Table 3: Average, standard-deviation, minimum and maximum values of the turbine local
loads (Fxi and Fyi) and thrust (Ftot), expressed in N , recorded for turbine at TSR0 and
TSR4

(a) Ideal vortex

z∗ = 4

z∗ = 5

z∗ = 3

x∗ = 16x∗ = 15

(b) Instantaneous fluctuating velocity
field

Figure 9: Schematic representation of an ideal vortex and picture of the laser lighting the
particles upstream of the turbine at TSR4, superimposed with the instantaneous fluctuating
velocity field. A drawing of the turbine has been added on the picture to highlight its position.
Comparing the ideal vortex with the measured field, the vertical asymmetry of the fluctuating
velocity is noticeable.

The fluctuating parts of the time evolution of the streamwise component
of the velocity u′(x∗ = 15.8, t) as well as the turbine loads F ′tot and F ′xi are235
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presented on Figure 10, for the parked turbine (TSR0). These velocity signals
are extracted from the PIV acquisitions, at three altitudes z∗ = [3; 4; 5], for a
specific time range. At t = 19.5 s, a vortex passes in the PIV measurement plane
and induces a strong velocity deficit for z∗ ≤ 4. This depth corresponds to the
lowest part of the vortex, hence a strong deceleration. At the same time, the top240

part of the vortex (z∗ = 5) presents a slight acceleration, which is however too
low to be considered. Consequently, F ′tot, F ′x2 and F ′x3 show a decrease of about
15 N and 6 N respectively, corresponding to the instantaneous deceleration
induced by the vortex passing. F ′x1 does not fluctuate much in comparison.
Indeed, for the parked turbine, blade 1 is at the top dead centre and is thus not245

immersed in the wake.
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Figure 10: PIV extracted streamwise velocities at 3 different depths z∗ = [3; 4; 5] (left) and
time-corresponding turbine loads fluctuation signals (right), measured when the turbine is
parked (TSR0). The range of the loads fluctuation is deliberately large to be consistent with
the following figure 11.

The fluctuating parts of the time evolution of the streamwise component
of the velocity u′(x∗ = 15.8, t) as well as the turbine loads F ′tot and F ′xi are
presented on Figure 11, for the rotating turbine at TSR4. Some particular
events: t1 = 12.8 s, t2 = 16.8 s, t3 = 19.8 s, t4 = 24.4 s and t5 = 28.0 s250

are identified and two of them are analysed using the instantaneous fluctuating
velocity fields in Figure 12. In the case of vortices at t1, t3 and t5, a local velocity
deceleration (' −0.4 m/s) is detected for z∗ = 3 and z∗ = 4, excepted at t3
where a local acceleration is detected for z∗ = 4. These three events correspond
to vortices whose centre passes at the turbine height and for which the strong255

deceleration of the bottom part is detected (figure 12a). Vortices at t1, t3 and t5
are of the same type as the one illustrated in Figure 9b. They are very energetic
and their rising angle is particularly high [25]. Concerning events at t2 and
t4, a quick variation of the velocity amplitude (deceleration and acceleration
of ' 0.2 m/s) is detected for the lowest position only (z∗ = 3). These events260

correspond to the bottom part of low intensity vortices whose centre passes
around the bottom of the turbine (figure 12b).
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The turbine loads show periodic fluctuations at the rotation frequency. The
amplification of these fluctuations corresponds to the instantaneous increase of
the shear in the velocity profile when a vortex passes. That effect is considerable265

[31] and has to be considered for fatigue analyses [16, 22]. At t1, t3 and t5, local
velocity decelerations cause loads diminutions of about 80 N for the global
thrust and about 40 N for the Fxi, due to high energy vortices passing at the
rotation axis turbine depth. Comparing to the previous case for the parked
turbine, similar vortices induce loads variations with magnitude about 6 times270

higher. At t2 and t4, the amplitude of the velocity fluctuations are low and the
corresponding loads fluctuations do not decrease. However, the vortex presence
still induces an instantaneous shear increase. Consequently, loads fluctuations
at the turbine rotation frequency is clearly noticeable with amplitude of 20 to
10 N for the thrust and local loads respectively. Hence, the turbulent events,275

generated in the cylinder wake, strongly impact the turbine local and global
loads. That effect is also observed by Ouro et al. [8] behind dunes from which
large scale structures are also emitted.

Cross-correlation is then used to determine the similarity between the flow
velocity u and the rotor load Ftot. The normalized cross-correlation between280
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√
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these signals is evaluated as follows:

RuFtot(τ) =
1

σ(u)σ(Ftot)

N∑

i=1

u′(ti + τ)F ′tot(ti) (2)

The normalized cross-correlations between the streamwise velocity u and the
turbine global thrust Ftot are compared in Figure 13a for both measured velocity
devices: LDV at x∗ = 10.4 and z∗ = 4 and PIV at x∗ = 15.8 and z∗ = 4. The
time lag τ is higher for the LDV measurement because it is further away from285

the turbine comparing to the PIV measurement. The correlation peak is more
elevated for PIV compared to LDV: RuFtot = 0.70 compared to RuFtot = 0.45.
Indeed, the LDV measurement is located too upstream to account for velocity
fluctuations that may impact the turbine (see Figure 4). Hence, in the case of a
turbine immersed in the wake of a bathymetric obstacle, velocity measurements290

need to be achieved as close as possible to the turbine to be able to correlate the
loads and the velocity fluctuations. In the rest of the study, PIV measurements
is used for correlation and coherence studies.

Correlation is then compared between the turbine at TSR0 and TSR4 in
Figure 13b. Correlation is slightly lower for the parked turbine. Without rota-295
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Figure 13: Correlation RuFtot between the streamwise velocity and the global turbine thrust:
a with turbine at TSR4 using PIV and LDV measurements and b using PIV measurements
only with turbine at TSR0 and TSR4. The PIV point is extracted from the measurement
field at the location x∗ = 15.8 and z∗ = 4 whereas the LDV point is located at x∗ = 10.4 and
z∗ = 4.

tion, blade 1 stays at the top dead centre, in the outer flow and is not impacted
by the turbulent structures present in the wake. Hence, loads are not equal on
the three blades. With the rotation, each blade receives similar velocity fluc-
tuations. That effect is assumed to be responsible for the correlation increase
between the parked and rotating turbine.300

The previous section focuses on the instantaneous reaction of the turbine to
velocity fluctuations. The average loads variations during one cycle of rotation
contain important informations as well, especially for blades fatigue analysis as
explained in the next section.

3.2. Loads angular evolution305

The angular evolution of the turbine loads is now studied. An analytical
method is developed to access the instantaneous turbine angle position θ, as
illustrated in Figure 3. The fluctuating part of each blade force Fyi (i = 1, 2, 3)
is extracted and signals are filtered with a bandpass filter around the rotation
frequency fr. The weight of each blade is continuously measured by this force310

component and projected according to the turbine angle. For each blade, the
resolution of an equation system enables θi to be processed. The turbine angle
θ is then the average of the three θi. The difference between every processed θi
is lower or equal to 1 %. A possible uncertainty source concerning this method
is the temporal precision: when the turbine rotation speed is TSR4, the blade315

rotation is 5° between each time step, which can lead to an error of 2.5°. In the
following, we study the angular repartition of the fluctuating part of the turbine
loads as well as their corresponding phase averages, denoted 2̃.

The fluctuating part of the bade 1 load force F ′x1 and its phase average F̃x1

are represented on Figure 14, when the turbine is in rotation at TSR4. The320
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minimum and maximum of F̃x1 are reached at 149° and -29° respectively. We
could have imagine that the highest value should have been found for θ = 0°.
This corresponds to the top of the velocity profile (see Figure 7), where the
velocity is the highest. Such phase delay is already observed in [33, 14] in both
numerical and experimental analysis in air or water. As explained by Dai et325

al. [34], turbine loads are influenced by many factors such as: interactions with
the mast, the shear in the flow, dynamic stall on the blades and the turbine
speed control system. Hence, considering the -30° phase delay observed on
these results, the value of F̃x1 is consistent with the average velocity diminution
between the top and the bottom of the velocity profile. Again, considering330

the phase delay of −30°, the highest dispersion of F ′x1 values is located at the
bottom position, due to the high turbulence level in the wake of the cylinder at
the bottom of the velocity profile (see Figure 7). For the parked turbine (TSR0),
blade 1 is at θ = 0° and blades 2 and 3 at θ = ±120°. Standard-deviation of Fxi

are then: σ(Fx1, 0°) = 0.78 N , σ(Fx2,−120°) = 1.9 N and σ(Fx3, 120°) = 1.9 N .335

Values at θ = ±120° are equal which shows that, without rotation, there is no
phase delay. The parked turbine behaviour is thus symmetrical around the
θ = 0° axis.
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Figure 14: Angular repartition of the fluctuating part of the bade 1 load force F ′x1 (blue dots)
when the turbine rotates at TSR4 and its phase average F̃x1 (red line), expressed in N . For
a better visibility, F̃x1 is displayed on the polar plot (a) as well as on the Cartesian plot (b).

The phase average of the fluctuating component is studied for F̃xi, F̃yi (i =

1, 2, 3) and F̃tot on Figure 15. F̃xi are rephased in Figure 15b: blade 1 is used as340

a reference and the origins of the values on blades 2 and 3 are reset by ±120°.
This enables the illustration of the identical trend for all the blades. The sum
of all the F̃xi yields into the clover shape observed on Figure 15d for F̃tot, also
observed by Payne et al. [14]. The rephased F̃yi follow all the same trend
(Figure 15c): the value is the highest at 90°, equal to 0 at 0°and 180°and the345
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lowest at 90°. This behaviour is consistent with a load depending on the blade
weight only.
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−4 −2 0 2 4

0

-30

-60

-90

-120

-150

±180

150

120

90

60

30

(d) F̃tot

Figure 15: Polar plots of the phase average of the fluctuating part of the turbine loads F̃xi,
F̃yi and F̃tot, expressed in N , for the turbine in rotation at TSR4. The loads of blades 2 and 3
(for Fxi and Fyi) have been rephased (adding ±120°) to be in phase with blade 1, to enhance
the comparisons.

3.3. Spectral response of the turbine
The turbine response to velocity fluctuations is now studied in the spectral

domain. In this section, signals are cut into blocks of 2n points and a Fast350

Fourier Transform is applied on every block. For the loads, the acquisition
frequency is fe = 120 Hz and n = 12. The Power Spectral Density SFF of the
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turbine loads Fxi and Ftot are presented in Figure 16 for the parked turbine (a)
and for the turbine in rotation at TSR4 (b).

All presented spectra follow a−11/3 power slope. As suggested by Chamorro355

et al. [35], the turbine power and loads fluctuations are strongly modulated
by the structure of the incoming flow in a complex manner. They especially
observed a phenomenological relation between the power P and velocity as:
SPP (f) = G(f) · Suu(f), where G(f) represents a transfer function. Tobin
et al. [36] proposed a power law with a slope of −11/3 describing the power360

spectra of a wind turbine as to be appropriate over the inertial sub-range, where
the incoming velocity fluctuates according to the well-known −5/3 power low
of isotropic turbulence. This was validated with turbine sizes from laboratory
models to MW scales. Indeed, they introduced a relation based on the impulse
response of the turbine to fluctuations in wind power. As the frequency becomes365

large, they showed that the power spectrum of this impulse response (i.e. the
transfer function G(f)) approaches the f−2 behaviour. This was later confirmed
by the angular velocity spectral behaviour of three different rotating structures
(plate with different shapes) by Jin et al. [37], with the same physical description
of the phenomenon. This −11/3 power law slope of the turbine loads originates370

from the inertial sub-range of the velocity perceived through the turbine transfer
function: −11/3 = −5/3− 2.
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Figure 16: Power Spectral Density SFF of the turbine loads Fxi (i = 1, 2, 3) and Ftot for the
parked turbine (TSR0) a and for the turbine in rotation at TSR4 b. The largest peak around
f ' 0.2 Hz corresponds to the vortex shedding frequency from the cylinder. It is highlighted
by the grey area. For the rotating turbine, the rotation frequency is visible at fr = 1.8 Hz as
well as the blade passing frequency at 3× fr = 5.4 Hz. These spectra follow a −11/3 power
slope.

Other studies, have also reported an excess of energy in the turbine power
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spectra in the narrow band around the blade-passing frequency, e.g. [21, 14].
This effect is visible in these results for the rotating turbine (figure 16b). The375

main peak of the Ftot spectrum is located at 3 × fr = 5.4 Hz, i.e. the blade
passing frequency. Fxi spectra show however a peak at the rotation frequency
fr = 1.8 Hz. They are furthermore all superimposed.

For the parked turbine on the contrary, the amplitude of SFx1Fx1 is the
lowest and the spectra of Fx2 and Fx3 are higher and identical. Blades 2 and380

3 are indeed fully and always immersed in the turbulent cylinder wake, on
the contrary to blade 1. Loads fluctuations are then larger on blades 2 and 3
compared to blade 1. High frequency peaks are visible on all spectra of TSR0
case as well, probably due to mechanical artefacts induced by the speed control
system keeping the turbine parked.385

One of the novelties brought by this study lies in the high energy and low
frequency peak observed around f ' 0.2 Hz for most spectra. It is highlighted
by the grey area on figure 16 and corresponds to the vortex shedding frequency,
described in Ikhennicheu et al. [25], coming from the upstream wall-mounted
cylinder. It is absent on blade 1 spectrum for TSR0 case because blade 1 is390

never on the vortices trajectories without rotation. Such specific spectra could
be observed on a full-scale tidal turbine loads located in the Alderney Race,
due to bathymetry variations. According to the loads measured on the turbine
model during this experimental campaign, the effects of these low frequency
fluctuations could significantly impact operating conditions for real-life marine395

current turbine.

The coherence function is often used to examine the relation between two
signals in the spectral domain. For signals u and Ftot, the coherence function is
evaluated from their spectra and co-spectra using the following equation:

CuFtot(f) =
|SuFtot

(f)|2
Suu(f)SFtotFtot

(f)
(3)

Coherence between the velocity and the thrust fluctuations is studied for400

the turbine at TSR0 and TSR4 in Figure 17. The coherence is elevated, i.e.
higher than 0.6, until about f = 0.6 Hz then falls to 0.1. It is higher than
0.8 in the frequency range of the vortex shedding, i.e. for f ' 0.2 Hz, which
is highlighted by the grey area on figure 17. The vortices emitted periodically
behind the cylinder as well as the low frequency components of the velocity405

dominate the turbine loads response to velocity fluctuations. The global thrust
fluctuations do not respond to the highest frequency velocity fluctuations. That
effect is partly assumed to be caused by the turbine active control strategy,
which is used to maintain a constant rotation speed. It limits the effect of
structures whose frequency is higher than the turbine rotation frequency, as410

supposed by Durán Medina et al. [38] or Payne et al. [14]. This critical
frequency also depends on the turbine size compared to the vortex size. The
highest frequencies encountered in the velocity fluctuations are associated with
the smallest vortices. Chamorro et al. [35] introduced this critical frequency as
fc = u∞/(D/2) = 2.8 Hz in this case. This frequency is in good agreement415
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Figure 17: Coherence function CuFtot between the streamise component of the velocity u
extracted from the PIV field at x∗ = 15.8 and z∗ = 4 and the turbine global thrust Ftot when
the turbine is parked (TSR0) or in rotation at TSR4. As for figure 16, the narrow band vortex
shedding frequency from the cylinder is depicted by the grey area, highlighting the highest
values of the coherence function.

with the presented results with the lowest coherence function obtained from
f ≥ 1.5 Hz. Gaurier et al. [39] described the turbine loads as being insensitive
to the vortices with turbulent length scales smaller than the turbine diameter.
According to Tobin et al. [36] or Anvari et al. [40] for a single wind turbine,
the rotor behaves as a low-pass filter: it ignores the small-scale fluctuations and420

only responds to larger coherent structures. These observations are confirmed
here by the presented results for a tidal turbine submitted to this particular
turbulent flow generated from an upstream wall-mounted cylinder.

3.4. Discussion
Gaurier et al. [39] explained it is necessary to measure the upstream ve-425

locity to characterize the performance coefficients of a tidal turbine properly,
especially when the flow is highly turbulent. It especially limits the uncertain-
ties (which can reach 10 % for the power coefficient, when I∞ ' 15 %) from
the flow variations and their corresponding time-average values. They proposed
an upstream distance of 2 diameters between the velocity measurement and the430

turbine location. They argued that such distance disables the turbine induction
effects on the velocity to be measured. This distance is not too far from the
turbine either and enables the velocity fluctuations to be not so different from
those perceived by the turbine. These considerations are however only valid for
an homogeneous and developed turbulent flow. The flow conditions of this ex-435

perimental study are particular because the turbulence is mainly generated by
a wall-mounted cylinder, located upstream of the turbine. Indeed, Ikhennicheu
et al. [23] pointed out the presence of coherent and energetic flow structures
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rising up from the cylinder to the surface. On figure 13a, we compare the
cross-correlation between the turbine thrust and the streamwise velocity mea-440

sured at two different locations: about 5 cm (with PIV) and 2 diameters (with
LDV) upstream from the turbine. This comparison clearly shows that the flow
velocity characterization carried out 2 diameters upstream from the turbine is
significantly different from the flow velocity perceived by the turbine. Their
fluctuating parts are not the same due to:445

1. the rising-up nature of the flow behind the obstacle,
2. the different locations of these velocity measurement devices from the

obstacle.

Finally, to experimentally quantify the response of this tidal turbine model to
such flow velocity fluctuations it is necessary to measure the velocity as close450

as possible to the turbine. This conclusion is however specific to tidal turbines
submitted to that particular flow with turbulence originated from bathymetry
variations, like those encountered in the Alderney Race (middle of the English
Channel). Durán Medina et al. [13] show for instance a high level of coherence
and correlation for an identical tidal turbine model (placed in the same flume455

tank) submitted to fully developed and homogeneous turbulence with flow mea-
surements carried out 4 diameters upstream from the turbine. In the wind
industry, upstream velocity is measured to continuously readjust the turbine’s
yaw alignment and therefore enhance the turbine’s harvested power [41] or to
design collective pitch controls to reduce the loads that wind turbines suffer460

from incoming turbulent gusts [42]. That is why the measurements are usually
taken 1 or 2 diameters upstream from the turbine and are then extrapolated
to the turbine location using numerical models (Ref. [43] for example). It is
necessary to account for the turbine parameters response time which is 5− 10 s
according to Mikkelsen et al. [44]. Cortina and Calaf [45] performed large-eddy465

simulations to explore the effectiveness of detecting turbulent events at different
upstream scanning distances (between D/4 and 2D) using wind lidars mounted
on the turbines’ nacelle. They concluded that the scanning distance should al-
ways be the shortest possible in relation with the wind turbine reaction time.
This is in agreement with the findings of this study accounting for the fact that470

the turbine reaction time is not considered in this academic work.

4. Conclusion

In this work, the response of a three-bladed horizontal axis turbine to ve-
locity fluctuations caused by a wall-mounted cylinder has experimentally been
investigated. The turbine measurements show that the amplitudes of the loads475

variation represent about 40 % of their time-average. These amplitudes are fur-
thermore about 6 times higher when the turbine is in rotation at its nominal tip
speed ratio compared to when it is parked. Moreover, the velocity shear created
when vortices go through the turbine swept area instantaneously increases the
fluctuation of these loads at the rotation frequency.480
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The correlation between the turbine loads and the velocity fluctuations high-
lights that PIV measurement in the symmetry plane provides a useful tool to
quantify the incoming turbulent flow. The angular evolution of the local load
shows that the evolution of Fxi follows the average velocity profile with a −30°
phase delay. According to Gao et al. [46] who recently observed the same phe-485

nomenon on a large-scale wind turbine, this phase lag is due to rotational effects.
Shen et al. [47] attributed such a phase lag to an asymmetry of wake structure
of the blade. Load spectral analysis enables two peaks to be extracted: at the
blade passing frequency and at the vortex shedding frequency. Each Power
Spectral Density follows a −11/3 power slope in the inertial sub-range, where490

the incoming velocity fluctuates according to the well-known -5/3 power law.
This confirms the -2 power slope of the turbine transfer function, introduced
by Chamorro et al. [35] and its phenomenological description by Tobin et al.
[36]. The coherence function between the velocity and the turbine loads shows
a peak in the frequency range of the vortex shedding. This illustrates that the495

turbulent structures emitted in the cylinder wake predominate on the turbine
response. The coherence study also shows that the turbine does not respond
to high frequency fluctuations, i.e. when frequencies are higher than 1 Hz.
Hence, the coherent and energetic wake coming from a wall-mounted cylinder
induces intense and periodic loads fluctuations on the turbine. Those results500

illustrate the importance of considering velocity fluctuations from bathymetry
fluctuations when studying a turbine behaviour in realistic conditions.

To complete this work, it would be interesting to test other distances between
the turbine and the obstacle to see the evolution of the turbine response when
it is progressively immersed in the cylinder wake. This database is available on505

the Seanoe platform [48] and can be used for blade and rotor fatigue analysis.
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Turbine loads fluctuations directly respond to low frequency velocity fluctuations

Turbine loads are dominated by the turbulent structures shed from the cylinder
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