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Abstract :   
 
The development of marine current turbine arrays depends on the understanding of the interaction effects 
that exist between turbines in close proximity. Moreover, the ambient turbulence intensity also plays a 
major role in the behaviour of tidal turbines. Thus it is necessary to take ambient turbulence into account 
when studying interaction effects between several turbines. In order to highlight these interaction effects, 
experiments have been carried out in the IFREMER flume tank. These experiments focus on interactions 
between three horizontal axis turbines. This paper presents the experimental results obtained for three 
configurations with two ambient turbulence intensity rates.  
 
The results are presented in terms of turbine wakes and performance. The wake characterisation presents 
complex features for the three configurations and the lowest ambient turbulence rate: upstream turbines 
wakes are still present at the location of the downstream turbine and their wakes can interact or merge, 
depending on the tested configurations. On the contrary, for the highest turbulence rate, the downstream 
turbine wake is not affected in his shape by the two upstream ones which are not visible any more. In fact, 
as already observed in the previous studies of Mycek et al. [1, 2], the wake shape rapidly spreads out in 
the stream-wise direction behind the turbines. However, the velocity deficit and the turbulence intensity 
are higher for the downstream turbine comparing to the upstream ones. In terms of performance, one 
tested case presents an increase of the downstream turbine power production: when this turbine is exactly 
in the centre of the two upstream turbines and for the lowest turbulence rate only. A small misalignment 
of the layout axis with respect to the tidal current may result in a decrease of performance at the end. An 
analysis of the power spectral density functions of the downstream turbine torque and thrust shows that 
no signature of the upstream turbines can be found in these answers. Furthermore, the same spectral 
analysis carried out on the velocity measurements shows no signature of the upstream turbines either, 
from 3 diameters distance. This result is noticeable for the highest and the lowest tested turbulence cases 
and whatever the turbines configuration is. 
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Highlights 

► Experimental results of 3 turbines in interaction: wake, power and thrust. ► 3 geometrical 
configurations with 2 turbulence intensities are considered. ► Ambient turbulence influence assessment 
on interaction mechanisms. ► Downstream turbine large power losses can be observed. ► Power 
spectral density analysis does not show any upstream turbine signature. 

 

Keywords : Marine current turbine, Performance, Wake, Turbulence, Array interaction, Experiment 
 
 

 

 



the centre of the two upstream turbines and for the lowest turbulence rate only.
A small misalignment of the layout axis with respect to the tidal current may
result in a decrease of performance at the end. An analysis of the power spectral
density functions of the downstream turbine torque and thrust shows that no
signature of the upstream turbines can be found in these answers. Furthermore,
the same spectral analysis carried out on the velocity measurements shows no
signature of the upstream turbines either, from 3 diameters distance. This re-
sult is noticeable for the highest and the lowest tested turbulence cases and
whatever the turbines configuration is.

Keywords: Marine Current Turbine, Performance, Wake, Turbulence, Array
Interaction, Experiment

1. Introduction

In the past recent years, tidal energy developments have made great steps
towards the development of tidal farms. In the northern part of the United
Kingdom, the first phase of the Meygen project started in 2016 with a final goal
of four 1.5 MW tidal turbines deployed between the Stroma Islands and the5

Scottish mainland. But several other projects of farms are flourishing in Europe
or around the world. These deployments are very encouraging for the scientific
community as many topics of research are going to become real issues. Among
these topics of research, one can cite interaction effects that will inevitably be-
come true in such arrays. However, upstream flow ambient turbulence influence10

is also of major concern. And of course, in such real configurations, these two
phenomena are combined.

So far as interaction effects are concerned, several authors already worked on
array configurations [3, 4, 5, 6]. More recently, Stallard et al. and Nuernberg et
al. performed experiments on interacting turbines [7, 8] and this paper is based15

on the previous experiments performed by Kervella et al. [9]. The objective
of the present study is first to complete this previous piece of work and also
to favour comparisons with numerical results. In fact, a work of Chruchfield et
al. [10] presented large LES computations of array containing up to 5 turbines.
For instance, Malki et al. [11] or O’Doherty et al. [12] numerically studied such20

configurations with 3 interacting turbines. The geometrical configuration of the
presented trials is very similar to the configuration used for these numerical
computations.

Moreover, recent studies have shown that the ambient turbulence in the
upstream flow plays a decisive role in the behaviour of horizontal axis marine25

current turbines. First of all, Blackmore et al. demonstrated in [13, 14] that the
increase of turbulence rate and turbulent length scale increases the power and
thrust coefficients. The same author has previously shown in [15] that the ambi-
ent turbulence has a huge impact on the thrust coefficient of the machine, using
actuator disc. Durán-Medina et al. studies [16, 17] have proven the existence30

of a strong correlation between the fluctuation of velocity due to the ambient
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turbulence and the fluctuation of the energy production of a turbine. Frost et
al. [18] also compared power performances for tests performed at laboratory
scale and in situ.

The results obtained by Mycek et al. in [1, 2] have shown that the ambient35

turbulence have a significant impact on the wake of a turbine: the higher the
ambient turbulence is, the faster the dissipation of the wake is. This means
that the upstream flow characteristics are recovered faster for a high turbulence
intensity rate. Thus, the interactions between turbines are also heavily impacted
by the ambient turbulence. For example, Mycek et al. demonstrated in [2] that,40

for a configuration with two turbines aligned with the upstream current, the
power coefficients of the downstream turbines are higher when the turbulence
intensity rate is higher. It is then necessary to evaluate with precision the
influence of the ambient turbulence on the turbines as well as their interaction
when turbines are deployed in close proximity.45

In fact, several in situ studies performed on different potential implementa-
tion sites have shown huge disparities of the turbulence intensity rate I∞ be-
tween the different sites. Many other studies cover sites such as Fall of Warness
(UK) [19, 20], Sound of Islay (UK) [21], Puget Sound (USA) [22], Strangford
Narrows (UK) [23], East River (USA) [24, 25, 26], Bay of Fundy (Ca) [27] and50

Ramsay Sound (UK) [28] where turbulence intensity rates between 3.2 % and
24 % were measured. Such a huge range of turbulence intensity between the dif-
ferent implementation sites leads to different behaviours for the marine current
turbines for each site.

The present paper focuses on the interactions between three marine current55

turbines for two different turbulence intensity rates. Firstly, section 2 presents
the general context of the study together with the experimental set-up used for
the trials. Section 2.1 presents the measurements techniques and section 2.2
details the modifications made on the turbine and rotor in order to improve
the quality and reliability of the obtained results, comparing to previous models60

used in [1, 2]. Flow characteristics are presented in section 3, in order to study
the wake interactions. Finally, section 4 deals with the performance assessment,
either in term of power or thrust coefficients together with the standard devia-
tions of these quantities. Conclusion and perspectives are then summarised in
the last section.65

2. Experiments description

2.1. Experimental set-up

The trials have been carried out in the IFREMER (French Research Institute
for Exploitation of the Sea) wave and current flume tank, depicted in figure 1.
The flume tank working section is 18 m long by 4 m wide and 2 m deep. The70

stream-wise flow velocity range is 0.1 to 2.2 m/s. The free stream turbulence
intensity rate in the tank is I∞ ' 15 % [16]. By means of a grid combined with
a honeycomb (that acts as a flow straightener) placed at the inlet of the working
section (see figure 1), a low turbulent intensity rate of I∞ ' 2 % is achieved.
More details about the flume tank can be found in [29].75
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Fluid velocity: 0.1 to 2.2m/s

Figure 1: IFREMER’s Boulogne-sur-Mer flume tank description.

The present study deals with the characterisation of the interaction effects
between marine current turbines. Following the previous work of Mycek et al.
dealing with a single turbine [1] and two interacting turbines axially aligned with
the flow direction [2], this paper focuses on 3 identical turbines with diameter
D in interaction.80

The concerned configuration is two upstream turbines perpendicular to the
upstream flow direction and a third turbine downstream, as shown on figure 2.
In all the tested configurations, the two upstream turbines are fixed, perpendic-
ular to the incoming flow and with a fixed lateral bypass of 1 D. In other words,
the two upstream turbine centres are laterally spaced with a distance b1 = 2 D85

and the third turbine is placed 4 diameters downstream of the two upstream
ones (a = 4 D). Only the lateral position differs: configuration 1 consists of
a centred position (b2 = 1 D, black dashed line on figure 2), configuration 2
consists of an off-centred position (b2 = 0.75 D, red dashed line on figure 2) and
configuration 3 consists of an even more off-centred position (b2 = 0.5 D, green90

dashed line on figure 2). All these configurations are summarised in Table 1.

Configuration a b1 b2
config. 1 4 D 2 D 1 D
config. 2 4 D 2 D 0.75 D
config. 3 4 D 2 D 0.5 D

Table 1: Summary of the tested configurations

The Cartesian coordinate system is considered here, with the origin O(0, 0, 0)

4



U∞

I∞

ex

ez

a = 4 D

z = 0

x
=

0

load celltorque sensor LDV

H

U∞
I∞

a = 4 D

b1
=

2
D

b2
=

1
D

b2
=

0.
75
D

b2
=

0.
5
D

y = 0

x
=

0

ex

ey

D

W

Figure 2: Schematic side and top views of the three tested configurations with a = 4 D,
b1 = 2 D and different values for b2 ∈ [1 D; 0.75 D; 0.5 D] as a lateral spacing. The notation
used for the geometrical configuration is taken from Mycek et al. [2] and Nuernberg & Tao [8].

exactly positioned at the centre of the two upstream turbines and ~ex, ~ey and
~ez as unit vectors (figure 2). Lengths being made dimension-free by the rotor
diameter D, let us define a∗ = a/D, x∗ = x/D and y∗ = y/D.95

Two pictures of the experimental set-up are presented in figure 3. Each
turbine model is fixed to a lengthwise I-beam by means of 3 identical masts.
The I-beams are placed over the flume tank, parallel to the upstream current
and at equal distances from both sides.

The position ~x and velocity components ~u are respectively denoted by (x,
y, z), and (u, v, w):

~x = x~ex + y~ey + z~ez (1)

~u = u~ex + v~ey + w~ez (2)

In order to obtain the fluctuating velocities, the flow velocity field can be
expressed using the Reynolds decomposition:

u(t) = ū+ u′(t) (3)

where ū is the time average of the ~ex component of ~u, defined by:

ū =
1

T

∫ T

0

u(t) dt (4)
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Figure 3: Photography of the three turbines setup with a = 4D, b1 = 2D and b2 = 1D. Top
view of the assembly and side view with the 2D LDV system.

where [0;T ] is the averaging period. Thus, (ū,v̄,w̄) represents the averaged100

component of the velocity, while (u′,v′,w′) represents its fluctuating part.

The flow velocity measurements are performed by means of a bi-dimensional
Laser Doppler Velocimetry (LDV) system described in [30, 1, 31], with a mea-
surement volume of about 0.01 mm3. The two laser wavelengths are 488 nm and
514 nm. The distance between the probe and the measurement point is 530 mm105

into the water. The water of the tank is seeded with spherical particles, which
have a typical size of 10 µm and are composed of silver coated glass. For the
acquisition signal, the data-rate depends on the number of particles detected by
the system. However, the sampling frequency is irregular due to the fact that
one measurement value corresponds to one detected particle.110

In the following and because LDV is bi-dimensional, authors choose to use
the bi-dimensional equation of the turbulence intensity rate I, which is defined
by:

I = 100

√
1
2 [σ2(u) + σ2(v)]

ū2 + v̄2
(5)

with σ(u) and σ(v) the standard deviation of the stream-wise component u
and span-wise component v of the velocity. This turbulence intensity is defined115

relative to the local mean velocities ū and v̄.
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The measurement duration on each point is T = 180 seconds, with an av-
eraged data-rate between 200 Hz and 400 Hz. This duration is increased with
respect to the previous study [1, 2], where 100 seconds measurements were per-
formed. This was justified by the need of convergence of various measured120

quantities, especially for the higher turbulence intensity level, as already dis-
cussed in [2]. The LDV measurements are performed on a grid whose detailed
definition can be found in the open-data resource [32], where all the data used in
this paper are given. In the lateral direction, it is important to notice that the
discretization was refined in order to have a precise description of the velocity125

gradients encountered in the interaction zone.

2.2. Turbine model

The three turbines used for this work are all identical, in terms of geometry
(blades, hub and nacelle) and electronics. However, in this new set of experi-
ments, the turbines are slightly different from those used in the former studies130

of Mycek et al [1, 2]. Two major improvements were performed on the tur-
bines. First, the new blades were all manufactured from the same mould in
order to increase the precision and thus improve the reliability of the obtained
measurements. They are made from carbon to avoid any structural deformation
during the trials and have exactly the same weight. Then, the blade binding135

device to the shaft was improved in terms of pitch angle accuracy. With the new
device, the blade pitch angle is prescribed with an accuracy of less than 0.1°.
Additionally, the fixation rigidity was improved, which could be useful for the
higher rotation speeds and/or incoming velocities. The rotor is still connected
to a motor-gearbox assembly consisting of a gearbox, a DC motor, a ballast140

load and a motor speed control unit, providing an active rotor speed control.
The rotation speed is now directly measured in RPM, without any conversion
which also improve the accuracy of the measurement.

As a consequence, some differences were observed if compared to the pre-
vious results presented in [1, 2]. In that respect, comparisons of power and145

thrust coefficients between the new and the former turbine are presented in
sub-section 4.1 for a single turbine configuration.

As depicted on schematic 2, only the downstream turbine is instrumented.
The forces and moments acting on this structure are obtained by means of a six-
component load cell, which measures the three force components and the three150

moment components, at a 100 Hz sampling frequency. A torque sensor, directly
fixed between the rotor and the motor, provides a more accurate measurement
of the axial torque than the one given by the load cell, also at a 100 Hz sampling
frequency.

Table 4a describes major parameters of the turbine together with a picture155

given in figure 4b. The blades profile is still designed based on a NACA 63418
and the global pitch angle is set to 0°. A complete definition of the blade
geometry is given in table 3 in [1], i.e. the blade chord and pitch angles variations
along the radius. The turbines diameter is D = 2 × R = 0.7 m. With a
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Description IFREMER-LOMC

Profile NACA 63418
Rotor Radius (R) 350 mm
Hub Radius 46 mm
Hub length 720 mm
Pitch (set angle) 0°
Studied TSR [0− 7]
Sense of rotation anticlockwise
Reynolds (Re∞) 2.8 · 105

(u∞ = 0.8 m/s)

(a) Turbine model general description.
(b) Picture of the new turbine
model

Figure 4: Turbine model description.

far upstream flow velocity u∞ = 0.8 m/s, that leads to a Reynolds number160

Re∞ = 2.8 · 105.

The blockage ratio α is defined as the ratio between the two upstream rotors
cross-sectional area S = 2πR2 and the flume tank transverse area A = WH:

α =
S

A
=

2πR2

WH
(6)

where W = 4 m and H = 2 m respectively denote the flume tank width and
depth. In the present study, taking into account the two upstream rotors, the
blockage ratio is α = 9.6 %. This blockage ratio is doubled with respect to the
previous studies [1, 2]. A number of authors (e.g. [33]) imply that blockage165

corrections are necessary when blockage area ratios are higher than 5%. In
addition, the blockage effect correction coefficients calculated in [34] on the
same turbine model and based on [35] mainly affect the prediction of power
coefficient at high rotation speeds, when thrust coefficients are high. A similar
correction should have been performed again in this study. However, authors170

did not choose to apply any correction because the main objective of this study
is to compare the turbine performance between the different configurations, all
obtained with the same blockage ratio.

The Tip Speed Ratio (TSR) is classically defined as the ratio between the
tip velocity and the far upstream flow velocity as follows:

TSR =
ωR

u∞
(7)

where ω is the rotor angular velocity.
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The power coefficient (CP ) is given by:

CP =
Qω

1
2ρπR

2u3∞
(8)

where Q denotes the turbine torque.175

Finally, the thrust coefficient (CT ) is defined as follows:

CT =
T

1
2ρπR

2u2∞
(9)

where T denotes the thrust applied on the device. The drag force of the hub
and mast are actually not considered.

In the following, superscripts up and down added to these previous parame-
ters stand for referencing to the upstream and downstream turbine parameters
respectively.180

3. Wake characterisation

3.1. Upstream velocity conditions

In the present study, two ambient turbulence conditions are considered:

1. by the use of honeycomb and grid that act as flow straightener, the tur-
bulence intensity is relatively low to I ' 2%.185

2. without the use of honeycomb, the natural ambient turbulence intensity
of the flow is I ' 15%.

The upstream velocity profiles are measured 1 D upstream the first turbines
row (x∗ = −1). They are shown on figures 5, for both turbulence rates. First of
all, it is clear that the turbulence level strongly affects the standard-deviation190

of these measurements. This standard-deviation is higher or equal to 0.1 m/s
for the highest turbulence rate whereas is stays lower or equal to 0.02 m/s for
the lowest one (even lower or equal to 0.01 m/s for v∞ component). Concerning
the main stream-wise component of the velocity u∞, a difference is noticeable in
term of average velocity versus the turbulence: ū∞ = 0.793 m/s for the lowest195

turbulence level and ū∞ = 0.812 m/s for the highest one. This difference is due
to the fact that the flow straightener has been removed between both cases.

The u∞ component upstream profiles are used in the following for normaliz-
ing the measured velocity in the wake of the turbines. As already done for the
lengths, a normalized velocity is introduced: u∗ = u/u∞.200

The upstream turbulence intensity I∞ is depicted on figure 6 with the av-
erage data-rate of the LDV for the same corresponding points of the profile.
As already seen with the velocity standard-deviations, the turbulence level is
about 6 times higher when the flow straightener is removed, with an average
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Figure 5: Upstream u∞ (left-hand side) and v∞ (right-hand side) velocity profiles across the
tank, for low (a) and high (b) turbulence intensity rates. Symbols 2 represent the mean
values, while error bars represent the corresponding standard-deviations. The dashed lines
stand for the spatial average over the complete profile.

value Ī∞ = 13.5 %, while it is Ī∞ = 2.3 % for the lowest turbulent case. The first205

value is similar to the one obtained in the previous studies [1, 2], whereas the
second value is slightly lower, as some modifications were performed on the grid
at the time of the experiments. The LDV average data-rate values are always
between 250 and 300 Hz for every measured points, whatever the turbulence is.

In a previous study [17], Durán-Medina et al. give the inertial and integral210

turbulent lengths scale in the same tank and for the same flow configurations,
named C1 (u∞ = 0.8 m/s and lowest turbulence rate) and C2 (u∞ = 0.8 m/s
and highest turbulence rate). These parameters are given in the table B2 of this
previous paper. Typically, authors found L ' 0.9 m for C1 and L ' 0.6 m
for C2, concerning the integral length scale estimated from the autocorrelation215

method.

0

5

10

15
a

0

5

10

15

-2.0-1.5-1.0-0.50.00.51.01.52.0

b

I ∞
[%

]
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Figure 6: Corresponding I∞ (left-hand side) and averaged data-rate (right-hand side), for low
(a) and high (b) turbulence intensity rates. The dashed line stands for the spatial average
over the complete profile.

Finally, table 2 summarizes these upstream main flow characteristics used
in the following sections.
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Flow case ū∞ [m/s] σ(u∞) [m/s] v̄∞ [m/s] σ(v∞) [m/s] I∞ [%]
low turbulence 0.793 0.024 -0.024 0.011 2.3
high turbulence 0.812 0.107 -0.029 0.112 13.5

Table 2: The upstream flow characteristics, from the profile measured at x∗ = −1

3.2. Wake velocity plots

Wake velocity contour plots are presented and discussed for the three turbine220

configurations described in table 1 and for the previously presented flow condi-
tions. The upstream turbines rotation speeds are the same as the downstream
turbine rotation speed: TSRup = TSRdown = 3.5 for every result shown in this
section.

In order to encourage and facilitate comparisons of these experimental results225

with numerical ones, all the velocity profiles used to generate these contour plots
are given in the open-data resource [32]. Due to experimental constrain, i.e.
impossibility to deploy the LDV probe, velocity measurements are performed
for x∗ ∈ [1.2; 11]. Furthermore, a white zone is present on these plots between
3 < x∗ < 5.2, corresponding to the presence of the downstream turbine.230

Figure 7 presents the normalized velocity u∗ for the three configurations and
for both turbulence rates. Comparing these plots, it is clear that the turbulence
rate has a significant effect on the velocity deficit. First, between both turbines
rows, i.e. for 1.2 < x∗ < 3, the velocity deficit is stronger when the turbulence
rate is low: u∗ ≤ 0.5 on the width of both upstream turbine diameters for235

the lowest turbulence rate. On the contrary, for the highest turbulence rate, the
velocity deficit decreases from u∗ = 0.5 to u∗ = 0.8 between x∗ = 1.2 and x∗ = 3.
However, for a given turbulence rate, no noticeable difference appears in terms
of velocity, between the three tested turbines configurations, for 1.2 < x∗ < 3.
Downstream the second turbine row, i.e. for x∗ ≥ 5.2, the velocity deficit is240

stronger again for the lowest turbulence rate, with large areas of about 2 D long
where u∗ ≤ 0.4 (figures 7a). On the contrary, at the same position and for the
highest turbulence rate, the smallest values are u∗ ≥ 0.5 which only appear for
very small patches with a size shorter than 0.5 D (figures 7b)

As already observed for the first part of the plots, differences between the245

tested configurations are not really perceptible for the highest turbulence rate
and for x∗ ≥ 5.2. According to these plots, the three wakes are globally the
same, whatever the transverse position of the downstream turbine is (figures
7b). On the contrary, at the same location, wakes for the lowest turbulence rate
are different (figures 7a). For config. 1 (top) the velocity deficit shows the three250

turbines wake until x∗ ' 6, with the centre wake larger and stronger. From
x∗ ≥ 7, a single wide wake is still visible, with stronger intensity in the middle
and a width of y∗ ' 3 at x∗ = 8. For config. 2 and especially for config. 3
(bottom), two different wakes can be observed:

1. the stronger one for y∗ < 0, where the downstream turbine wake amplifies255

the one coming from the same side upstream turbine and
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2. the second one centred at y∗ = 1, with a lower intensity, coming from the
other side upstream turbine (y∗ > 0).
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Figure 7: Stream-wise normalized velocity ū∗ filled contour plots around the three turbines
for configurations 1, 2 and 3 (top to bottom) and TSR1;2;3 = 3.5, for both turbulence rates.
Rectangles stand for the position of the downstream turbine, where velocity measurements
are impossible due to experimental constraints.

On figure 8 are depicted the filled contour plots of the bi-dimensional tur-
bulence intensity I processed with formula 5, for both ambient turbulence rates260

and the three tested configurations. These plots are really different between
both turbulence rates. The stronger gradients are reached for the lower tur-
bulence rate (figures 8a) where the tank ambient turbulence intensity is lower
than 5 % and maximum values I ≥ 40 % are noticeable in the wake of the
downstream turbine, especially for config. 3. The wake organization is different265

between config. 1 and 3, for the lowest turbulence rate. It looks like a single
wide wake for config. 1 (top) especially for x∗ ≥ 8, whereas two different wakes
are clearly visible for config. 3 (bottom) with highest values for y∗ < 0. On the
contrary, turbulence wakes are quite identical for the highest turbulence rate
versus configurations (figures 8b), in term of amplitude as well as geometrical270

shape.

In order to better highlight differences between cases, some profiles have
been extracted and compared on figures 9.

For profiles measured in-between the turbine rows at x∗ = 3, no difference
appears between configurations (figures 9a). However, significant differences275
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Figure 8: Turbulence intensity I filled contour plots around the three turbines for configura-
tions 1, 2 and 3 (top to bottom) and TSRup = TSRdown = 3.5, for both turbulence rates.
Rectangles stand for the position of the downstream turbine, where velocity measurements
are impossible due to experimental constraints.

are clearly noticeable between turbulence rates. For the lowest one, there are
strong gradients at y∗ = [−1.5;−0.5; 0.5; 1.5] corresponding to the tips of the two
upstream turbines, between u∗ = 0.4 and u∗ = 1.1. This particular profile shows
the Venturi effect in-between the first upstream turbines, with an increase of the
velocity with u∗ ≥ 1 for y∗ ∈ [−0.4; 0.4]. Consequently, it is of a great interest280

to place the second downstream turbine at the very centre, i.e. at y∗ = 0, to
artificially improve its performance. When the turbulence is higher, this Venturi
effect disappears and u∗ = 1 for y∗ = 0. At the same time, the gradient is lower
as well, with minimum velocity values of u∗ = 0.8 for y∗ = [−1.0; 1.0].

Concerning the first profile measured just after the downstream turbine at285

x∗ = 5.2 (figures 9b), large differences appear between configurations and tur-
bulence rates. For the lowest turbulence case, the profile obtained for config. 1
is approximately symmetric to y∗ = 0, with the highest velocity deficit u∗ = 0.4
for y∗ = 0. Positions of both the upstream turbines are still visible on this
profile with a second peak in the velocity deficit u∗ ' 0.6 for y∗ = [−1.2; 1.2].290

For config. 2, the maximum of the velocity deficit is still reached for y∗ = 0 with
a value slightly lower than u∗ = 0.4, but an increase of the velocity is noticeable
in parallel for y∗ = 0.5 with value slightly higher than u∗ = 1. For config. 3, the
trend already observed for config. 2 is amplified: the maximum of the deficit
appears for y∗ = −0.5 with an extreme value u∗ = 0.2 and a strong gradient295

for y∗ ∈ [−0.5; 0.3] and velocity value reaching u∗ ' 1.15 for y∗ = 0.3. For both
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Figure 9: Stream-wise normalized velocity ū∗ profiles comparisons, for the lowest (a) and the
highest (b) turbulence rates

config. 2 and 3, the position of the upstream turbine at y∗ = 1 is observable
in the velocity profile, with exactly the same values than those observed for
config. 1. For the higher turbulence rate, the three profiles are quite identical
in term of amplitude and shape, with a velocity deficit just lower than u∗ = 0.4.300

However, a shift is observable between the configurations and the maximum of
deficit appears for y∗ ' [0.1;−0.2;−0.4] respectively for config. 1, 2 and 3.

In the middle of the measured wake, i.e. at x∗ = 8 (figures 9c) the shape of
the profiles obtained for the lowest turbulence rate are globally close to those
previously described, but amplitudes are reduced. The maximum of the velocity305

deficits are reached at y∗ = [0;−0.5;−0.75] with corresponding values u∗ ' 0.5.
The previously observed gradient is visible again for config. 2 and 3 for y∗ ∈
[−0.5; 0.5] and y∗ ∈ [−0.75; 0.25], with a maximum velocity values u∗ = 0.9 and
u∗ = 1.0, respectively. Again, for all the three configurations, the upstream
turbine located at y∗ = 1 is still observable with a maximum velocity deficit310
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u∗ = 0.8 reached for y∗ ' 1.2. For the highest turbulence rate, profiles show
velocity deficit with small amplitudes: e.g. u∗ is always between 0.8 and 1.0 for
config. 2 and 3. Only config. 1 presents a deficit lower than 0.8 for y∗ ∈ [0.0; 0.5].

Finally, the last profiles measured at x∗ = 11 (figures 9d) show quite identical
curves for the lowest turbulence rate, excepted in the range y∗ ∈ [−0.5; 1.0]315

where differences in term of velocity amplitudes reach about 0.2. The highest
deficit is measured for config. 1 at y∗ = 0 and the maximum velocity is noticed
for config. 3 at y∗ = 0.3. On the contrary, profiles shown for the highest
turbulence rate are all similar. A slight deficit is observed at the very centre of
the measured area, with value u∗ ' 0.9.320

As observed in this section, whatever the configuration is and for the highest
turbulence intensity, a rapid recovery of the wake is noticed. In term of engi-
neering approach, this result is very interesting for turbines layout in a farm
during the array development or for optimisation of turbine positioning (see
for instance [36]). For the lowest turbulence intensity, interactions really occur325

and accurate computations of such configurations can be challenging for the
scientific community.

4. Performance evaluation

As already presented in section 2.2, only the downstream turbine is instru-
mented in order to quantify the interaction effects in terms of CP (power coef-330

ficient) and CT (thrust coefficient). The acquisition duration is the same than
the one used for the wake characterization, i.e. T = 180 s and the sampling
frequency is 100 Hz. In the former study of Mycek et al. [2], the turbines
were aligned with the flow direction. Therefore, it was possible to evaluate a
disc-integrated velocity perceived by the downstream turbine without too much335

experimental bias owing to the axi-symmetrical configuration. In the present
configuration however, assessing such a quantity for the downstream turbine is
not possible as the axi-symmetrical configuration is broken. Finally, authors
chose to use the reference incoming velocities ū∞ measured along the upstream
profile at x∗ = −1, presented on figure 5 and given in table 2, to process TSR,340

CP and CT in formula 7 to 8. During all the trials presented in the following of
this section, the two front turbines were always rotating at a constant TSR of
3.5.

4.1. Force and torque measurements, single turbine comparisons with previous
studies345

As described in section 2.2, modifications regarding the blade manufacturing
and the blade binding device to the shaft generate changes in the power and
thrust values for the single configuration case, comparing to previous studies.
The values obtained with the actual turbine are depicted on figure 10 and are
compared to those obtained using the former one.350

For the lowest turbulence rate, it can be noticed that the power coefficient
curve of the actual turbine is very similar to the one of the previous work of
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Figure 10: Comparison of power and thrust coefficients between the turbine used in Mycek et
al. [1, 2] and the present improved turbine when used alone into the tank. Colour areas denote
standard deviations of the presented quantities.

Mycek et al. [1] except for the latter part of the curve (figure 10a). In fact, the
present CP curve starts decreasing from TSR ' 4.5 in the present study against
TSR ' 5.5 previously. This is probably due to the improvement of the blades355

fixation devices.

For the thrust coefficient curve, differences can be observed (figure 10c).
When TSR < 3 the thrust coefficient of the actual turbine is lower than the
one obtained for the previous one. For higher TSR values (TSR > 4.5), the
CT value keeps increasing with the TSR for the actual turbine whereas it was360

stagnating for the previous studies. To some extent, this last feature could be
attributed to the rigidity improvement of blades fixation devices. In fact, small
blade movements have been cancelled, so the energy losses are lower and an
increased force is acting on the turbine. Conversely, this could be an argument
proving that passive blade deformation or movement can increase the working365
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range of the turbine as recently suggested by Cognet et al. [37] in the wind
energy framework. This suppression of small blade movements probably also
explain the lower fluctuations of CP and CT experienced by the actual turbine
for the higher TSR. These values of power and thrust coefficients are the same
as those measured by Gaurier et al. [34].370

For the higher turbulence intensity, the actual CP -curve is very similar to
the former one, except for the peak value which is higher in the nominal working
range of the turbine (figure 10b). Additionally, the tendency to show a plateau
for the CP -curve in [1] for TSR ∈ [3; 6] is not any more recovered for the actual
turbine. Again, this tendency is explained by the rigidity improvement of blade375

fixation. Comparing the curves between the turbulence intensities, it can be
noticed that the actual turbine shows higher CP values for the higher turbulence
rate, when the opposite was found for the former turbine. Results obtained for
the thrust coefficient measured for the highest turbulence rate (figure 10d) are
very similar to those obtained for the lowest turbulence rate.380

Finally, this comparison between actual and former turbine performance
coefficients leads to:

1. The plateau found in the previous study for TSR ∈ [3; 6] does not exist
any more for the actual turbine and thus for both turbulence rates.

2. The thrust values are slightly higher than before, especially for the higher385

TSR.

3. The present turbine power and thrust coefficients are very close between
the two different tested turbulence rates, although that the values mea-
sured for the highest one are slightly higher.

4.2. Power and thrust coefficients of the downstream turbine390

In this section, the downstream turbine efficiency is evaluated in terms of
power and thrust coefficients for each of the 3 configurations presented in table 1
and for the two different upstream flow characteristics shown in table 2. In the
following, the two upstream turbines tip speed ratios are kept constant with
TSRup = 3.5.395

Figures 11 and 12 present the results for the power and thrust coefficients
respectively and for the three configurations (coloured curves). The black curve
shown on every plot stands for the single turbine results presented in the pre-
vious section.

A power increase is clearly observed for configuration 1 and for the lowest400

turbulence rate (figure 11a). This was anticipated owing to the velocity increase
u∗ ' 1.1 between the two upstream turbines y∗ ∈ [−0.4 : 0.4] at x∗ = 3, see
figure 9a. This increase of CP of about 15 to 20 % depending on the TSR is
directly related to the velocity increase. On the contrary, the power coefficient
curve for configurations 2 is exactly the same than the one for a single turbine.405

The curve obtained for configuration 3 is however by far lower (40 %). These last
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Figure 11: Downstream turbine power coefficient Cdown
P versus TSRdown, with TSRup = 3.5,

compared to CP obtained for a single turbine

observations are related to the strong velocity gradient centred for y∗ = −0.5
observed on figure 9a. For configuration 2, local accelerated velocity u∗ = 1.1
compensate the turbine swept area subjected to velocity deficit u∗ = 0.4 of the
upstream turbine wake. For configuration 3, the downstream turbine centre is410

exactly at y∗ = −0.5. That means the turbine is located in the centre of the
velocity gradient and blades perceive a highly sheared flow between u∗ = 0.4
and u∗ = 1.1 at each rotation.

This phenomenon is absolutely not reproduced for the highest turbulence
rate (figure 11b). All the three curves show about the same amplitude, which is415

lower than the single turbine curve by approximately 20 %. However, a slight
difference is observed between configurations with higher values for configuration
1. Again, this small difference is explained by the velocity profile perceived by
the downstream turbine (see figure 9a), which shows u∗ decreasing from 1 to
0.8 for y∗ ∈ [0;−0.5].420

Following the presented power coefficient results, except for configuration 1
and for the lowest turbulence rate, these layouts should be avoided for real farm
configuration and longer inter-device distance than a = 4 D should clearly be
considered, whatever the ambient turbulence is.

The thrust is of major importance in term of foundation design. Thrust425

evaluation for a single turbine in a flow is well studied and some references
can be consulted such as [1]. However, thrust modifications due to turbine
interaction is not commonly evaluated even if Mycek et al. [2] evaluated the
CT modification for a downstream turbine, exactly aligned with the flow. In all
the studied configurations (for different inter-device distances a), the CT values430

were always lower than for the reference single configuration. The CT curves
tend to recover to the reference configuration with increasing the inter-device
distance a and more rapidly for the highest turbulence rate.
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Figure 12: Downstream turbine thrust coefficient Cdown
T versus TSRdown, with TSRup = 3.5

compared to CT obtained for a single turbine

For the highest ambient turbulence flow, the CT -curves are always lower than
for the reference case in the working rage of TSR (see figure 12b). The difference435

is about 5 to 10 % between the single turbine curve and the three configurations
curves. As already observed for the power coefficient (figure 11b), even if the
thrust measured for the three configurations is very similar, configuration 1 is
slightly higher than configuration 2 and configuration 3. Again, this is directly
related to the flow velocity profile measured on figure 9a.440

For the lowest turbulence rate (figure 12a), the behaviour of the CT -curves
is also consistent with what was found for the CP : an increase of about 15 %
for configuration 1, a smaller increase lower or equal to 10 % for configuration
2 and a decrease of about 10 % for configuration 3. These differences between
configurations for the thrust coefficient are lower than the ones noticed for the445

power coefficient because the velocity gradient observed on figure 9a are squared
and not cubed.

In term of turbine reliability, loads fluctuation are of extreme importance.
Figures 13 and 14 show that the downstream turbine standard deviation of the
power and thrust coefficients are always higher than those of a single turbine.450

For the lowest turbulence rate, in both cases (CP , figure 13a and CT , fig-
ure. 14a), configuration 3 shows higher standard deviation than configuration 2,
itself higher than configuration 1. This tendency results from the fact that con-
figuration 2 and even more configuration 3 are subjected to a highly sheared flow
and higher local velocity fluctuations, as already observed on the flow velocity455

profiles shown on figure 9a.
In terms of absolute values, the CP standard deviation is at least doubled

(configuration 1) or tripled (configuration 3), in the working range of TSR.
For the thrust coefficient CT , a large increase is observed: between three times
higher for configuration 1 to approximately seven times higher for configuration460

19



3 comparing the results of a single turbine. Another important aspect to notice is
that, even for configuration 1, σCP

and σCT
increase with respect to the reference

single turbine. According to the turbulence contour plot shown on figure 8a, this
is mainly caused by the turbulence increase observed for y∗ ≤ −0.5 and y∗ ≥ 0.5,
and by the strong velocity gradient observed on figure 9a at y∗ = [−0.5; 0.5],465

i.e. at the exact position of the downstream turbine blades tips.
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Figure 13: Standard deviation of the downstream turbine power coefficient Cdown
P versus

TSRdown, with TSRup = 3.5, compared to σ(CP ) obtained for a single turbine
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Figure 14: Standard deviation of the downstream turbine thrust coefficient Cdown
T versus

TSRdown, with TSRup = 3.5, compared to σ(CT ) obtained for a single turbine

For the higher ambient turbulence intensities (Figures 13b and 14b), a gen-
eral moderate increase of these two quantities is also observed. This increase
is in fact moderate and similar whatever the configuration is. This smaller in-
crease is explained by both the fact that the incoming velocity fluctuations are470
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slightly higher than the ambient values and the perceived velocity profile (figure
9a) does not show high velocity gradients. As a matter of fact, an increase of
approximately 5 to 10% of the σCP

is encountered, whereas about 20 to 30%
of increase is observed for the σCT

. Again, the thrust coefficient seems to be
much more sensible than the power coefficient. As explained in section 2.2, the475

thrust is not measured directly on the turbine axis but from the top of the mast
outside the water, on the contrary to the torque. This may explain the higher
standard-deviation observed on this parameter which partially comes from the
mast drag as well, comparing to the torque.

The following spectral analysis of the thrust and torque signals will give480

some interesting insights to the observed phenomena.

4.3. Power spectral density functions of the torque and thrust

In order to analyse spectral content of the torque Qdown and thrust T down,
power spectral density (PSD) functions of these two quantities are calculated
for each configuration. The definition used for the power spectral density of any
signal g(t) is the following:

Sgg = FT (γg) = FT (g) · FT ∗ (g) , (10)

where FT (g) means the Fourier transform, FT ∗ (g) its complex conjugate and
γg the auto-correlation function of the signal g(t). The present results are
computed from the second part of equation (10), similarly to Durán-Medina et485

al. [17]. The graphics of the left (respectively right) hand side of figure 15 de-
pict SQQ (respectively STT ) for each of the three configurations and for selected
TSRdown ∈ [0; 2; 4; 6]. This analysis was performed directly on the fluctuat-
ing part of the torque and thrust parameters, instead of non-dimensionalised
values such as CP or CT , in order to avoid perturbation in the signal that490

could come from fluctuations or oscillations of the rotational speed ωdown. The
SQQ and STT are computed over the entire acquisition length. Beforehand,
the fluctuating part of the thrust and torque signals are cut into blocks of
1024 points and the Fourier transform is applied on every block. Addition-
ally, in order to focus our attention on the interaction effects of the upstream495

turbines to the downstream one, all the results are presented with respect to
non-dimensionalised frequency f/fup, with fup the upstream turbines rotation
speed. As explained in section 4.2, the upstream turbine rotation speeds are
constant with TSRup = 3.5, meaning fup = 1.27 Hz. In the same way, fdown is
introduced as well, corresponding to the downstream turbine rotation frequency,500

which differs depending on the TSRdown cases.

The obtained results show that the frequency fup, or probably 3 fup, cannot
be observed on any of the graphics depicted on figure 15. On this figure, SQQ

function only shows a peak at 3 fdown and, in some cases, a similar peak at
fdown. This spectral content for the torque is very classical and similar results505

were obtained by Martinez et al. [38] in their recent publication for instance.
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(e) SQQ config. 3
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Figure 15: Power spectral density functions of the torque (SQQ) and the thrust (STT ) for
selected TSR-values and the three configurations for the lowest turbulence rate

Sometimes, another smaller peak at 2 fdown can be observed: TSR = 6.0 for
configuration 1, TSR = 4.0 and 6.0 for configurations 2 and 3. However, in
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none of these configurations a peak can be observed at 3 fup, neither on the
graphics of figure 15 nor in those of the other unrepresented downstream TSR510

(see [32]).

This result tends to prove that, even for very low ambient turbulence rate
(see section 3.1), there is no spectral content of the upstream turbine that can be
observed in the downstream signal, even for configurations where the upstream
wake highly interact with the downstream turbine (for instance configurations515

2 and 3 as presented in section 3). An additional proof is that, for TSR = 0.0
on each of these 3 graphics, nothing can be observed for fup nor 2 or 3 fup

and the obtained power spectral density functions SQQ quite smoothly decrease
for this frequency range. In terms of turbine fatigue and life cycle analysis, this
results would mean that downstream turbines could be analysed individually. In520

other words, the inter-device distance in a farm will not have such an important
effect on fatigue and reliability analysis, it would be more the surrounded or
wake generated turbulence that will have. These conclusions are obtained from
the 3 studied turbine layouts, but this geometrical configuration were chosen
to highlight turbine interaction and are there more concentrated than in real525

future commercial farms. Also, this analysis is presented here based on the
lowest turbulence rate, however the same results were obtained for the highest
turbulence rate and the same conclusions can be drawn: there is no evidence of
any spectral content at fup nor 2 or 3fup in the downstream signals.
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Figure 16: Power spectral density functions of the velocity (Suu) measured with LDV at
x∗ = [1.2, 3.0] and y∗ = [0,−0.3,−0.5,−0.7], when TSRup = TSRdown = 3.5 and for the
lowest turbulence rate

In order to give additional informations about the upstream turbines wake530

influence, the power spectral density functions coming from several points in
the wake in-between the turbine rows are plotted on figure 16 for the lowest
turbulence rate. Four transverse positions are chosen y∗ = [0,−0.3,−0.5,−0.7],
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partially corresponding to the downstream turbine axis positions (configuration
1 for y∗ = 0 and configuration 3 for y∗ = −0.5). At the first position x∗ = 1.2,535

the frequency 3 fup is clearly observable for y∗ = −0.5 with harmonics 2, 3
and 4. The same frequency is visible for y∗ = −0.3 as well, but with lower
amplitude. At this later position, fup can be also noticed. However, none of
these frequencies are visible for y∗ = 0 or y∗ = −0.7. Concerning the last
measured profile just in front of the downstream turbine at x∗ = 3.0, i.e. 1 D540

upstream the turbine, no frequency is clearly detectable on every presented
PSD. That means the wake activity containing the upstream turbine rotation
informations seen for y∗ = [−0.3,−0.5] has vanished between x∗ = 1.2 and
x∗ = 3.0. This explains why the downstream turbine PSD of torque or thrust
does not contain any upstream frequency, as nothing can already be observed545

in the incoming velocity.

5. Conclusions and prospects

This paper presents the experimental work performed on three configurations
of three tidal turbines layout. Each of these configurations has been tested for
two turbulence intensity rates (I∞ = 2.3% and I∞ = 13.5%) to emphasise the550

ambient turbulence influence on the obtained results. Interactions effects have
been studied from wake characterisation and turbine performance. Downstream
power and thrust coefficients highlight the upstream wakes effects on the down-
stream turbine. Load fluctuations have been quantified in terms of standard
deviation of the power and thrust coefficients, and on power spectral density555

function of the torque and thrust forces. The use of the power spectral density
function permits to investigate if a spectral signature of the upstream wake is
observable in the downstream turbine behaviour. The wake and performance
measurements are presented with much details in the core of the paper and all
the raw materials can be obtained via the open-data resource [32].560

Physically speaking, the wake characterisation presents complex features in
the wake recovery for the two configurations where the downstream turbine is
off-centred and for the lowest ambient turbulence rate. Wake interactions and
wakes merging are observed. For this turbulence rate, the symmetric config-
uration shows an intense downstream turbine wake. The lateral expansion of565

this downstream wake is favoured with respect to the single turbine case. As
a consequence, a merging of the top end of the two upstream wakes with the
downstream one is encountered from x∗ = 6.0. This feature has already been
found in some previous numerical computations, e.g. in [39]. The generated
turbulence in the downstream wake, gradually increases between the symmetri-570

cal and the more off-centred configuration. For the highest turbulence rate, the
wake characterisation does not show any significant wake-turbine interactions.
However, the wake recovery is very fast which would enable a higher density of
turbines in a farm during a future real-size array development. For all the three
cases, the downstream wake does not seem to be affected by the two upstream575

ones. All the downstream wakes show a more rapid lateral expansion than in the
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single turbine configuration at this given turbulence intensity. For configuration
3 only, the downstream wake presents a wake asymmetry. However, the major
difference stands in the fact that the downstream wake generated turbulence is
always higher than for the two upstream ones.580

In terms of performance for the lowest turbulence rate, only the symmet-
ric configuration presents a clear increase of downstream turbine performance
with respect to the single turbine case. This was anticipated by the velocity
increase in the bypass between the two upstream turbines. However, this im-
proved power coefficient is only present at this low turbulence intensity and a585

quite large decrease of power performance is observed for the same configura-
tion for the highest ambient turbulence intensity. To conclude on this, looking
for improvement of turbine performance using this Venturi effect in the bypass
for commercial farm configuration seems to be highly hypothetical. A small
misalignment of the layout axis with respect to the tidal current may result in590

a decrease of performance at the end. In fact, both off-centred configurations
for the lowest turbulence intensity either depict a similar behaviour or a de-
crease of performance with respect to the single turbine configuration. For the
intermediate configuration, a quite similar power curve has been obtained. This
is due to the fact that the velocity increase in the bypass counter balance the595

velocity deficit in the portion of the turbine submitted to the upstream wake.
For the more off-centred configuration, a large power deficit is experimentally
observed. For the highest ambient turbulence intensity, all downstream turbine
power coefficients present a decrease with respect to the reference single config-
uration. The thrust coefficients are all affected but the modifications are not600

significant (generally an increase for the lower I∞ and a decrease for the higher
I∞). However, it is the fluctuations of these CP and CT that are more largely
impacted. To summarise, an increase is observed for both σ (CP ) and σ (CT ),
the increase being the smaller for the symmetric configuration and gradually
increasing for the more off-centred downstream turbine position. The σ (CT )605

increase can be up to approximately 7 times higher than the single reference
case. And as expected from the wake measurements, these values of σ (CP )
and σ (CT ) are slightly increased for all the three configurations for the highest
turbulence rate, but the three obtained curves have a similar trend.

Finally, one of the main objective of this study was to investigate the spectral610

signature of the upstream turbine (through its wake) in the downstream turbine
performance. Unexpectedly, no upstream turbine frequency has been found in
the spectral density functions of the downstream turbine parameters (torque
or thrust), neither for the highest turbulence case nor for the lowest one, and
whatever the configuration is. The absence of upstream turbine signature, even615

for more off-centred configuration with the lower ambient turbulence rate, has
been noticed in the velocity spectral analysis as well, from 3 diameters distance.
In fact, investigating load fluctuations, such as Ahmed et al. [40] or Togneri et
al. [28], on the turbine in a farm may reveal easier (or perhaps less complicated)
than expected.620
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1) Experimental results of 3 turbines in interaction: wake, power and thrust
2) 3 geometrical configurations with 2 turbulence intensities are considered
3) Ambient turbulence influence assessment on interaction mechanisms
4) Downstream turbine large power losses can be observed
5) Power spectral density analysis does not show any upstream turbine signature
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