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Abstract: Assessing the efficiency of a tidal turbine array is necessary for adequate device positioning
and the reliable evaluation of annual energy production. Array efficiency depends on hydrodynamic
characteristics, operating conditions, and blockage effects, and is commonly evaluated by relying on
analytical models or more complex numerical simulations. By applying the conservations of mass,
momentum, and energy in an idealized flow field, analytical models derive formulations of turbines’
thrust and power as a function of the induction factor (change in the current velocity induced by
turbines). This simplified approach also gives a preliminary characterization of the influence of
blockage on array efficiency. Numerical models with turbines represented as actuator disks also
enable the assessment of the efficiency of a tidal array. We compare here these two approaches,
considering the numerical model as a reference as it includes more physics than the analytical models.
The actuator disk approach is applied to the three-dimensional model Telemac3D in realistic flow
conditions and for different operating scenarios. Reference results are compared to those obtained
from three analytical models that permit the investigation of the flow within tidal farm integrating
or excluding processes such as the deformation of the free surface or the effects of global blockage.
The comparison is applied to the deployment of a fence of turbines in the Alderney Race (macro-tidal
conditions of the English Channel, northwest European shelf). Efficiency estimates are found to vary
significantly from one model to another. The main result is that analytical models predict lower
efficiency as they fail to approach realistically the flow structure in the vicinity of turbines, especially
because they neglect the three-dimensional effects and turbulent mixing. This finding implies that
the tidal energy yield potential could be larger than previously estimated (with analytical models).

Keywords: tidal turbine; blockage; Alderney Race; Telemac3D; actuator disk

1. Introduction

The development and exploitation of low-carbon energies is essential to limit the
impact of climate change. In Europe, ocean energy has attracted increasing interest, espe-
cially in the tidal energy sector, mainly as this resource is, among the different forms of
marine energies, highly predictable [1]. A number of potential sites, with high resources,
have been identified in northwest European shelf seas including the Alderney Race in
the English Channel [2], the Pentland Firth in North Scotland (UK) [3], or the Fromveur
Strait in western Brittany (France) [4]. Nowadays, several technologies have been tested
on-site (e.g., HydroQuest, Simec Atlantis turbines, Sabella, etc.) and the tidal energy sector
is currently planning the deployment of arrays able to produce dozens of MW.

Maximizing the potential output of tidal turbines requires, however, an optimal
positioning of devices. The design of array has therefore attracted the interest of numerous
research studies relying either on lab-scale experiments or analytical and/or numerical
models. Those investigations integrate, most of the time, methodologies and concepts

Energies 2021, 14, 892. https://doi.org/10.3390/en14040892 https://www.mdpi.com/journal/energies

https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-0038-1064
https://orcid.org/0000-0002-2415-5424
https://orcid.org/0000-0002-6227-8134
https://doi.org/10.3390/en14040892
https://doi.org/10.3390/en14040892
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14040892
https://www.mdpi.com/journal/energies
https://www.mdpi.com/1996-1073/14/4/892?type=check_update&version=1


Energies 2021, 14, 892 2 of 13

initially developed for wind turbines. Beyond changes in fluid density, a great difference
between the exploitation of wind and tidal current is that tidal currents are constrained
vertically by the free surface. This constriction of the tidal flow significantly influences the
turbine performances and is referred to as blockage effect.

A series of analytical models were developed to investigate the blockage effect on
turbines’ performance. These effects were studied by Garrett and Cummins [5] who applied
the theory of Lancaster–Betz to a constrained flow with a blockage ratio ε (i.e., the surface
swept by the blades over the cross-sectional area of the flow). They demonstrated that,
in comparison to a turbine operating in an unconstrained stream (which is the case in the
Lancaster–Betz theory), the maximum power extractable by a turbine (known as the Lancaster–
Betz limit) varies as a function of (1 − ε)−2, thus exhibiting the increase of this maximum
power with the blockage ratio. Whelan et al. [6] then modified this model by integrating the
change in water depth caused by the turbine operation. In addition, Nishino and Willden [7]
used the analytical model of Garrett and Cummins [5] to investigate the flow through and
around a fence of devices arrayed across part of a wide channel cross section.

However, whereas analytical models permit the estimation of turbines’ performance,
they rely on simplified configurations (idealized geometry), schematic turbine representa-
tion (e.g., swirl neglected), and simplified physics (e.g., quasi-inviscid flows). Numerical
models are therefore useful to estimate array efficiency under more realistic flow condi-
tions. This can be achieved with sophisticated blade-resolved models [8], blade element
momentum theory [9], or vortex models [10], but also with more simplified turbine repre-
sentation based on the actuator disk (AD) concept. This modelling approach consists of
representing individual turbines as disks that apply the thrust experienced by turbines on
the fluid. It is achieved by integrating in the momentum equation a sink term applied over
the disks’ area. The AD method was validated with different lab-scale experiments, thus
confirming its ability in simulating far turbine wakes [11]. It was therefore integrated in
regional hydrodynamics models to perform wake-field studies under realistic sea condi-
tions. Hence, Michelet et al. [12] applied the AD method in the regional ocean modelling
system (ROMS [13]) to analyze the influence of the tidal asymmetry on the power output
of an array of eight turbines deployed in the Fromveur Strait (western Brittany, France).
By applying such an approach, Nguyen et al. [14] highlighted the effect of the flow rectilin-
earity on the power output of an array deployed in the Alderney Race (English Channel);
and Thiébot et al. [15] demonstrated the influence of the wake-added turbulence on the
power production of an array containing up to thirty devices.

In the present contribution, we investigate the efficiency of a fence of turbines deployed
in the Alderney Race (in the English Channel between Alderney Island and the Cap de la
Hague, France) by comparing predictions from (i) a series of analytical models and (ii) a
reference regional simulation in which tidal turbines are represented by ADs. In addition
to obtaining refined estimates of array efficiency, the objective is to provide further insights
about these different approaches for advanced resource assessments in potential tidal
stream energy sites. Indeed, analytical models constitute fast and simple approaches of tidal
array efficiency, particularly useful in the preliminary stages of a tidal farm project, thus
sparing time-consuming computational resources. However, these simplified approaches
integrate increased uncertainties with respect to more realistic numerical simulations
liable to encompass the complex coastline geometry, bathymetric features, hydrodynamic
forcings, and associated spatio-temporal variability, as well as the potential interaction of
turbine wakes within the array. It appears therefore fundamental to assess the discrepancy
between analytical models and an advanced numerical simulation.

The paper is organized as follows. The method is described in Section 2, which
includes a presentation of the study site and the analytical and the numerical models.
Predictions from the different models are analyzed and discussed in Section 3. Conclusions
are given in Section 4.
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2. Materials and Methods
2.1. Site Description—Scenarios of Tidal Stream Energy Extraction

The site retained for this study is the Alderney Race, which is a progressive wave
system. The high tidal current magnitudes of the site result from the combination of
extreme tidal ranges in the southern part of the English Channel (exceeding 14 m near
Mont Saint Michel) and a constriction (bottleneck effect) of the flow between the Cap de la
Hague (France) and the island of Alderney. With current magnitude exceeding 5 m/s and
depth suitable to deploy tidal turbines, this 15 km wide strait is one the most promising
sites for tidal stream energy exploitation in the world [2]. Numerous investigations have
therefore been performed to assess the potential annual energy production of the site, with
the most optimistic estimates exceeding 10 TWh/year [16–18].

This study is an extension of previous investigations conducted on the same area
of the Alderney Race with Telemac3D [19]. Thus, we rely on the model configuration
implemented by Thiébot et al. [15] and focus on the same period (corresponding to a mean
spring tide). However, we consider another way to analyze the array efficiency (described
in Section 2.3) and we consider a different scenario of turbine deployment (different number
of turbines and arrangement). Figure 1a shows the location of the study zone. Time-series
of current magnitude and direction and free surface elevation (Figure 2) have been extracted
in the center of the study zone at the point of coordinates (49◦42.300′ N; 2◦6.180′ W). Times
of peak ebb and flood retained to assess the array efficiency are extracted from the time
series of current magnitude at the center of the fence of turbines. The corresponding current
velocity directions are represented in Figure 1b,c.
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bines are active. For a lateral spacing of 3D, only the 6 turbines represented in black are active. The 
origin of the coordinates system (in meters) corresponds to the center of the fence of turbines 
(49°42.300′ N; 2°6.180′ W). 

 
Figure 2. Time-series of (a) depth-averaged velocity magnitude, (b) depth-averaged velocity direc-
tion, and (c) free surface elevation extracted from the Telemac3D model (simulation without tur-
bine) in the center of the fence (49°42.300′ N; 2°6.180′ W). The red circles show times of peak ebb and 
flood retained to assess the array efficiency. 

  

Figure 1. (a) Bathymetry of the study site with location of the fence of turbines. Depth-averaged
current direction during peak (b) ebb and (c) flood of a mean spring tide. The lateral spacing (center
to center) are indicated in number of turbine diameters D. For a lateral spacing of 1.5D, 11 turbines
are active. For a lateral spacing of 3D, only the 6 turbines represented in black are active. The origin
of the coordinates system (in meters) corresponds to the center of the fence of turbines (49◦42.300′ N;
2◦6.180′ W).
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Figure 2. Time-series of (a) depth-averaged velocity magnitude, (b) depth-averaged velocity direction,
and (c) free surface elevation extracted from the Telemac3D model (simulation without turbine) in
the center of the fence (49◦42.300′ N; 2◦6.180′ W). The red circles show times of peak ebb and flood
retained to assess the array efficiency.

With regards to the scenarios of tidal stream energy extraction, we have considered
a single fence of 14 m diameter turbines oriented perpendicularly to the predominant
flow (Figure 1b,c). The turbine diameter is consistent with the value retained in [15]. It is
worth noting that larger rotors could be used at this site, given that the depth exceeds 40 m.
The hub height is 15 m. The length of the fence is 15D (distance between the axis of the
turbines placed on the sides of the fence with D the turbine diameter, Figure 1b). Two lateral
spacings between turbines, noted ∆, have been tested: 1.5D and 3D (Figure 1b,c), which
leads to two different blockage ratios. The number of turbines when ∆ = 1.5D and 3D,
is 11 and 6, respectively (Figure 1b,c). Characteristics of the flow in peak ebb and flood
are synthesized in Table 1. It is noteworthy that the Froude number, which is an input
parameter of the analytical model of Whelan et al. [6], differs between peak ebb and flood
as both water depth and current magnitude vary between the two tidal periods (Figure 2
and Table 1).

Table 1. Characteristics of the flow during peak ebb and flood in the center of the fence (49◦42.300
′N; 2◦6.180′ W) without the effects of turbines. ∆ corresponds to the lateral spacing between devices
(1.5D or 3D). The blockage ratio is equal to the surface area swept by the blades (πD2/4 ) divided by
the cross-section of the flow, that is to say the water depth multiplied by the distance between two
consecutive turbines (1.5D or 3D).

Peak Ebb Peak Flood

Water depth (m) 41.05 46.52
Depth-averaged velocity magnitude (m/s) 3.02 2.76

Depth-averaged current direction (◦/North) 206 32
Blockage ratio (%) ∆ = 1.5D/3D 17.86/8.93 15.76/7.88
Froude number (dimensionless) 0.150 0.129

2.2. Analytical Models

Analytical models intend to predict, for different values of velocity reduction (caused
by the turbines), the efficiency of arrays. The efficiency is expressed in terms of thrust T and
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power P. For a single turbine, the thrust and power are given by Equations (1) and (2). The
velocity reduction caused by the disk is expressed with an induction factor a, Equation (3).

T =
1
2

ρCT AU2
∞ (1)

P =
1
2

ρCP AU3
∞ (2)

a =
U∞ −UD

U∞
(3)

where ρ (which is assumed to be constant and equal to 1025 kg/m3 for the present purpose)
is the fluid density, CT and CP are the thrust and power coefficients, A is the area swept by
the turbines’ blades, U∞ is the velocity in the unperturbed flow (in a region of the flow that
is not affected by the turbine), and UD is the velocity in the disk.

Analytical models rely on the linear momentum actuator disk theory (LMADT). In this
theory, the effect of the turbine on the flow is represented by a change of pressure equal
to T/A. The LMADT consists of using the conservation of mass, momentum, and energy
along the longitudinal axis of the turbine to derive relationships between the induction
factor and the thrust and power coefficients. The LMADT leads to the famous Lancaster–
Betz limit, which indicates that the maximum power coefficient value is 16/27 ≈ 0.59.
The Lancaster–Betz model relies on equations that are valid in unbounded flows. However,
for tidal turbine applications, the flows are bounded laterally and vertically. Hence, Garrett
and Cummins [5] adapted the LMADT to model the horizontal flow through and around
a tidal turbine deployed in a channel of finite dimensions (Figure 3(a1)). To this end,
they applied the LMADT along the turbine’s axis and in the bypass flow (the accelerated
flow around the turbine). They considered a quasi-inviscid flow with simplified velocity
distribution: the velocity is thus supposed to be uniform in the bypass flow and in the
stream tube passing through the turbine. Their model, noted G&C2007 in the following,
permitted them to show that the Lancaster–Betz limit could be exceeded by a factor of
(1 − ε)−2. Whelan et al. [6] rewrote the system of equations of G&C2007 and applied them
to model the flow within a vertical plane passing through the turbine (Figure 3b). In doing
so, they integrated the effect of the change in depth caused by the turbine (the rise of
the free surface upstream of the turbine and drop of the free surface downstream of the
turbine). Beyond confirming the effect of the blockage ratio, this new model, hereinafter
denominated W2009, exhibited an increase in the extracted power with the Froude number.
G&C2007 and W2009 were initially designed to analyze the performance of a single turbine
in a channel. Nevertheless, those models are also applicable to multiple turbines spanned
uniformly over the entire cross-section of a channel (as represented in Figure 3(a2) for
G&C2007). However, in real-life applications, turbines are unlikely to be deployed over the
entire channel cross-section because of either environmental and/or regulation constraints.
Hence, Nishino and Willden [7] developed an analytical model, denoted N&W2012, to
analyze the performance of a fence of turbines blocking partially a channel (Figure 3c).
N&W2012 applied the G&C2007 model at two spatial scales: (i) at the “array scale” to
analyze the flow through and around the fence of turbines, and (ii) at the “turbine scale” to
analyze the flow through and around each turbine. For the present purpose, these three
analytical models (G&C2007, W2009, and N&W2012) have been coded in Matlab in order
to obtain, under the flow conditions synthetized in Table 1, the relationships between the
power coefficient CP, the thrust coefficient CT , and the induction factor a. The results are
presented and discussed in Section 3.
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Figure 3. Schematic representation of the analytical models. (a1) G&C2007 applied to a single turbine,
(a2) G&C2007 applied to a fence of turbines arrayed uniformly across the channel, (b) W2009, and (c)
N&W2012. (c) The dashed red curves represent the stream tube passing through the fence of turbines
(surrounded by a red rectangle), and represent the flow at the “array scale”. The dashed black curves
represent the stream tube passing through each turbine, and represent the flow at the “turbine scale”.
UD is the velocity in the disk, UA is the velocity at the fence, and UC is the channel cross-sectional
average of the streamwise velocity.

2.3. Numerical Model

The numerical model retained for analyzing the performance of the fence of tur-
bines relies on the Telemac3D configuration of Thiébot et al. [15,20]. The mesh contains
16.8 million nodes. The horizontal cell size varies from 10 km (near the boundaries of
the computational domain covering the English Channel) to 1 m in the zone occupied
by the turbines. Vertically, the domain is discretized using 40 equally spaced horizontal
planes (sigma-transformation), leading to a 1 m resolution in the zone occupied by the
turbines. The turbulence is modelled with a k-ε closure scheme assuming an isotropic
turbulence hypothesis. The model is forced by 11 tidal constituents. The regional model
performance (simulations without turbine) has been validated with five acoustic doppler
current profilers (ADCP) deployed in the waters of Alderney and demonstrated excellent
model performance, with root mean square errors on the depth-averaged current velocities
smaller than 0.2 m/s for four of the five ADCPs. The seabed morphology in the zone
surrounding the turbines is featureless and flat with negligible variations of current veloci-
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ties along the fence of turbines. The standard deviation of the velocity magnitude at the
locations of the 11 turbines (case with ∆ = 1.5D) is smaller than 0.01 m/s. The hydrody-
namic conditions retained for the numerical model are thus similar to those retained in the
analytical models (where the currents are uniform across the fence of turbines).

The turbine representation relies on an actuator disk (AD) formulation, which consists
in applying, in the zone occupied by the turbines, a momentum sink term calculated
from the thrust of the turbines. In our model, instead of computing the thrust from an
upstream velocity (as in Equation (1)), it is evaluated from the velocity in the disk UD and
a resistance coefficient K (4) [21]. A first way to apply such AD formulation consists of
setting the value of K so that it corresponds to a given thrust coefficient value. For instance,
in [15], the value of K = 1.52, which corresponded to CT = 0.8, and was computed without
blockage correction with Equations (5) and (6). For the present purpose, we apply the AD
formulation in another way. Rather than setting a priori the value of K (or CT), we analyse
the array efficiency under varying operating conditions (varying induction factors). To this
end, we adopt the methodology of Nishino and Willden [22] which consists of performing
a series of simulations with increasing values of momentum loss factor K (=1, 2, . . . , 5) and
then establishing, for different values of K, the relationships between the thrust and the
power coefficients and the induction factor a with Equations (7)–(9).

T =
1
2

ρKAU2
D (4)

CT =
K

(1 + K/4)2 (5)

U∞ =

(
1 +

K
4

)
UD (6)

a =
〈U∞〉 − 〈UD〉
〈U∞〉

(7)

CT = K
〈
U2

D
〉

〈U2
∞〉

(8)

CP = K
〈
U3

D
〉

〈U3
∞〉

(9)

where 〈〉 indicates the spatial average over the disk and U∞ is the current velocity in the
unperturbed flow (determined from a simulation without turbine).

3. Results and Discussion
3.1. Results Overview

Figure 4 shows estimates of thrust and power coefficients with respect to the induction
factor for the two array configurations (lateral spacings of 1.5D and 3D), the three analytical
models (G&C2007, W2009, and N&W2012), and the reference Telemac3D simulations with
AD. These results are represented at peak ebb and flood of the mean spring tide shown in
Figure 2.
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3.2. Inter-Comparison of Analytical Models

Firstly, whatever the model retained, peak ebb flow conditions lead to greater thrust
and power coefficients than peak flood conditions. The thrust and the power coefficients
are 4.3% and 1.1% greater during peak ebb than peak flood (those values are given for
a = 1/3 and are averages of all model results). This appears related to a greater blockage
ratio (Table 1). Indeed, in the Alderney Race, the peak ebb corresponds approximately
to low tide (Figure 2) and the blockage ratio is thus greater (as the cross-section reduces).
Secondly, for the same reason (difference in blockage ratio), it is also observable that a
lateral spacing of 1.5D (continuous lines) gives greater thrust and power than a lateral
spacing of 3D (dashed lines). Thirdly, with regards to the inter-comparison of analytical
models, we can see that the predictions of G&C2007 and W2009 are nearly similar, with
slightly greater values predicted by W2009. The difference in efficiency is very small
because, in the tested conditions, the Froude numbers are small (in comparison with the
value of 0.22 retained in [6]). Fourth, N&W2012 predicts lower performance than the two
other analytical models (−6.8% for the power coefficient CP at a = 1/3; this value is an
average of the peak ebb and peak flood conditions). This may be because it considers the
flow at both the array and the turbine scales, while G&C2007 and W2009 only consider
the turbine scale. To explain in more detail the difference between the three analytical
models, we rely on the notations of [7] with UC the velocity in the channel, UA the velocity
in the array, and UD the velocity in the disks (Figure 3). In G&C2007 and W2009, only
the turbine scale is accounted for and the array-scale effect is neglected (i.e., the global
effect of the turbines does not modify the flow passing through the fence). Thus, it is
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hypothesized that the velocity at the channel inlet is similar to the velocity upstream of
the array (i.e., UC = UA) and the results of G&C2007 and W2009 are given in terms of
local induction factor aL = 1−UD/UA and local power and thrust coefficients CTLocal
and CPLocal . In N&W2012, the thrust and the power result from (i) the local reduction of
the velocity at the turbine scale (characterized by an array induction factor aL), but it also
integrates (ii) the reduction of the velocity upstream of the array due to the array-scale
effect (characterized by an array induction factor aA = 1−UA/UC). The relationships
between the local coefficients (used in G&C2007 and W2009) and the global coefficients
(used in N&W2012) are therefore presented in Equations (10) and (11) [7].

CTGlobal = (1− aA)
2CTLocal (10)

CPGlobal = (1− aA)
3CPLocal (11)

As aA is smaller than 1, the efficiency estimates given by N&W2012 are smaller than
those given by G&C2007 and W2009, which explains the differences between the three
analytical model results shown in Figure 4.

3.3. Comparison between Analytical and Numerical Models

The numerical model predicts a higher efficiency than the analytical models (+22.1%
for the power coefficient for a = 1/3; this value is an average of the peak ebb and peak flood
conditions). It is an important (and encouraging) finding. Indeed, it suggests that historic
energy yield estimates based on analytical models are under-estimated and that the yield
potential could be greater than previously estimated. Furthermore, the effect of the lateral
spacing on the thrust and power differs between analytical and numerical models. Whereas
Telemac3D predicts a slight gain in power coefficient when densely packing turbines (+3.4%
when a = 1/3), the analytical models predicts a much higher gain (+18.3%, +18.9%, and
+10.5% for G&C2007, W2009, and N&W2012, respectively). These results exhibit that
analytical and numerical models give significantly different efficiency estimates; and that
they are characterized by different sensitivities to the blockage ratio. We suggest that mixing
effects may play a role in such differences. Indeed, whereas analytical models assume that
the viscous and turbulent mixing takes place only downstream of the location where the
pressure equilibrates, the numerical model with AD simulates more realistically the mixing
effects [22]. In the area surrounding the turbines, the wake-added turbulence (taken into
account in the numerical model with AD) is expected to accelerate the flow in the wake
of the turbines and reduce the flow in the bypass (horizontally and vertically). The effect
of the mixing can be seen in Figures 5 and 6 that show that rather than observing distinct
regions with homogeneous velocity distributions (decelerated flow behind the turbine and
accelerated flow around the turbines), the flow structure is much more complex. Indeed,
in the wakes of the turbines, the velocity distribution is non-uniform with a maximal
velocity reduction along the turbine axis; and a velocity deficit that enlarges progressively
(while reducing in magnitude) and extends over a large section of the flow. These figures
show furthermore that the flow behavior clearly differs under and above the device, which
indicates that the flow is three-dimensional. Indeed, there are reduced velocity magnitudes
near the seabed (and a high level of turbulence, which is not shown here) and a higher
current speed near the free surface (and a lower level of turbulence). The figures suggest
therefore that the idealized flow configuration retained by analytical models (Figure 3),
where the velocities are supposed as uniform (in the wake and the bypass), may not apply
in the present flow configurations and array arrangement.
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Figure 5. Vertical distribution of the velocity magnitude at different positions along the wake of the turbine located in the
middle of the fence (sixth turbine from the left for ∆ = 1.5D and third turbine from the left for ∆ = 3D, Figure 1b,c). Blue lines
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∆ = 1.5D and ∆ = 3D, respectively).
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Figure 6. Horizontal distribution of the velocity deficit (velocity magnitude with turbines minus velocity magnitude
without turbines) at the hub height (15 m above the flat seabed) at different streamwise positions from the fence of devices.
Continuous and dashed lines correspond to a lateral spacing of 1.5D and 3D, respectively. The velocities have been extracted,
at peak flood tide, from the simulation with AD with K = 3 (a = 0.33 and 0.34 for ∆ = 1.5D and ∆ = 3D, respectively).
The orientation of the axis y differs from that retained in Figure 1.

The discrepancies between the analytical and numerical models (Figure 4) is smaller
for a lateral distance of 1.5D (continuous curves) than for a lateral spacing of 3D (dashed
curves), which suggests that analytical models are more reliable when blockage ratios
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are large. To understand why, we now compare the flow field around the turbines for
both a lateral spacing of 1.5D and 3D. Firstly, with regards to wake-added turbulence,
the comparison of dashed and continuous lines in Figure 7 highlights a greater level
of turbulent kinetic energy behind the fence when the lateral spacing is 1.5D (because
there are more turbines producing turbulence along the fence). There is therefore more
mixing when the lateral spacing is 1.5D. As analytical models neglect turbulence, their
performance should be worse for ∆ = 1.5D than for ∆ = 3D. As the contrary is found,
the wake-added turbulence may not be responsible for the difference of performance
between ∆ = 1.5D and ∆ = 3D. Secondly, we compare the vertical distribution of the current
magnitude, which shows limited differences between the two cases as shown in Figure 5
(by comparing dashed and continuous lines). Thirdly, we investigate the difference in
the spatial distribution of horizontal velocity deficit (Figure 6), which shows a contrasted
flow structure for the two cases (∆ = 1.5D and ∆ = 3D). Indeed, for the lateral spacing
of 3D, the turbines behave nearly independently with wakes surrounded by slight flow
acceleration (negative velocity deficit between the turbines). Whereas for the lateral spacing
of 1.5D, the turbines are so close to each other that they behave as a whole, with nearly no
flow acceleration between the turbines and a noticeable flow deceleration upstream of the
turbines (Figure 6, position =−2D). This flow field should be more in line with the idealized
flow predicted by analytical models. We thus think that analytical models perform better for
great blockage ratios because they approach more realistically the horizontal distribution
of the current velocities under such conditions. Nevertheless, although this comparison
(1.5D vs. 3D) suggests that analytical models are more reliable for great blockage ratios,
additional investigations on a wider range of scenarios is required to generalize this result
and to find the flow conditions under which analytical models may be applicable.
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Figure 7. Horizontal distribution of the turbulent kinetic energy (TKE) at the hub height (15 m above the flat seabed) at
different streamwise positions from the fence of devices. Continuous and dashed lines correspond to a lateral spacing of
1.5D and 3D, respectively. The values have been extracted, at peak flood tide, from the simulation with AD with K = 3
(a = 0.33 and 0.34 for ∆ = 1.5D and ∆ = 3D, respectively). The orientation of the axis y differs from that retained in Figure 1.

4. Conclusions

In order to maximize the production of a tidal array, it is necessary to (i) select a site
with high tidal resources and (ii) assess the efficiency of the array under different flow and
operating conditions. Considering an application in the Alderney Race, we have compared
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the efficiency estimates given by three different analytical models and a numerical model
in which turbines have been represented by actuator disks.

The inter-comparison of the analytical models showed that in addition to the turbine-
scale effect, which controls the modification of the flow velocity near the turbines, the
array-scale effect, which controls the modification of the flow through and around the
array, has a strong detrimental effect on the array efficiency. Indeed, the model developed
by Nishino and Willden [7] predicts much lower efficiency estimates than models that
focus solely on the turbine-scale effect (the models of Garrett and Cummins [5] and Whelan
et al. [6]). The model of Nishino and Willden [7] contains more physics than the two
other models (that neglect the array scale). Thereby, it should give more reliable efficiency
estimates. However, the agreement with the results of the reference (numerical) model
is poorer. Thus, we expect that the better agreement by the models that neglect the array
scale is an artefact. Indeed, neglecting the array scale tends to overestimate the farm
efficiency, which may fortuitously reduce the gap between the analytical model and the
reference model.

The efficiency estimates obtained from analytical models have been compared to those
obtained from a three-dimensional Telemac3D model including actuator disks. Although
actuator disks do not contain all the physics to be fully representative of real turbines,
they should give a more representative description of the flow within the array than
analytical models as they consider the three-dimensional characteristics of the flow and
include the mixing caused by the wake-added and ambient turbulence. The comparison
between analytical and numerical models suggests that, in the tested flow conditions and
scenario of tidal stream energy extraction, analytical models highly underestimate the array
efficiency, especially when the blockage ratio is low. It implies that historic tidal energy
yield estimates relying on analytical models may be under-estimated. Finally, beyond the
comparison between analytical and actuator-based models, it is important to remember
that very few tidal turbines have been tested on-site and that no turbines have been tested
in the Alderney Race, yet. Therefore, there is no reliable references to validate the efficiency
estimates given by actuator disks. Additional investigations are thus requested to estimate
the uncertainties in energy yield estimates and to determine whether (or not) a higher
complexity of models is needed to obtain reliable efficiency estimates.
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