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Abstract—This study presents a numerical investigation
of the wake developed behind a six-bladed horizontal axis
tidal turbine (Sabella D10 device) using a coupled model:
the flow is solved through a Detached-Eddy Simulation
(DES) model, whereas the turbine is represented in
the flow through an Actuator-Lines Model (ALM). We
focused on the most important turbulent structures of
the wake induced by the turbine, where three main
mechanisms could be clearly identified: (1) Unsteady tip
vortices generation at the top of the blades that are shed
downstream in helicoidal structures, (2) a local blade
wake which is produced by the rotational movement of
the actuator lines, and (3) a wake developed behind the
hub. These structures interact as they move downstream,
producing a resulting wake with complex hydrodynamics.
This combined scheme can be carried out with relatively
low computational cost, providing a consistent framework
to study the impacts of marine hydrokinetic turbines
(MHK) in natural tidal channels, as well as to improve the
arrangements design and optimization of turbine arrays in
realistic conditions.

Index Terms—3D numerical models, Marine
Hydrokinetic turbines, Actuator Lines Model, turbulent
coherent structures.

I. INTRODUCTION

THE interaction between Marine Hydrokinetic
(MHK) devices and the flow developed in tidal

channels produces turbulent wakes with complex
hydrodynamics. These flows are characterized by
the presence of large-scale coherent structures of
different temporal and spatial scales with a high
rotational component induced by the operation of
the turbines. These interactions have an important
influence on the surrounding environment in many key
aspects, i.e. local flow conditions, sediment transport,
ecosystem dynamics, submarine noise, among others.
Furthermore, wake interactions among devices in
turbine arrays play a significant role in energy
extraction performance.

In order to study the complex phenomena associated
to the wake dynamics and their implications,
numerical simulations are a necessary tool to assess the
effects of the flow, providing detailed information and
supporting a wide range of application cases. In this
context, three-dimensional (3D) numerical simulations
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of devices at high Reynolds numbers play a significant
role on the understanding of the flow dynamics and
physical impacts on the environment for real operation
conditions and different arrays configurations.
Moreover, this methodology offers very useful
information about wake interactions among devices
providing key insights for arrangement optimization.
This study presents a numerical investigation of the
wake developed behind a six-bladed horizontal axial
turbine (Sabella D10 model) using a coupled approach:
the flow is solved through a hybrid URANS/LES
formulation known as Detached-Eddy Simulation
(DES), whereas the turbine is represented through an
Actuator-Lines Model (ALM).

The paper is organized as follows: In section II
we describe the numerical model based on a hybrid
formulation, which captures the large-scale turbulent
coherent structures of the flow. Section III contains
the study case and the model setup for simulations.
In Section IV we present the results for simulations,
analyzing the main structures induced by the turbine
in the flow and the time-averaged flow field. In Section
V we finally present the conclusions of this work and
perspectives for future research.

II. NUMERICAL SIMULATIONS OF FLOW-TURBINE
INTERACTION USING A COHERENT

STRUCTURE-RESOLVING TURBULENCE MODEL

The interaction between the flow and rotating
axial turbines induces wakes with a highly three-
dimensional flow dominated by dynamically-rich
turbulent coherent structures. These flows can be
described by turbulence models that capture both the
time-averaged and instantaneous flow field through
different approaches.

Statistical models based on URANS formulations
can typically resolve certain features of shear-driven
coherent structures, but despite they have been widely
used and validated for tidal turbine applications,
they model turbulence implicitly, being not capable of
resolving the unsteady flow field in the wakes. On the
other hand, models based on LES, which only dissipate
turbulent features smaller than the grid resolution,
can capture the rich dynamics of the wakes, but
their computational cost at high-Reynolds numbers can
increase significantly, especially when high resolution
is required near solid boundaries [1], [2].

Hybrid URANS/LES turbulence models can
improve these shortcomings, resolving the turbulent
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coherent structures of the flow, using moderate
computational costs, and providing a realistic approach
for tackling these complex flows. In this work, we use
detached-eddy simulations, a hybrid URANS/LES
formulation [3], based on the one-equation eddy-
viscosity turbulence model developed by Spalart and
Allmaras [4]. In the following subsections, we describe
the model for DES, which is coupled with an ALM
for the representation of the turbines..

A. Numerical Model for DES
The governing equations used in our DES model

are the incompressible 3D unsteady Reynolds-
averaged equations for the conservation of mass and
momentum.
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Si is the momentum term obtained from the
Actuator-Lines Model. This term corresponds to a
density-normalized force that is imposed by the
actuator points on the domain. The magnitude of the
forces is computed using the local velocity obtained
from DES and the local blades characteristics. The
blade airfoil type, chord and twist, as well as lift and
drag coefficients are obtained from a look-up table
which are interpolated each time step.

For all the simulations presented in this work, we use
the model, developed by Paik et al. [5] and Escauriaza
& Sotiropoulos [2], which is second-order accurate in
time and space, and parallelized with MPI libraries for
computers with distributed memory.

Since the effects of ambient turbulence are key for the
performance and wake development of tidal turbines
[6], [7], we have incorporated into our model an
unsteady turbulent inlet generator. Using a stochastic
formulation, we feed the DES with an unsteady inlet
profile, in which we can define the characteristic
time and length scales of the incoming turbulence
[8], [9]. These synthetic profiles satisfy continuity
and approximate the potential anisotropic features in
ambient turbulent flows.

Applications and performance of this model have
been discussed in detail in a series of previous papers
(e.g. Paik et al., [5], [10]; Escauriaza & Sotiropoulos
[11], [12]; Link et al., [13]). In all these studies, the
accuracy of the numerical method was demonstrated
by qualitative and quantitative comparisons with
available experimental data, typically in terms of mean
flow quantities and turbulence statistics.

B. Actuator Lines Model
The Actuator-Lines Model represents the turbines

as body forces in the flow equal and opposite to
the lift and drag forces experienced by the turbine
[14]. Each blade is represented as an actuator line
and in turn, each actuator line is divided into several

equally distributed segments represented by actuator
points. To compute lift and drag forces we perform a
geometrical decomposition as is shown in Fig 1:

Fig. 1. Schematic representation of the ALM approach. The blade
are represented by an finite number of equally-distributed actuator
points (a). Each actuator point represents a blade section with known
geometry and lift and drag coefficients (b). With the relative velocity,
the angle of attack and the Reynolds number, the lift and drag
coefficients are obtained from a look-up table and used to compute
lift and drag forces. After filtering the forces by a Gaussian function,
the forces are projected and incorporated on the 3D flow (c).

Each actuator point represents a blade section with
known geometry (chord length and twist angle) and lift
and drag coefficients (see figure 1.b). Depending on the
relative velocity angle, the angle of attack is computed.
With that information and the Reynolds number, the
lift and drag coefficients are obtained from a look-up
table and used to compute lift and drag forces. Finally,
we filter the forces by a Gaussian function to smooth
spurious velocity oscillations and project them on the
3D flow (see figure 1.c).

For an actuator point located at a radial distance
r from the turbine center, the relative speed Urel is
calculated as:

Urel =
√
u2 + (rΩrel)2 (3)

Where u is the local instantaneous streamwise
velocity component and Ωrel is the relative rotational
speed between the blade and the fluid. The latter is
written as:

Ωrel = rΩ + v sin θb − w cos θb (4)

Where θb is the azimuthal angle between an actuator
point node of the b-blade (actuator line) and the
horizontal plane as shown in Fig 1.a., v and w are
the local transverse and vertical velocity components,
respectively, and Ω is the turbine rotational speed,
which is assumed constant.

In addition, the relative flow angle is obtained by

φ = tan−1
(

u

Ωrel · r

)
(5)

We calculate the local angle of attack α by
subtracting the local blade twist angle as follows (for
details, see Fig 1.b),

α = φ− β (6)

The lift and drag forces per span unit length on
the blades are calculated as a function of the radial
distance, the relative velocity, and the angle of attack
such that,
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~f2D = (fL, fD) (7)
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Where L̂ and D̂ are the local lift and drag directions
for each actuator point. These forces are geometrically
re-projected on 3D space before to be applied onto the
flow (see Fig 1.c). To spread the forces in the space, we
follow the methodology proposed by [14], where the
force at a grid cell located at (x, y, z), is related to the
actuator lines forces as follows:

~f(x, y, z) =

Nb∑
b=1

∫ R

Rh

~f2D(rb)ηε(d)drb (9)

Here, Nb is the number of blades, d is the distance
between the point located at (x, y, z) and the actuator
point of the b-blade located at rb and ηε is a Gaussian
projection function defined as

ηε =
1

ε3π3/2
exp

(
−d

2

ε2

)
(10)

Where ε is the radius of the projection force and it
is computed as ε = 2

√
∆x∆y∆z [15].

III. STUDY CASE AND MODEL SETUP

In this work, we used the DES-ALM to study the
D10 Sabella turbine model of a laboratory-scaled case
performed by Gotelli et al [15]. The scale used for the
experiments is 1:108 and all the instantaneous velocity
data obtained on this measurements was filtered using
the spikes removal technique proposed by [16]. For the
simulations, we used a rectangular mesh of 9.3 million
nodes, which are clustered near the solid wall using
a hyperbolic tangent distribution, with y+ > 1.0. The
grid is also clustered in the zone where the turbine
is located to get a better capture of the interaction
between the flow and the device (see Figure 2). The
velocity scale used was the upstream velocity, whereas
the length scale selected was the water depth.

Fig. 2. Grid used for simulations. For a better representation, in
every direction, only one every three nodes are shown.

The studied device correspond to a six-bladed
turbine with elliptical foil geometry. Main turbine
parameters and hydrodynamic conditions for this
study case are presented in Table 1.

TABLE I
PRINCIPAL TURBINE AND FLOW PARAMETERS FOR

THE STUDIED CASE

Parameter Definition Value

D Diameter 0.092 m
Dh Hub diameter 0.036 m
hh Hub height 0.1 m
Nb Number of blades 3
hw Water depth 0.3 m
bf flume width 0.9 m
Re Reynolds number 126667
Fr Froude number 0.24
U∞ Upstream velocity 0.42 m/s
Ω Rotor angular velocity 16.6 rad/s
TSR Tip-speed ratio 3.65

For the inlet boundary condition, we used the
random flow generator technique proposed by
Smirnov et al. [8] which is capable to reproduce
the ambient turbulence intensity (∼ 10%) . Through
this technique, an instantaneous velocity field is
incorporated at the inlet each time step, which
preserve the turbulent features of the flow used to
generate it [1]. No-slip conditions are imposed at
all solid boundaries, while a zero-shear and rigid
plane boundary condition is applied at the free
surface. Finally, for the outlet a characteristics-based
non-reflecting boundary condition is applied. This
approach allows the vortical structures to exit the
domain without distorsions [17].

IV. RESULTS

Through numerical simulations, we investigated
the physical mechanisms involved in the interaction
between the turbulent flow and the MHK device.
Particularly, we focused on the most important
structures of the wake induced by the turbine, where
three main mechanisms could be clearly identified:
(1) Unsteady tip vortices generation at the top of
the blades that are shed downstream in helicoidal
structures, (2) a local blade wake which is produced
by the rotational movement of the actuator lines, and
(3) a wake developed behind the hub. These structures
interact as they move downstream, producing a
resulting wake with complex hydrodynamics (see Fig
3).

In the case of tip-vortices, these structures move
downstream until the flow becomes unstable,
where they breakup and mix with the rest of the
wake structures. This phenomenon can be more
comprehensively observed in Fig 4, where a peak zone
of turbulent kinetic energy is visualized at the location
where the breakup is produced. This mechanisms has
been reported in other studies ( [18], [19], [20]) and
has been established as a process that enhances the
turbulence and the wake expansion.

In Fig 5.a., we show the time-average streamwise
velocity field for a central vertical plane. In the figure,
we can see that the near wake region presents a strong
velocity deficit induced by the hub. Nevertheless, for
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Fig. 3. a) – c) Instantaneous vorticity magnitude iso-surfaces at
different times.

Fig. 4. Turbulent kinetic energy magnitude field on a vertical plane
at the center of the turbine

turbines with high radial aspect ratio (D/Dh) the
streamwise velocity deficit represents a problem in the
model due to the lack of physical representation of
the local hydrodynamics (the hub zone is represented
as a zone with zero velocity). In Fig 5.b. we plot the
comparison between the experimental measurements
at centerline (z = hh, behind the turbine) and the
model. The results show that the model underestimate
the velocity deficit.

V. CONCLUSION

An Actuator Lines Model was coupled with
a coherent-structure resolving DES model. This
combined approach allowed us to capture some
important features of the rotational dynamics of the
interaction between the turbulent flow and the device,
as well as the complex coherent-structure dynamics of
the wake.

Fig. 5. a) Non-dimensional time-averaged streamwise velocity field
at a vertical plane in the center of the flume. b) Non-dimensional
time-averaged streamwise velocity at centerline (z = hh)

Despite the instantaneous flow field show a good
representation of the main structures of the wake,
the time-averaged flow showed an underestimation
of the velocity deficit behind the turbine due to the
over-simplification of the hub effects on the flow in
the model. It suggests the importance of a better
formulation of the hydrodynamical effects of the hub in
the flow, especially in devices with a high radial aspect
ratio (where the hub effects could be significant).

In future work, we will improve the geometry
representation of the turbine in our simulations using
the overset grid approach. This will allow us to
capture both, the near and far wake hydrodynamics of
the interaction and the local effects of the supporting
structure in the flow.
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