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Effects of turbines deflection over the wake
dynamics and turbine performance

Clemente Gotelli, Jorge Sandoval, Wernher Brevis, and Cristidn Escauriaza

Abstract—To understand the dynamics of the turbulent
wakes past marine hydrokinetic (MHK) devices, we study
two configurations of turbine arrays for different deflection
angles. Using a model that employs a Detached-eddy
simulation (DES) flow solver, coupled with a Blade element
momentum (BEM) rotor representation, we compute flows
downstream of six-bladed turbines to investigate the mean
velocity field, turbulence statistics, and the instantaneous
dynamics of the wakes. We also perform an analysis of the
wake using Proper Orthogonal Decomposition (POD) to
study how the flow dynamics in the wake changes between
cases. The results of the mean field characterization and
modal decomposition, and in particular the spatial and tem-
poral modifications of dominant structures are presented in
terms of the energy effects associated with the selection of
different geometrical layouts.

Keywords—3D Numerical simulations, Blade element
momentum, Proper orthogonal decomposition, tidal tur-
bines.

I. INTRODUCTION

IDAL currents have a significant potential to con-

tribute to the global energy supply in the near
future. High-velocity magnitudes and turbulence in-
tensities that are developed in tidal channels are highly
predictable and regular [1]. Tidal currents have the
capacity of providing clean and sustainable energy
through the installation of multiple hydrokinetic sub-
merged devices.

In the last years, several experimental studies have
been performed by different authors, mostly on single
turbine cases, in order to further the understanding
of device-flow interactions. Nevertheless, experiments
with scaled turbines are limited to laboratory flows
as these can cover only a short range of operating
conditions and are subject to scale effects [2]. As in lab-
oratory or in the field it is impossible to simultaneously
have data for the entire spatial and temporal domain,
the use of numerical modeling as a complementary tool
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is a good alternative as it gives complete information
in both aspects.

The variety of alternatives to model turbines and its
wake characteristics differs on the demand of computa-
tional resources, offering also a wide range of precision.
Current modeling strategies range from simpler com-
putationally inexpensive models that solve the flow
in steady-state. Other approaches consider turbines
as uniformly-loaded disks, and more complex, highly
accurate and computationally expensive models like
Large Eddy Simulation (LES) for solving the flow with
a complete turbine geometry representation.

Gajardo et al. [3] used the DES-BEM model to simu-
late the experiments of Stallard et al. [4], for arrays of
three-bladed turbines. In all cases, the model showed
better agreement to the experimental results, compared
to a RANS model employed to simulate the flows with
a more detailed description of the rotor and blades. It
is important to point out that these turbines have a
very different geometry compared to the Sabella D10,
with elongated blades and a relatively small section
occupied by the hub and the nacelle.

Turbine performance and flow hydrodynamics are
affected when the flow deviates from the ideal axial
flow direction of design. For deflection angles between
0 and 10, a drop of 7% in the resultant peak power has
been reported [5]. Also, it was shown that for the same
range of deflection, the wake varies from 10 diameters
(D) to 7D to get a recovery of 90% in the longitudinal
velocity (u) deficit.

In this work we study the effects of turbine deflection
over the device performance and the flow dynamics,
in order to assess this effects and be capable of un-
derstand how they change in relation with different
array configurations. We also use Proper Orthogonal
Decomposition (POD) analysis to study the spatial
and temporal modifications of the dominant coherent
structures in terms of turbulence kinetic energy (TKE).

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 with the inclusion of
synthetic inflow to represent ambient turbulence. Sec-
tion III contains a description of the POD technique
used to analyze the wake dynamics. In Section IV we
describe the study cases. In Section V we present the
results of the simulations for the different configura-
tions and analyze the results using POD. In Section
VI we finally present the conclusions of this work and
perspectives for future research.
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II. NUMERICAL SIMULATIONS

In order to simulate turbines and their effects over
the environment, we use a Detached-Eddy Simulation
(DES) model that solves flow and its turbulence cou-
pled with a Blade Element Momentum (BEM) model.
Turbines are represented by a volume V inside the
mesh defined by the rotor center location O, blades
radius R, and the rotor depth L, which contains the
turbine blades. The turbine forces are calculated from
the BEM theory and applied to all nodes located within
this volume. The model resolution methodology is
based on the work of [6] and was implemented on
the DES flow solver by [3], for more details about the
resolution algorithm the reader is referred to [3].

A. Detached-eddy simulation (DES)

The complex hydrodynamic produced by the inter-
action of the rotor with the flow is solved using the
Unsteady Reynolds-averaged Navier-Stokes (URANS)
equations for mass and momentum conservation in the
DES method developed by Escauriaza & Sotiropou-
los [7]-[9]. Considering the Reynolds decomposition
(U = u + u'), URANS equations can be written in
nondimensionalized form using tensor notation as:
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where Re is the Reynolds number (Re = pUD/p),
S*i is the momentum term obtained from the BEM
approach, which is only considered in the nodes in-
side volume V. We non-dimensionalize the momentum
equations, using the water depth H and the upstream
free stream velocity V' as length and velocity scales,
respectively.

DES method uses a formulation that combines the
Unsteady Reynolds-Averaged Navier-Stokes (URANS)
equations with the Large Eddy Simulation (LES)
model. DES was proposed and revised by Spalart et al.
[10], [11]. For turbulence, it uses a one-equation eddy-
viscosity model developed by Spalart & Allmaras [12].

The DES model has been used and validated by a
several number of studies with different flow condi-
tions and geometries, which validates the model ability
for predicting instantaneous flow fields and turbulent
structures [7]-[9], [13]-[15].

B. Blade element momentum (BEM)

The representation of the real geometry of the blade
in numerical simulations needs a complex mesh that
consumes significant computational resources. A less
expensive alternative for representing the rotor effects
over the flow is the BEM method. In this approach,
the forces produced by the rotor over the flow (i.e. lift
and drag) are determined instantaneously by spatially
averaging the local forces acting over rings, which cor-
respond to a radial discretization of a disk with an area
equivalent to the rotor cross-section. As seen in Figure
1, for a ring of with a radius 7, a constant average

effect is considered, which depends only on local flow
conditions and blade geometry at that specific distance
from the rotor center. The advantage of this method is
that the blade characteristics are considered as a source
term in the momentum equations, allowing a simpler
and better quality mesh to represent the interactions
using less computational resources. The disadvantage
is that when averaging in time, it is not possible to
represent flow characteristics derived from the position
of each individual blade [16].

Fig. 1. Schematic view of turbine rotor. Differential radius width dr
is used for rings on BEM approach. Blade characteristics depends on
the distance r from the rotor center.

In our model we used the approach proposed by
Creech et al. [6]. Following this approach, Lift (fz) and
Drag (fp) forces per span unit length are calculated as:

fu. = Hper)U%Cr (o, Re) ©
fo = 3pelr)UZ (e Re) @

where p is fluid density, U, is the relative speed
between the blades and fluid, and ¢(r) is the blade
chord length at a radial distance r from the rotor center.
Lift (Cr) and Drag (Cp) coefficients are functions of
the blade geometry, the angle of attack «, and the
local Reynolds number over the blade. The used values
of Cr and Cp were given by the company owner of
the turbine for different angles of attack and Reynolds
numbers. The BEM method details and how the differ-
ent terms were calculated can be found in [3].

C. Computational grids and boundary conditions

The boundary conditions used in this simulations
are equal to those used in [17]: Non-slip condition
at the bottom and walls of the flume, zero gradient
at the outlet, rigid-lid at the free surface, and an un-
steady inlet condition proposed by [18] that is capable
of generating synthetic environmental turbulence. The
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bottom of the flume has enough resolution to resolve
the viscous sublayer, whereas for both lateral walls a
wall function is used.

The computational domain is composed of two dif-
ferent zones overlapped. As it can be seen in Figure
2, the blue mesh represents the rectangular flume,
whereas the red zone represents the volume V' where
the rotor of the turbine is located. Within this volume,
the BEM forces are calculated from local instantaneous
characteristics and applied into the flow. The « angle
represents the deflection of the turbine relative to the
ideal turbine position within the flume.

TABLE I
TURBINE AND FLOW CHARACTERISTICS FOR ALL STUDY CASES

Parameter  Definition Value Unit
D Rotor diameter 0.092 m
Dy, Hub diameter 0.032 m
hp, Hub height 0.10 m
Ny Number of blades 6 -

h Flow height 0.30 m
Re Reynolds number 126,667 -
Fr Froude number 0.24 -
Uso Upstream velocity 0.42 m-s—!
Q Rotor rotational velocity 16.6 rad-s~!
TSRyst Tip-speed ratio 1st case 3.65 -
TSRyna  Tip-speed ratio 2nd case 2.01 -

Fig. 2. Schematic representation of overlapped meshes from top
view. Blue: zone #1 representing the flume, Red: zone #2 where the
BEM forces are applied. The a angle is the deflection of the rotor
relative to the flume domain.

III. PROPER ORTHOGONAL DECOMPOSITION

Proper Orthogonal Decomposition is a common
mathematical analysis technique known by other
names from other fields (e.g. Principal Component
Analysis) and is closely related to singular value de-
composition [19]. The POD is used to determine spa-
tially orthogonal energy relevant structures (modes)
from statistically steady-state turbulent fields, within a
finite time domain, ordering them by their contribution
to the total variance of the physical property being an-
alyzed [20]. The POD analysis provides three outputs,
the modes ®(k), the eigenvalues A(k) of the modes,
and the eigenvectors x(k). These variables generate a
complete orthogonal basis, that retains the temporal
information of each mode, and together are capable
of reconstruct the complete time series of the velocity
field. The eigenvector can be used to identify the
frequency of each mode, which provides the spatial
information in the flow field [21]. The eigenvalues
represent the turbulence kinetic energy of each mode,
and the percentage of contribution of each mode E to
the total TKE, can be obtained via:

Ai
E(%) = ST 100 6

The TSR showed is for the main turbine only.

IV. STUDY CASES

In this work, we use the cases studied experimental
and numerically by [17] for the 10D turbine model
of Sabella, a bidirectional hydrokinetic horizontal axis
tidal turbine that was the first tidal turbine to produce
electricity and be connected to the power grid [22]. In
the last quarter of last year, a test turbine has been
deployed for the second time at the Fromveur passage
(near Brest) in France at 55 m deep [23]. The main
turbine parameters and hydrodynamic conditions are
presented in Table IV. The study compares two dif-
ferent configurations: a single turbine (ST) centered
at the transverse section, and two turbines (TT) in
tandem and separated by 6 turbine diameters (see
Figure 3) with zero deflection or misalignment. The
results showed a good agreement for the longitudinal
velocity deficit measured at hub height, as can be
seen in Figure 4. We also perform simulations of these
configurations for different deflection angles from 0°
to 10°.

ST

Main turbine

T

#4 — >#

Fig. 3. Schematic view of both configurations studied. Analysis are
performed in the wake of the main turbine in order to understand
how the wake dynamics change when the device is deflected, and
when it faces a second turbine upstream.

V. RESULTS

Through numerical simulations we analyzed two
arrays of turbines (ST and TT) under different deflec-
tion angles. The complexity of the structures generated
on the wake of turbines can be visualized using the
g-criterion (¢ = % (||2|> — ||15]?)). In Figure 5 the g-
criterion iso surfaces are shown. When a turbine is
located upstream of other device, the flow facing the
downstream turbine is characterized by the presence

1744-3



GOTELLI et al.: EFFECTS OF TURBINES DEFLECTION OVER THE WAKE DYNAMICS AND TURBINE PERFORMANCE

1 T T T
09 - - - —DES-BEM] |
: O  Ezperimental
08
‘ (a)
07 N B
8 AN
Qo.a— el B
ISyl RN i
| 05 o © O"~~~~
804 o ~~J -
IS o T~._
03 o ~~6\\ -
L 0T~ -g- o i
0.2 [e] °
01 -
o . . . . . . . . . .
0 1 2 3 4 5 7 8 9 10 1
z/D
1 T
0.9 - (b) —
08 - 4
\\
07 N 4
2 o
D o6 °, 4
= A le)
D o5k AN |
I AN °
. L N i
b&m \\\ o
Tosl Ss ° o B
.. °
02t Tte-oo ° ° o E
ot T =
0 . . . . . . . . . .
0 1 2 3 4 5 6 7 8 9 10 11
z/D

Fig. 4. Longitudinal velocity deficit comparison of DES-BEM simula-
tions results with experimental data for (a) ST case and (b) TT case.
In both cases a = 0 and the data corresponds to the wake of the
downstream turbine. The agreement between numerical simulations
and experimental measurements is better for the ST case.

of complex coherent structures produced by the flow-
turbine interaction. On the other hand, the momentum
exchange of the wake with the surrounding flow in-
creases and the wake gets shorter.

Fig. 5. Coherent structures visualization using the g criterion.

Figure 6 displays the first four modes of u in the
vertical plane passing through the rotor center at a
distance of 6 to 9 diameters from. Modes 1 and 2 show
a great similarity, in the same way as modes 3 and
4. This result indicates that these two pairs of modes
represent the same structure but displaced in space.
By observing the kinetic energy associated with each
mode (see Figure 6), it can be seen that both pairs of
modes have similar amounts of kinetic energy, which
is another indicator that are representing the same
coherent structure.

The spectra of the eigenvalues are displayed in
Figure 8. As expected the modes 1 and 2 have simi-
lar frequencies and peaks, and the same occurs with
modes 3 and 4. These results suggest again that the

Fig. 6. First four POD modes of the vertical longitudinal plane in
the far wake zone passing trough the rotor center of the turbine. (a),
(b), (c) and (d) are the 1st, 2nd, 3rd and 4th modes, respectively.
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Fig. 7. Turbulence kinetic energy associated with the first twenty
modes. The first four modes are separated in two pairs (mode 1
& 2, and mode 3 & 4). This indicates that both modes represents
structures of similar energy.
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Fig. 8. POD Eigenvectors spectra for the first four modes of the
plane. The coincidence of the curves indicates that the frequencies
are the same within each pair.

pairs of modes mentioned before represent the same
energy structure.

VI. CONCLUSIONS

A BEM model was coupled with a DES flow solver.
This combined approach allowed us to capture the
turbine-flow interaction in a simplified way. This
model has probed previously its capacity to repro-
ducing the mean velocity statistics of the flow when
compared with laboratory experiments [17].
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A POD technique was used to analyze the velocity
field in different planes. The POD modes and eigenval-
ues obtained show two pairs of principal modes. Each
pair represents an energy structure in two different
times, this is corroborated by observing the eigenvec-
tors spectra of the mentioned modes.

In future work, we will use Non-linear mode
decompositions techniques to analyze the velocity
fields. The complexity of the flow past turbines may
require different visualization techniques which may
allow us to capture interactions of coherent structures
that are not being obtained by using POD.
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