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Flow characteristics of the wake of a horizontal axis tidal current turbine are studied by numerically
solving Reynolds-averaged Navier-Stokes (RANS) equations. The rotational effects of the three-bladed
turbine is modelled with both the Moving Reference Frame (MRF) and the sliding mesh techniques. By
comparing the numerical results with theoretical and experimental data, it is found that the sliding mesh
technique can more accurately predict the hydrodynamic loads from current and the wake than the MRF
technique. Moreover, an alternative turbine modelling technique, Actuator Disk Model (ADM), is also
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1. Introduction

In the recent years, a rapid growth has been made in the tidal
current turbine development and multi-megawatt scale tidal tur-
bine farms have been planned to reduce cost by sharing trans-
mission cable and devices (Pham and Martin, 2009; Major Boost
for Wave and Tidal Industry, 2013; £20 Million Boost for UK
Marine Power, 2013; Cobscook Bay Tidal Energy Project, 2012;
Tidal Array to be Built off Alderney 'by 2020, 2014). Therefore, the
detailed investigations on tidal turbine array optimization become
necessary and crucial to maximise the power output and reduce
the cost of energy (COE) of tidal stream energy. In addition, unlike
offshore wind turbines which can grow up to hundreds of metres
in height (Offshore Wind Turbines Keep Growing in Size, 2011),
tidal current turbines often have water depth and bathymetric
restrictions. Due to these physical limitations of its operational
environment, tidal turbine array optimization is necessary to de-
liver multi-megawatt power for grid distribution cost-effectively
and energy-efficiently. The lack of in-depth investigations on tidal
turbine array design will result in poor turbine performance of
multi-million dollar-worth tidal current generators.

It is well known that the extraction of the kinetic energy by any
turbine causes a reduction in the momentum of the downstream
wake flow. Hence, for multiple rows and columns of a tidal turbine
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array, some turbines might be in the wake of the upstream tur-
bines. As a consequence, detrimental influences on the tidal tur-
bines can be lower power output and increased fatigue loads.
Therefore, it is crucial to investigate flow characteristics of the
wake because it is directly related to the overall turbine array
performance, lifetime of turbines and COE.

It is generally expensive and less efficient to use experimental
facilities to do hydrodynamic analysis (Martinez et al., 2012; Li and
Calisal, 2010a;) because it is usually not only time consuming in
preparation but also complicated or incapable in obtaining a clear
physical insight of the flow. Moreover, similarity theory (White,
1999) may be not applicable at different model scales. Recently, an
experiment with three tidal turbines was carried out in a flume
tank with a blockage ratio of 20, and the different longitudinal
distances between turbines with and without lateral offset were
tested (Javaherchi et al., 2013). Another experiment involving an
array of 10 turbines was carried out by GL Garrad Hassan (Par-
kinson et al., 2012; Stallard et al., 2013). The scale turbines were
employed and arranged in two rows with different lateral spacing.
The objective of their study was to provide benchmarking data to
validate the numerical results on the wake representation. How-
ever, attention should be paid to both scale effect and blockage
effect due to the limit of the flume tank size. On the contrary, CFD
methods have fewer constraints, and they are able to solve the
full-scale model and thus, tunnel blockage ratio can be optimised
to eliminate blockage effect. They also can provide a more reliable
numerical solution on the fluid-turbine interaction and more
reasonable wake characteristics.

Researchers have agreed that numerical modelling of fluid-
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turbine interaction becomes tremendously popular over the last
decades alongside with the development of powerful computer
resources. The computational methods involved in solving flow
characteristics of the turbine wake include but not limited to
Reynolds-averaged Navier-Stokes (RANS) models coupling with
MREF or sliding mesh techniques to fully resolve the actual three-
bladed turbine, two-dimensional (2D) porous media models such
as Actuator Disk Model (ADM) (Blanco, 2009), and hybrid models
like RANS equations coupling Blade Element Methodology
(RANS&BEM), and the Actuator Line Model (ALM) (Jourieh et al.,
2006). Among these methods, the MRF and sliding mesh techni-
ques require very fine grid around the turbine rotor to capture
flow details, hence computationally expensive (Li and Calisal,
2010a). However, their primary advantage lies in the ability to
represent the three-dimensional (3D) wake structure more rea-
listically than other methods.

The ADM technique is a common method to simulate the tur-
bine wake field in the existing literature (Blanco, 2009; Harrison
et al,, 2010a; Javaherchi, 2010; Sun et al., 2008). A research group
from the University of Southampton compared ADM numerical
results with experimental results by utilizing porous media discs
(Harrison et al., 2010a; Bahaj et al., 2007; Myers and Bahaj, 2010).
However, the swirl flow exerted by the turbine blades was ne-
glected in their study; therefore the obtained downstream results
of the near-field wake within 7D, (D, is horizontal turbine dia-
meter) distance were not realistic. A new method called blade-
induced turbulence model was proposed by Nishino and Willden
(2012). In the ADM technique, the ratio of energy of the turbulence
due to turbine rotating over the extracted energy by the turbine
was coupled. An additional turbulence kinetic energy k¥ and a
dissipation rate € were added to the ambient turbulence in the
numerical modelling. However, there still have been limited stu-
dies discussing the direct comparison on flow characteristics of the
wake between the ADM result and the numerical solution of the
actual three-bladed turbine or the laboratory test data. In addition,
the same input parameters of the ADM are commonly used for all
turbines in an array with the assumption that all turbines have the
same performance as an isolated turbine in the free-stream (Bai
et al., 2009; Myers and Bahaj, 2012). To our best knowledge, there
are very few studies in the literature discussing the consequences
of using the different ADM parameters for different turbines in the
downstream wake region (Harrison et al., 2010a; Javaherchi 2010).
To fill this gap, the present study will focus on the sensitivity of
input parameters for ADM and the effect of the ambient turbu-
lence on the wake field.

The RANS&BEM method has been proved to be powerful in
predicting output power of the turbine and flow characteristics of
the wake (Harrison et al., 2010b; Turnock et al., 2011). However, it
was found that this method could not represent the blade tip
vortices of a rotating rotor, and thereby a fast recovery of the ve-
locity in the downstream was obtained (Batten et al., 2013). Thus, a
tip loss correction should be taken into account (Shen et al., 2005).
Moreover, the RANS&BEM model cannot resolve the helical vortex
of the wake induced by the blade tips and the transient flow si-
tuation as presented by Batten et al. (2013). Additionally, this
model has been questioned on the possibility to model the
downstream wake meandering phenomenon (Li and Calisal,
2010b; Sanderse, 2009). Although this method has been applied to
estimate the performance of turbine array with different config-
urations, there are very limited numerical and experimental data
with respect to full scale turbine array to validate the accuracy of
this method (Cobscook Bay Tidal Energy Project, 2012).

The objective of the present study is to investigate flow char-
acteristics of the wake behind tidal current turbines by solving the
RANS equations coupled with different turbine modelling techni-
ques such as MREF, sliding mesh, and ADM. Their brief information

is explained in Section 2. The first two techniques are commonly
employed to deal with the rotational effect of tidal turbines.
However, both generally demand computationally expensive re-
sources. So an alternative ADM technique is considered as well in
the present paper. The ADM method employs an actuator disk as a
porous media to replace the actual turbine rotor. The kinetic en-
ergy extracted from the flow by the turbine is simulated by ap-
plying a equivalent momentum loss in terms of pressure differ-
ence across the disk. In Section 3, the numerical results are com-
pared with the published theoretical results and the flume tank
testing data for benchmarking. It is found that the sliding mesh
technique could more accurately predict hydrodynamic loads from
current and flow characteristics of the wake. For the ADM tech-
nique, reliable results are obtained only in the far wake after
parametric studies. Consequently, the sliding mesh technique is
used to study turbine to turbine interactions. An in-depth analysis
of influence of the wake on the downstream turbines is provided
including power and thrust output and flow characteristics of the
wake. In the end, conclusions are made in the final section.

2. Numerical methodology
2.1. Problem description

In the present study, the tidal current turbine is assumed to be
completely submerged in the sea water, so that its performance is
not affected by constraints of the free surface and the seabed. In
practice, particular clearance has to be given between the de-
ployed turbine and the free surface in order to minimize the wave
effect on the performance of the turbine (Walker, 2013). However,
Fraenkel (2010) recommended that a turbine rotor should be
placed in the top half of water depth which contains approxi-
mately 75% of total tidal stream energy. Therefore, a certain dis-
tance is required between the turbine rotor and the seabed to
minimise the effect of boundary constraints.

The theoretical results of the turbine performance published by
Batten et al. (2008) were used to evaluate the present numerical
methods. The rotor diameter is 20 m, and the blade profile is NACA
638xx five digit series. The details on turbine specifications and its
operational performance are the same to that in the literature
(Batten et al.,, 2008) and are provided in Table 1. It is a three-
bladed turbine with a rated rotating speed of 11.5 rpm. The Rey-
nolds number ( Re) is approximately 1 x 107, which is calculated
using the blade chord length c at approximately 75% of the blade
length. The Reynolds number is defined as

Table 1
Turbine specifications and its operational perfor-
mance data.
Blade profile NACA 638xx
N: Number of blades 3
U: Free stream velocity [m/s] 2
p: Sea water density [kg/m?] 1025
u: Sea water viscosity [kg/(m's)] 1.08 x 10~3
D;: Rotor diameter [m] 20
Dp: Hub diameter [m] 2.25
TSR: Tip speed ratio 6
R.: Reynolds number 1x 107
o: Rated rotor speed [rpm] 115
P;: Rated power [kW] 580
Fr: Thrust force [kN] 490
C,: Power coefficient 0.45
C;: Thrust coefficient 0.76
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