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Abstract

This thesis is framed within the global context of ecological transition. The concept of
ecological transition applied to energy necessitates the diversification and sustainability
of electricity production solutions. Wind energy is one of these viable options. Over the
next decades, wind turbines are set to play a pivotal role in the European energy mix as
the continent strives to meet ambitious renewable energy targets and reduce dependence
on fossil fuels. Vertical axis wind turbines present an effective solution, especially for
deployment in wind farms.

In order to increase the overall power output density of a wind farm, this thesis investi-
gates the use of turbines with pitched blades to control the atmospheric boundary layer
and bring the high energy flow towards the wind farm level. This study uses numerical
simulations where the turbines are modeled using actuator cylinders coupled with a Large
Eddy Simulation code.

In this investigation, the ability of a vertical axis wind turbine to deflect its wake is studied.
The latter is used in several wind farm setups to achieve an atmospheric boundary layer
control.
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Chapter 1

Introduction

1.1 Wind energy

In a world with increasing needs in energy but with a certain interest in limiting greenhouse
gases emissions, development and optimization of sustainable energy sources tends to be
one of the biggest challenges of the next decades.

If the manufacturing, installation and maintenance of wind turbine is not taken into
account, wind energy is a zero carbon energy source. However, if those steps are considered
in the life cycle analysis of the wind turbine, emissions per kWh are 11 gCOqge/kWh for
onshore wind turbines and 12 gCOse/kWh of offshore wind turbines. A more usual gas
energy production emits approximately 490 gCOqe/kWh [18]. The difference is more than
noticeable.

Wind energy have however an inherently intermittent behavior. Indeed, wind turbines are
entirely dependent on weather conditions. With large scale wind power integration, its
intermittency poses serious impacts on power systems, such as system reserves, reliability
and cost [12]. But according to IEA, wind is one of the predominant sources of power
generation in the Net Zero Emissions by 2050 Scenario [1]. Wind power has a great
potential, particularly in offshore locations where the winds are usually stronger than
onshore ones.

Net onshore wind electricity capacity addition Offshore wind potential and electricity demand
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Figure 1.1: Net onshore wind electricity capacity addition by country
or region, 2022-2024 (left), Offshore wind technical potential and
electric demand, 2018 (right), [1]
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1.2 Wind turbines

Wind energy can be harvested and turned into mechanical energy in the case of a windmill
or into electricity through a generator for wind turbines. These turbines exist in many
different configurations. It is however possible to separate them into 2 main categories:
Horizontal axis wind turbines (HAWTSs) and vertical axis wind turbines (VAWTs). While
the horizontal axis wind turbine is for the moment more widely used, the VAWT has
several advantages that could be exploited.

Firstly, design of VAWT is relatively simpler than that of a HAWT. The low rotor’s
position of the VAWT makes it easier to do maintenance increasing thus its lifespan
with respect to the HAWT. The lower gravity center makes the VAWT more suitable
for floating marine applications [27]. The VAWT makes comparatively less noise than a
HAWT. One of the greatest difference between the two configurations is that the VAWT
can accommodate for winds coming from any directions and more turbulent ones [25].
Moreover, the distance for wake recovery is lower for a VAWT than for a HAWT [23].

On top of that, the theoretical limit of power extraction that a wind turbine can extract
from the wind called the Betz’s limit, is higher for a VAWT than for an HAWT. The
Betz’s limit for the latter is of 16/27 =~ 59.3%. For a VAWT this limit could be increased
such that by crossing two times the air flow, turbine could extract up to 64% of the wind
power [22].

The reason for which HAWTs are nowadays a part of the energy landscape is due to
their higher efficiency, higher power per plant and lower levels of fatigue loading. The
complex unsteady behavior of the VAWT due to the ubiquity of the dynamic stall phe-
nomenon as well as the interactions between the blades and the wake made it unpopular [5].

VAWTS can be separated in two sub-categories, Savonius (drag-type turbine) and Darrieus
(lift-type turbine). Savonius wind turbines harvest wind power through two or three
scoops. A Savonius design suffers from the fact that only half of the turbine generates
positive torque. The other side has to move against the flow thus creating negative torque.
Savonius turbine, offers low efficiency but high reliability thanks to its simple design [2].

Darrieus wind turbines, on the other hand, use lift to generate power. It consists of
several airfoils attached to the vertical shaft. Darrieus turbines can be sub-divided in three
categories depending on their blade shapes. The simplest being the H-shaped with straight
bladesfollowed by the ¢-shaped or parabolic rotor with curved blades, and finally, the
helical rotor. The latter which shows better torque distribution over a rotation reducing
the periodic loading amplitude thus increasing its lifetime [30]. The three distinct types of
vertical axis wind turbines are depicted hereunder in figure (1.2).
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Figure 1.2: Darrieus wind turbines

1.3 Wind farms

In order to reduce the cost of the installation by taking the advantage of economies of
scale, wind turbines are often clustered together. Those clusters, called wind farms, can be
installed onshore as well as offshore. Offshore wind farms are more challenging to install
but the wind is generally stronger and more uniform with less turbulence in those regions.
The visual and sound impacts of the installation are also limited [8].

Wind farms offer advantages such as cost reduction and high power density. However,
wake-rotor and wake-wake interactions can lead to power losses for individual turbines
within the farm. The challenge lies in accurately modeling and controlling the wakes
behind each turbine to minimize power losses or even enhance power production. In a
wind farm, it is crucial to simulate turbine wakes and their interactions. The ability to
predict turbine behavior is essential and can result in significant economic savings.

1.4 Blade pitch angle for wake steering

As onshore and offshore wind farms grow larger, reducing the spacing between turbines
without significantly impacting their power output has become a crucial area of research
and industrial focus [10]. Steering the wake can thus prove itself useful in the frame of a
wind farm to enhance the overall power production of the installation.

A control over the wake trajectory can be achieved by pitching the blades of a vertical axis
wind turbine. The introduction of a fixed blade pitch angle have for effect to modify the
load distribution along the swept area and is the simplest way to deflect the wake [5][10].
This modified distribution can be such that the lateral resulting force is either increased
or decreased depending of the blade pitch setting. Pitching the blades results thus in an
introduction of lateral velocity by conservation of momentum [31].

The imposition of a fixed blade pitch angle causes a degradation in the capacity of the
VAWT to extract power from the wind. However, in the case of a multiple turbine
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installation, degrading the power output of the upstream wind turbine can prove itself
beneficial for the downstream rotors [6] and for the overall production of the farm.

1.5 Objectives

This thesis is concerned with the objective of proving that in the context of an offshore
wind farm composed with vertical axis wind turbines, VAWTs could be used as vortex
generators. Combining the effect of several turbines working in given configurations of
rotation’s direction and blade pitch angle may allow atmospheric boundary layer to be
controlled. Creating secondary flows above the wind farm to bring the high energy flow
down to the level of the turbines could improve momentum recovery and increase overall
wind farm power density.



Chapter 2

Numerical tools

2.1 Aerodynamic solver

Navier-Stokes equations, named after Claude-Louis Navier and George Gabriel Stokes
are partial differential equations that describe mass, momentum and energy conservation
in viscous Newtonian fluids. Under the assumption of uncompressible flow, mass and
momentum budgets are:

Vou=0 (2.1.1)
Du 9
Dw 9

Here, % denotes the material derivative, P = p/p, and f represents the volumetric forces.
Equations (2.1.2) and (2.1.3) are respectively the velocity-pressure and vorticity-velocity
equivalent formulations of the momentum conservation equations.

In order to simulate the flow of a viscous Newtonian fluid, several methods exist. In the
domain of CFD simulations, it is possible to identify three different kinds of methods.
Direct numerical simulation (DNS), Large Eddy simulation (LES) and Reynolds averaged
Navier-Stokes (RANS).

DNS is a heavy method that resolves Navier-Stokes equations in all temporal and spatial
scales. Turbulence is directly computed without the use of any model. Direct numerical
simulation provides the highest fidelity but requires a very fine grid in order to capture
the smallest scales of turbulence thus leading to high computational costs.

LES method only resolve large-scales turbulence. The subgrid-scales (SGS) are filtered-out.
However, the effects of these smaller scales on the resolved ones are simulated using a
dissipation model. Adapted Navier-Stokes equations, expressed in a vorticity-velocity
formulation are given below.
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D
?c::(w-V)u%—yvgw%—fo—l—V-TM (2.1.4)

T = vsgs(Vw — VI w?) (2.1.5)

TM is the subgrid-scale stress model and w® represent the unresolved small-scales part of
the vorticity field. vggg is the eddy viscosity. More information can be found in [13]. This
filtering will have for effect to greatly reduce the computational time.

Finally, RANS method as its name indicates, solve the Navier-Stokes equations by averaging
the latter over time. This averaging process separates the flow variables into mean and
fluctuating components.

u=1u+u (2.1.6)

The mean components represent the time-averaged behavior of the flow, while the fluctu-
ating components represent the turbulent fluctuations. Turbulence models will have to be
used to solve numerically the equations. RANS simulations computational costs are lower
than CFD or LES while providing thrust-worthy results.

BigFlow, the code developed at UCLouvain and used in this work uses LES method with a
in-house developed fourth order finite difference scheme. BigFlow solves the incompressible
Navier-Stokes equations with a multi-grid solver developed by Duponcheel [9]. The time
integration is performed by an explicit second-order Adams-Bashforth scheme.

2.2 Atmospheric boundary layer modeling

To better replicate physical conditions, it is necessary to simulate an Atmospheric Boundary
Layer (ABL). The ABL turbulent inflow is generated by running a precursor simulation.
In this simulation, the flow is driven by an imposed pressure gradient that compensate a
given wall shear stress.
9 dP

U == H (2.2.1)
Where H is a height of the domain. In order to avoid the important computational costs
required to simulate properly the behavior of the velocity field near the wall, the friction
velocity u, is obtained through a wall model based on the logarithmic law of the wall.

e (%)
With « the von Karman constant and gy, the roughness length that represents the roughness
of the surface. The operator (-) corresponds to a spatial averaging performed on a plane
parallel to the wall, while the operator |- | denotes the norm of a vector. Using the mean
friction velocity, the local shear stress is computed as:

ulu| 2

[(ulul) 7

6

Tw = (2.2.3)
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The pressure-driven flow is then fed cyclically into a streamwise periodic domain. Once
the ABL has converged under these conditions and reached a statistically steady state, the
resulting velocity field is used as the inflow for the actual simulation where the turbines
are placed. Both simulations then run in parallel.

2.3 Wind turbine model

The present work aims at studying the complex aerodynamics and wake of vertical axis
wind turbines placed in a wind farm configuration. In order to simulate the influence of a
VAWT inside a flow, several methods have been developed. In the frame of this work, an
actuator cylinder model has been used to model every studied VAWT.

2.3.1 Actuator Cylinder Model (ACM)

The actuator cylinder model, developed by [14] extends the concepts of actuator disks,
used for horizontal axis wind turbines, to the area of a cylinder. In an actuator cylinder
model, the impact of the VAWT over the flow is modelled using the f term in the NS
equations i.e., the external body forces per volume. The wind turbine is basically replaced
by a surface made of an infinite number of blades that partially absorbs energy from the
fluid causing the flow to slow down.

In practical terms, the ACM firstly interpolates the relative velocities at each grid points
of the cylinder, then compute the forces acting on those points according to the polar
of the airfoil composing the VAWT’s blades [33]. Corrections such as dynamic stall and
curvature effect are made during this step. Then the corrected forces are imposed on the
flow.
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Figure 2.1: Actuator cylinder representation [33]

Other methods such as actuator disk, actuator lines, lifting lines or double multiple stream
tube (DMST) can be used to model wind turbines in a flow.
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2.3.2 Curvature correction

Curvature effect arise when an airfoil encounters curved streamlines. The angle of attack
seen by the blade will vary along its chord. In the case of a vertical axis wind turbine,
this effect is even more important when the solidity of the turbines is high [22].

In the frame of this work, a curvature correction has been implemented by pitching each
blade inward by an angle of «g. This angle, which introduces a virtual camber to the
airfoil, is computed using the same formula as in [22] [11].

1-— COS(g)

3 ) with : = 2arctan (C) (2.3.1)

g = arctan
’ ( g 2R

sin(

2.3.3 Dynamic stall

Dynamic stall phenomenon occurs when the angle of attack of an airfoil undergoes rapid
changes and exceeds the static stall angle of attack value [29]. Since the operation of a
Darrieus wind turbine is directly related to the cyclical variation in incidence experienced
by the blade, modelling this phenomenon is crucial if it is to correctly simulate the
behaviour of a VAWT. This complex unsteady aerodynamics phenomenon will have for
effect to delay the stall of the airfoil. This delayed stall provides significant increases in
airfoil lift. Lift then quickly drops and the airfoil encounters a massive flow separation.
The airfoil exhibits a significant hysteresis in force coefficients. Dynamic stall is highly
related to the dimensionless tip speed ratio .

wht
Us

The dynamic stall effect becomes more pronounced at lower A [21] due to the oscillation
of the angle of attack between higher values.

A= (2.3.2)

The model used in this work is that of Leishman-Beddoes which has been implemented in
a previous work at UCLouvain for actuator cylinder model by Adriaens B. [3]. However,
certain constants of the model are found to be dependent on the Reynolds number and
airfoil profile. The VAWT used in this work has been upscaled w.r.t the studied one in [3].
The involved constants have been computed again using the method described by Beaudet
L. [22].

2.3.4 VAWT controller

The power produced by a wind turbine is highly dependent on the tip speed ratio A\. A
turbine presents a maximal power production at a given A,,;. In order to retrieve a maximal
mechanical power from the wind turbine facing a variable velocity wind, a controller must
be implemented to regulate the VAWT rotational velocity such that A &= A,.

A controller will prove to be useful in a wind farm configuration in order to adequately
regulate the speed of VAWTSs subject to the effect of the wake from upstream turbines.
The selected controller is a torque-based controller. It imposes a target torque Qge, at
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the generator, and the difference between this imposed value and the aerodynamic torque
Q aero results in variations in rotor’s speed.

diw _ QAero - QGen

2.3.3
dt [drivetrain ( )
With Ig.50etrain, the drivetrain inertia. In the code, the following equation solves for the

angular velocity at the next time step using a simple first-order equation.

n+1 n

w — W
y — Q¢ =1 rivetrain = A 2.34
QAero Gen d t At ( )

At the time step n + 1, new aerodynamic and generator torques are computed based on

the updated rotor speed w™*!. The control sequence is then applied again.

An expression for the torque at the generator has to be found. Power can be expressed in
term of torque and rotational velocity through the expression of the power coefficient Cp:

1
P, = Qgenw = §pU§oSCp (2.3.5)
1 U3
QGen = §p7°°HDCp (236)
C
QGen = (pHR‘l)\g:) w? (2.3.7)

In a regime with the optimal tip speed ratio A, which maximizes power production at
CPmaz, the torque at the generator is proportional to the square of the turbine’s angular
velocity.

QGen = (pH R“Cig”"”) w? (2.3.8)
opt

K=cst

The constant K is linked to a given configuration of the wind turbine. In the following
work, blade pitch angle will be introduced modifying the power curve and therefore the
point (Aopt — Cpmaz). An adapted K will thus be computed for each turbine according to
their blade pitch setting.

2.3.5 Striped wakes issues

Using the actuator cylinder method developed at UCLouvain in a uniform flow, the wake
presents in some cases stripes structures which does not seem physical. Those lines also

appears in other previous master thesis that used the actuator cylinder method such as
[19] [30] [20] and [3].

The striped structures are mostly located on each side of the wake but propagate toward
the hole mid-span wake in some conditions. The appearance of those stripes is favored by
the pitch setting of the VAWT. They appear more clearly with a fixed inward pitch. The
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number of those structures seems to increase with the magnitude of the pitch angle. The
figure (2.2) hereunder presents the wake related to a fixed 5° inward pitch angle with 3
cross-sections of the streamwise velocity deficit. These cross-stream sections are measured
at respectively 1, 2 and 3 diameters behind the VAWT. The stripes are also visible in the
vertical direction.
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Figure 2.2: Time-averaged streamwise velocity at mid-span with
pronounced stripes with fixed 5° inward pitch angle (top). Velocity

deficit 1 — 7~ on cross-stream sections 1 (left), 2 (center), and 3
(right) diameters past the VAWT.

Some investigations were carried out by modifying the VAWT discretization, the order
of the aerodynamic solver and especially on the mollification! to address this issue. The
details of those investigations are included in the appendix (A).

The investigations show reduced stripes intensity in some situations. However, this
smoothing caused the influence of the actuator cylinder to spread too much, resulting
in lower quality results. In the frame of this TFE, the choice is made to keep using the
original method since the overall behavior of the wake is consistent.

I Distribution of the forces generated by the actuator cylinder upon the flow

10
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Single rotor wake dynamics

3.1 Introduction

When a flow passes through a wind turbine, the resulting flow behind the rotor is charac-
terized by highly turbulent vortices and a considerable decrease in speed. This wake is then
gradually re-energized through momentum transfer from the outside of the wake towards
its center. A wind turbine placed in the wake of an upstream turbine will experience
a reduction in the velocity of the incoming flow, which significantly decreases its power
production. Since the maximum power available for harvest from a flow is proportional
to the cube of the wind speed, even a small drop in wind speed can lead to a substantial
reduction in power output. In a wind farm setting, wake deflection has been proven to be
an effective method for increasing the power production of downstream turbines [4].

Modifying the blade pitch angle of a vertical wind turbine changes the load distribution
over the rotor [5], [10]. Proper adjustment of the pitch angle can generate a significant
lateral force. Understanding the behavior of the wake for a range of fixed blade pitch
angles could help increase the overall power production of a wind farm through wake
deflection.

In this chapter, analysis are made on a given vertical axis wind turbine over its capacity

to generate lateral forces over the flow in order to deflect the wake while maintaining a
substantial power output.

11
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3.2 Wind turbine

The studied wind turbine is a H-rotor type VAWT scaled up to produce approximately the
same amount of nominal power as the NREL 5MW. Dimensions, listed below, have been
retrieved from the work of Collin C. and Moéns V. [30]. The VAWT is simulated using
an actuator cylinder composed of 24 rings in the spanwise direction each one counting 90
azimuthal points evenly distributed.

Parameter Value Unit
Aspect ratio : AR 1.5 -]
Height : H 138 [m]
Diameter : D 92 [m]
Chord : ¢ 5.29 [m)]
Blade number : B 3 -]
Solidity : o 0.1725 -]
Airfoil NACAO0015

Table 3.1: VAWT parameters

The local Reynolds number based on the chord Re, experienced by the VAWT mostly
varies with the azimuthal position, the angular velocity, and the spanwise position. The
data used in this work are the lift and drag coefficients of a NACAO0015 airfoil for a
Re. = 107 from Sandia Laboratories [28].

Several blade pitch angle configurations are studied, figure (3.1) presents a visualization
of the inward/outward configurations. However, an ACM is used, no blades are actually
moving. The figure only purpose is to give an idea of the blades configurations. The red
and blue colors are respectively associated to inward and outward blade pitch angle while
the black color in linked to a zero blade pitch. This color code will be kept during the
entire chapter. An inward blade pitch angle ¢ is counted positive while a ¢ < 0 refers to
an outward setup. It is important to note that the blades are already pitched inward by
an angle of ay = 1.65° to add a fictive camber and thus count for the curvature effect.

50

-
~. -
\\\\\\

Figure 3.1: Blade pitch angle convention representation: No pitch
angle PO (black), inward configuration P5 (red), outward configura-
tion P-5 (blue)

12



3.2. Wind turbine CHAPTER 3

For each blade pitch configuration, the controller constant K is tuned according to the
related (Aopt — Cpmaz)- Figure (3.2a) presents the evolution of the power coefficient with
respect to the tip speed ratio for every pitch configuration studied is this chapter. The
figure (3.2b) shows the optimal conditions where the VAWT should be running.

0.45 0.45
0.40 0.40
0.35 0.35 4 t ¢
0.30 0.30 , -
2 025 0 025
a, a,
0.20 0.20
0.15 0.15
0.10 0.10
0.05 0.05
0.00 . 0.00
2.0 2.5 3.0 3.5 4.0 4.5 5.0 2.0 2.5 3.0 3.5 4.0 4.5 5.0
A A
(a) Power curves (b) Maximums

Figure 3.2: Power curves for every pitch angle in [—5° 5°] (left) The
reddest curve is associated to 5° inward pitch while the bluest is
related to 5° outward pitch. Associated maximums in green (right)

In the figure (3.2a), each point represents the power coefficient at steady state. Once
the wake is developed, the power produced by the turbine tends to a constant value in
a uniform wind or at least, slightly vary around it. When the standard deviation of the
power remains within a given tolerance, the ’steady’ power coefficient is considered to have
reached this constant value.

These curves are generated by running simulations with the wind turbine and numerical
setup described below. The rotational velocity and blade pitch angle are fixed to the
desired values to obtain each point on the curves. The simulations are conducted for a
dimensionless time of ¢ = 10, for at the end of which the power coefficients approaches
their converged values.

The optimal values of the tip speed ratio and the corresponding controller constant K for
each blade pitch setting are presented in the table below. A drivetrain’s inertia Ij.ietrain Of
50 - 10° kg-m? was used to determine the controller constant K following the methodology
described in the previous chapter.

0] p5 P4 P3 P2 P1 PO P1 P2 P3 P4 P
Aopt 2.65 2.72 280 292 3.06 3.23 3.38 3.53 3.68 3.82 3.97
K (10%) 143 13.8 13.2 118 103 88 7.7 66 55 45 34

Table 3.2: Optimal tip speed ratios and controller constants for each
blade pitch setting.

13
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3.3 Wake steering strategy

This section focuses on the ability of a vertical axis wind turbine to deflect the wake
sideway. This deflection is achieved following the same method as [7]. A fixed blade pitch
angle is imposed on each of the blades. The blade pitch angle does not vary along the
span and is the same for every blade. The latter is fixed during the entire simulations.

3.3.1 Methodology

Turbine’s configurations

10 configurations are evaluated beside of a reference one without blade pitch. The blades
are pitched in 1° increments until 5° either inward or outward. Outward pitch settings are
denoted P-X whereas inward settings are named PX, X being the pitch angle ¢ in degree.
The configuration without any pitch angle is denoted PO.

Numerical setup

The vertical axis wind turbine is placed in a rectangular parallelepiped domain of dimen-
sions [24D x 10D x 10D] in streamwise, vertical and transverse directions respectively.
The domain size is chosen to be sufficiently large to minimize the influence of the inflow
and outflow conditions as well as to avoid blockage effect from the periodic boundary
conditions explained further.

The inflow and outflow conditions are applied streamwise while slip conditions are applied
over the bottom and top boundaries. Periodic conditions are imposed on both lateral
sides.

In order to observe the effect of the blade pitch angle over the wind turbine as well as on
behavior of the flow, the choice is made to study an uniform incoming flow with a free
stream velocity U, = 11 m/s. The wind turbine is placed 4 diameters downstream of the
inflow and is centered with respect to the vertical and transverse directions. The mast
of the turbine is not simulated. In the figure below as well as for the rest of the graphs
in this work, conventions are taken such as the x-axis, y-axis and z-axis are respectively
aligned with the streamwise, vertical and transverse directions.

ot

=Q 0 [] ] 0

!
ot

-4 0 4 8 12 16 20 5 2
x z

-2

!
[$23

D D
Figure 3.3: VAWT location visualisation, side view (left), front view
(right), the inflow correspond to x/D = -4
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The domain is meshed uniformly using 16 points per diameters. The resulting spatial
increment is thus Az = 5.75 m. A maximal time step is found by limiting the CFL number
to 0.20 to avoid computational instabilities.

_ CFLpeAx
= i

A smaller time step of At = 0.05 s is used to limit instabilities in regions of higher local
velocities and to obtain finer results. Simulations are performed over = tUT‘X’ = 100
dimensionless time in order to let the wakes develop which correspond to 16720 iterations
for the chosen time step.

At = 0.104 (3.3.1)

3.3.2 Diagnostics and performances

In this subsection, performances of each VAWT setting are evaluated with an emphasis
over the ability to deflect the wake trajectory. The conventions used for the blade angular

position 0 as well as for the directions on normal and tangential forces are depicted on
figure (3.4).

Figure 3.4: Conventions for angular position and local forces
fz, f=y fn, ft acting on the cylinder

Figure (3.5) presents the profiles of angle of attack as well as the normal and tangential
forces with respect to the azimuthal position for each one of the pitch configurations. The
forces are made dimensionless with the chord ¢ and the dynamic pressure qg = % pU2,

Those value are measured at mid-span and are averaged over 5 rotations of the turbine.
Since the rotation speed varies with the blade pitch configuration due to the controller,
each case must be analyzed independently of the others. However, general tendencies may
be discerned.

The convention chosen is such that the normal force acting on the blade is taken to be

positive when directed towards the center on the rotor, while the tangential force is defined
positively pointing towards the leading edge see figure (3.4).
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0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350

0 0

(a) Angles of attack (b) Normal forces (c) Tangential forces

Figure 3.5: VAWT azimuthal time-averaged distribution of angle
of attack and loads for every pitch angle ¢ € [—5°; 5°] at mid-span.
Inward pitch (red), Zero pitch (black), Outward pitch (blue)

Angles of attack

A positive angle of attack corresponds to a relative velocity coming from outside of the
cylinder swept by the blades.

For every pitch configuration, the angle of attack shows a non-symmetrical distribution
between upstream and downstream sides of the cylinder. This non-symmetrical distribution
is due to the fact that the downstream part encounters a flow that already went through
the upstream part. Small oscillations are also noticeable as the angle of attack slowly
increases back to the o (6 = 0) value. These oscillations might account for the increasingly
prominent striped pattern as the pitch becomes more pronounced.

When a pitch angle is introduced, it can be observed that the angle of attack is essentially
shifted by the pitch angle at 8 = 0. In the upstream part of the rotor i.e., 6 € [0°,180°]
the AoAs increase rapidly up to at least 15°. With pronounced inward blade pitch configu-
rations, the angle of attack reaches higher values. In the downstream part of the rotor,
the difference between each curves is more pronounced and « can reach impressively low
values in the outward blade pitch cases.

Force coefficients

In general, positive values of % and c% are observed in the upwind part of the rotor,
whereas in the downwind part, the normal force is nearly always negative. The tangential
force shows a second, yet smaller, positive bump.

Figure (3.5b) shows a wide distribution of the normal force with respect to the blade
pitch angle. While the outward setups exhibit a f—% mostly centered around 0, the inward
configurations progressively shift the normal force toward higher positive values.

A stalled region is observable around # = 100° as soon as the blade pitch angle exceeds 2°

inward. This phenomenon has for impact to decrease the maximal normal and tangential
forces in the upstream part of the turbine. The size of the stalled region increases with
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the blade pitch angle and its effect is clearly visible on figure (3.5¢).

Focusing on the lateral force, the normal and tangential forces per element (f,,f;) are
calculated by BigFlow. The total lateral force is then determined by expressing f,, and f;
in the (z,y, z) coordinate frame (see figure (3.4)) and by summing the contributions of
every element. The lateral force is then made dimensionless by dividing it by % pU2 HD.

~ 0.5pU2HD
For each blade pitch angle configuration, the C, coefficient reflects the ability of the

VAWT to deflect the wake. Lateral force coefficients are gathered for each blade pitch
configuration in the table (3.3).

f. =sin(0) f; + cos (0) f,, C, (3.3.2)

0] P-5 P-4 P-3 P-2 P-1 PO P1 P2 P3 P4 P5

C. -0.097 -0.053 -0.010 0.035 0.081 0.128 0.178 0.229 0.280 0.328 0.370

Table 3.3: Lateral force coefficients for each pitch configuration

For the sake of completion, the respective contributions of the normal and tangential forces
are presented on the figure (3.6) for each configuration. The tangential part stays roughly
constant or increases for high inward pitch whereas the normal force contribution behaves
nearly linearly with the blade pitch angle. The latter reflects the wide distribution of %
with ¢ observed earlier.

0.40

0.351
0.30
0.251
0.20
0.151

& 0101
0.051
0.00

—0.051
~0.101
—0.151

—0.20

p-5 P4 P3 P2 Pl PO P1 P2 P3 P4 P5

Figure 3.6: Contribution of the normal (green) and tangential (yel-
low) forces to the lateral force coefficient C,
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‘Wakes

In the figures (3.7, 3.8, 3.9, 3.10, 3.11) depicted below, five different pitch configurations are
plotted. Subfigures on the left present the streamwise time-averaged velocity «, normalized

with the free stream velocity U,, on a horizontal mid-span plane. For each ¢ setup, the
time-averaged normalized velocity deficits 1 — 7 are shown on cross-stream sections

respectively located 4 and 8 diameters behind the VAW'T center. The velocity fields are
averaged over the last £ = 12.5 dimensionless time of the simulations.

1.00 N 1.00
0.75 1
0.50 =R 0

0.25 B

0.00 0.00

1.00 N 1.00
0.75 1

0.50 = 0

025 R
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1.00 - 1.00
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0.25 R

0.00 0.00

Figure 3.11: Blade pitch angle ¢ = 5°
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Varying the blade pitch angle ¢ have a strong influence on the wake behavior. While
PO redirects moderately the wake, slightly inward pitch angles seem to have a stronger
deflection ability. Looking at the mid-span planes, P5 and P2 have both an impres-
sively deflected wake. The P5 setting shows a stronger influence over the near wake i.e. 0
to about 6 diameters past the wind turbine whereas the deviation is more progressive for P2.

As the blade pitch angle increases, the number of stripes inside the near wake, already
present in the P-2 and PO configurations, increases. P5 presents the most stripes, however,
the general behavior of the wake is still coherent.

Figures (3.7, 3.8) do not present the outward pitch angle configurations as an effective
way the deflect the wake. The forces produced are such that the resultant velocity field
makes the wake collapse on itself. The wake mainly stays aligned with the wind turbine
and presents modest vertical velocity deficit rejection.

In every configuration, the vorticity generated at the cylinder is mostly concentrated
in 4 counter-rotating vortex tubes located at the cylinder’s "corners"'. In the P-5 and
P-2 configurations, the vorticity field is such that the wake is deflected mostly upward
and downward. P5 and P2, as illustrated in figure (3.12), produce vorticity of opposite
sign with a much more concentrated distribution in the case of P5. Those configurations
produce a velocity field that deflects the wake sideway. The figure (3.12) presents the
dimensionless averaged velocity deficit and vorticity fields 4 diameters downstream of the
turbine for the P2 and P5 cases.

2 1 0 1 2 2 1
Z
D

Figure 3.12: Averaged velocity deficit u;ji;ﬂ and vorticity % fields
4 diameters behind the VAWT center : P2 (left), P5 (right)
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Wake center tracking

In order to evaluate properly the effect of blade pitch angle ¢ over the wake deflection
capacity of the turbine, a wake center can be tracked starting from the wake formation at
the rotor to the downstream domain boundary. The choice is made to follow a method
based of the "center of mass" of the velocity deficit [15]. With the VAWT positioned at
the center of the domain and symmetric boundary conditions applied, the wake deflection
is mainly lateral i.e., along the z-axis. The wake center transverse coordinate is given by
the following equation where Au (x,y,z) = Uy — @ (2,9, 2).

L [ ] zAu(z,y, z)dzdy
© [ JAu(,y, 2) dzdy

(3.3.3)

The wake centers are computed with the velocity field averaged over the last £ = 12.5
dimensionless time of the simulation in order to study a well-developed wake. The integrals
are made over cross-stream sections of the domain located behind the wind turbine.

1.5
1.01
Q0.5
0.0
—0.5 : ; : : ; ; ; ; ;
2 4 6 8 10 12 14 16 18
T
D

Figure 3.13: Wake center transverse coordinate z. with respect to
the streamwise distance behind the VAWT center for different blade
pitch angle settings for P-5 (bluest) to P5 (reddest).

Figure (3.13) presents the evolution of the wake center transverse coordinate with respect
to the streamwise distance downstream of the turbine. All pitch angle setups in the range
[—5°; 5°] are represented, with the curves corresponding to the velocity fields shown above
depicted in bold.

Each curve exhibits a remarkable linear behavior and should eventually reach an asymp-
totic value in the far wake (which is not simulated in this work).

As expected, in the first few diameters, the P5 setup is the most deflective one. P2 exhibits
a wake center deflection not as strong as P5 in the near wake. However, the two curves tend
to a nearly similar value in the far wake. Past a 2° blade pitch angle, every configuration
seem to tend to a common value of deflection.

It is noticeable that outward pitch settings makes the wake center stay aligned with the
VAWT. P-2 imprints a small deviation while P-5 does not seem to deflect the wake at all.
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Power

Finally, in order to deflect the wake while maintaining a consistent power coefficient, the
previously found lateral force coefficients and wake center deflections need to be weighted
with the corresponding power coefficient gathered in the table (3.4). The power coefficient
is computed using the mechanical power output of the VAWT P,,.. made dimensionless
according to the relation (3.3.4).

Pmec
Cp =

= 3.3.4
5pUSHD (334)

¢ P-5 P-4 P-3 P-2 P-1 PO P1 P2 P3 P4 P5

Cp 0.352 0.368 0.381 0.389 0.394 0.3943 0.391 0.382 0.363 0.332 0.281

Table 3.4: Power coefficients for each pitch configuration

First, we observe that power losses for outward configurations are significantly less pro-
nounced at high blade pitch settings compared to inward settings, as previously noticeable
in figure (3.2b). This difference is attributed to reduced blade exposure to stall during
rotation and the second positive bump in tangential force in the downstream part of the
rotor, as depicted in figure (3.5¢). However, outward blade pitch settings do not produce
sufficient lateral force to be relevant for the rest of this thesis.

Although P5 exhibits the highest lateral force generation, the power output decreases
by 28.7% compared to the PO configuration. In the other hand, P2 exhibits a strong
deviation, see figure (3.13) while keeping a consistent C'p. With respect to P0, P2 suffers
from a minor power loss of 3.1%. Pitching the blade more than 2° leads to higher power
losses without increasing much the deviation. While a 1° pitch generates more power, it is
noticeably not as effective as a 2° pitch in deflecting the wake.
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3.4 Effect of the velocity profile

A uniform inflow velocity profile does not represent accurately the wind conditions observ-
able in reality. In order to get closer to physical results, the presence of the ground as
well as a boundary layer shaped velocity profile is to be taken into account. This section
shows the influence of the velocity profile over the turbine’s power production capacity for
several inward pitch angle settings.

3.4.1 Methodology

Turbine’s configurations

The turbine studied in this section is the same as the one used previously. According to
the previous section, an inward fixed blade pitch angle deflects noticeably the wake. Focus
will thus be put on 3 inward configurations: PO, P2 and P4.

The turbine is firstly simulated using fixed tip speed ratios to given values around the
respective optimal values gathered in table (3.2). Secondly and for the rest of the study,
the controller is actived and calibrated with the same data as the previous section. The
effect of the ground as well as the velocity profile is then assessed.

Numerical setup

The studied domain is the same as that used in the previous section, with identical
dimensions, resolution and boundary conditions. The wind turbine is placed 4 diameters
downstream of the inflow and centered with respect to the transverse direction. To observe
the effect of an impermeable lower boundary, the VAWT has a ground clearance, i.e., the
distance between the ground and the lower part of the cylinder, of 21 meters. It should be
noted that a wall model was not used in these simulations.

Two different inflows are considered. First, a uniform 10
inflow with Uy, = 11 m/s. Second, a logarithmic
velocity profile, where the velocity field reaches 11 3

m/s at the height corresponding to the middle of the
blade span. The uniform and logarithmic profiles are

. 6
depicted on figure (3.14) with a representative turbine 7%
position. n
For both inflow conditions, a time step of At = 0.05 )]
s is used. The CFL number tends to be higher with y=90m | ]
the logarithmic profile. However, the previously taken
safety margin is sufficient to avoid numerical insta- 06 3 10 11 12 14
bilities. Finally, all simulations are performed over a Uin fiow [m/s]

dimensionless time 7 = %"’ = 100. The flow and tur-
bines quantities are studied and averaged during the
last 12.5 dimensionless time.

Figure 3.14: Inflow velocity profiles
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3.4.2 Diagnostics and performances

Loads and Power

The power output can be compared between the uniform and logarithmic inflow cases.
The velocity used for the adimensionalization of the power is the velocity at the mid-plane
for the turbine, Uy, = 11 m/s. The latter is the same for both cases. Figure (3.15) shows
the evolution of the power coefficient for the 3 blades pitch angle settings considered under
fixed tip speed ratios. The same U, is used for the tip speed ratios.

0.425

0.400+

CP 0.3751

0.3251

0.300— , : , , , —
275 30 325 35 375 40 425

Figure 3.15: Power curves comparison, uniform inflow (solid), log-
arithmic inflow (dashed). Comparisons made for 3 inward pitch
settings from black to red : 0°, 2°, 4°

From the figure above, it is evident that the velocity profile significantly impacts the
mechanical power output of the rotor. The power produced by the VAWT in a uniform
flow is consistently higher than in a logarithmic-shaped flow. Additionally, compared to
the case studied in the previous section, the presence of the ground slightly increases the
power coefficient.

While introducing the controller for the rotational speed, it was observed that the pres-
ence of the impermeable lower boundary in the domain does not significantly shift the
A of the turbine’s optimal operating point under uniform inflow. The controller was not
calibrated using logarithmic inflow data. However, since the maximum values observed in
the logarithmic inflow case occur at approximately the same A,y as in the uniform inflow
case, the controller performs effectively with logarithmic inflow as well.

With a uniform velocity inflow, the local tip speed ratio at a given height of the turbine
remains relatively constant compared to the logarithmic inflow case. In the latter, the
lower part of the VAWT experiences a higher tip speed ratio A\, while the upper part
experiences a lower A. Due to the high tip speed ratio in the lower part of the rotor,
the angles of attack experienced by the blades do not vary as much as in the uniform
inflow case. Consequently, the stall phenomenon observed in the previous section is less
pronounced. However, since the angle of attack is slightly reduced (see figure (3.17)), only
a small region of the airfoil polar is swept, leading to a decrease in the force produced.
Combining these two observations, it is found that the contribution of the lower part to
the power output is decreased for a logarithmic-shaped inflow.
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Conversely, in the upper part, the angles of attack experience a wider range of values
along a rotation, making the upstream part of this region more susceptible to stall. On the
other hand, the downstream part experiences higher angles of attack with a logarithmic
velocity profile than with a uniform one (see figure 3.17). Taking these two phenomena
into account, the contribution of the upper part to power production is increased in the
logarithmic case.

The contributions of the lower and upper parts of the turbine to the optimal power
coefficient are presented in figure (3.16) for PO, P2, and P4 configurations. Overall, the
VAWT experiences an average loss of 3% in a logarithmic flow compared to a uniform
flow. It should be noted that the proximity to an impermeable boundary slightly shifts
the power distribution from the upper part to the lower part of the rotor.

0.20 /)

0.15
Cp
0.10

0.05

0.00 50 B 1 —

Figure 3.16: Power coefficient distribution between lower (green)
and upper (yellow) part of the rotor. Hatched bars correspond to
the logarithmic inflow case.

Focusing on the loads over the cylinder, the velocity profile seen by the turbine affects the
load distribution from the bottom to the top of the rotor. The group of figures (3.17) show
the time-averaged angles of attack, the normal forces and tangential forces at different
heights 3! for each inflow and blade pitch angle considered.

Only small differences can be observed between the uniform and logarithmic inflow cases.
It must be noticed that in the case of a logarithmic inflow, the angles of attack behaves in
opposite manner from the lower part of the turbine to the upper one while in the uniform
inflow case, a remains approximately similar.

As explained above, the stall of the cylinder will be pronounced in the upper part of the
rotor. The higher absolute values of the angle of attack experienced in the downstream
part, i.e., 6 € [180° 360°], generate an increased tangential force, thereby enhancing the
power. The inverse observations are also observable in the lower part of the turbine due
to lower incidence. To address the flow velocity distribution and reduce induced losses,
introducing a geometric twist angle along each blade could be an effective strategy to
compensate for variations in the angle of attack.

Ly" € [0, H] where y' = 0 and y' = H are respectively the bottom and top of the rotor
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Figure 3.17: Time-averaged Aoa’s, normal and tangential forces at

different levels of the turbine from top to bottom : yﬁ, = %; %; i and

for ¢ = 0° (black), 2° (dark red), 4° (red). Solid and dashed line
correspond to uniform and logarithmic inflow respectively

By computing the total lateral force created by the cylinder, it can be seen that the latter
is slightly affected by the velocity profile. The lateral force coefficients are depicted on
figure (3.18) with respect to the blade pitch angle. From this figure, it can be noticed that
a VAWT working in a logarithmic-shaped wind experiences a 2% to 3% decrease in lateral
force generation.
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Figure 3.18: Lateral force coefficient with respect to the blade pitch
angle for uniform (solid), logarithmic (dashed) inflow cases
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3.5 Conclusion

This chapter provides an insight over the behavior of a single vertical axis wind turbine
within uniform and logarithmic-shaped flow. Based on the results of the simulations
discussed above, several conclusions can be drawn.

It has been shown that introducing a fixed blade pitch angle on the blade modify consider-
ably the loads distribution over the actuator cylinder. The overall lateral force produced by
the turbine scales remarkably linearly with the blade pitch angle introduced. On the other
hand, the introduction of a pitch angle degrades noticeably the mechanical power output
of the rotor for high blade pitch setting. A trade-off between lateral force production and
power output must be found.

Focusing on the overall shape of the velocity deficit, the introduction of a pitch angle
encourages the formation/intensity of 2 contra-rotating vortices located around 6 = 0.
Pitching the blades either outward or inward create vortices of opposite signs that deflects
the wake sideways. Inward pitch moves the wake center away from the VAWT imprint
while an outward pitch makes it stay approximately aligned with the rotor. It has been
observed that a pitch of 2° inward provides a great wake center deflection while keeping a
substantial amount of mechanical power produced.

Finally, the turbine has been studied in more realistic inflow conditions. Due to the
velocity profile, lower and upper parts of the rotor do not behave in the same manner and
losses appear either from stall or to low angles of attack. The turbine then suffers from a
light drop in power and lateral force generation capacity.
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Chapter 4

Double rotor wake dynamics

4.1 Introduction

When working in a wind farm, the wake effects from an upstream wind turbine can be
problematic to a downstream rotor. The wakes generated by upstream turbines can sub-
stantially diminish the power output of downstream turbines and increase the fluctuating
forces on their blades, resulting in accelerated fatigue and a shortened lifespan. To prevent
this reduction in lifespan and maintain significant power output from a system of rotors, it
is crucial to investigate wake control strategies and quantify the impact of turbine spacing
and blade pitch angle on performance.

This brief chapter aims to evaluate the effects of spacing between two VAWTs positioned
in tandem, while also considering a blade pitch configuration to deflect the wake. This
approach follows the strategy demonstrated in [32] and [26] for horizontal axis wind turbines,
where a fixed yaw angle was used to control wake trajectory, thereby enhancing power
production by reducing wake interaction between upstream and downstream turbines.

4.2 Methodology

4.2.1 Wind turbines

The model of wind turbine used in this chapter is the same as in the previous chapter i.e.,
an actuator cylinder composed of 24 rings in the spanwise direction each one counting 90 az-
imuthal points evenly distributed. The dimensions of the VAWT are listed in the table (3.1).

The first rotor is located 4 diameters downstream of the inflow and is centered along the
vertical and transverse directions. Turbines are positioned exactly one behind the other,
and four inter-distances, denoted as w4y, are examined: 4, 6, 8, and 10 diameters. For
each distance setup, 6 blade pitch angles are investigated: 0°, 1°, 2°, 3°, 4° and 5°. The
pitch convention used is the same as for the previous chapter. The blade pitch setting is
identical for both VAWTs and is fixed throughout the simulation. The controller is used
and is calibrated with the same (Aypr — Cpimaz) couples as in the previous chapter.
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4.2.2 Numerical setup

The rotors are placed in a parallelepiped domain of dimensions [34D x 10D x 10D] in
streamwise, vertical and transverse directions respectively. The boundary conditions are
identical to the previous set of simulations. Uniform inflow of 11 m/s and an outflow
condition are applied streamwise while slip conditions are applied over the bottom and
top boundaries. Periodic conditions are imposed on both lateral sides.

The domain is meshed uniformly using 16 points per diameters. The resulting spatial
increment is thus Ax = 5.75 m. A maximal time step of At = 0.05 s is used to avoid
computational instabilities.

Simulations are performed over { = 200 dimensionless time in order to let the wakes
develop which correspond to 33440 iterations for the chosen time step. The flow and
turbines quantities are studied and averaged during the last 50 dimensionless time.

4.3 Effect of the turbine inter-distance

In the following section, the lateral force of the downstream turbine is evaluated and power
coefficients are computed for both turbines in every inter-distance and blade pitch angle
setting.

4.3.1 Lateral force

Figure (4.1) shows the lateral force coefficients C, of the downstream turbine for various
turbine inter-distances x,., and blade pitch angle configurations. The C, of the first VAWT
is not plotted, as its values exhibit minimal variation with changes in turbine spacing.
However, the coefficients for both VAWTs are presented in table (B.1) and compared with
those from a single turbine case with the same pitch.

C, is highly dependent on both parameters, with the lowest coefficients occurring at small
Zsep and low blade pitch angles. For these low values of x4, and ¢, the downstream VAWT
stands within the wake of the upstream rotor, leading to reduced velocity and decreased
generation of lateral forces.

By increasing the spacing xs., and the pitch angle ¢, the second VAWT exhibits a higher
C. due to its reduced interaction with the upstream VAW'T’s wake, which is deflected
away as a result of the increased pitch setting. In the optimal scenario, 10 diameters
spacing and a 5° pitch, the C, coefficient of the downstream rotor reaches approximately
half of the value attained in the single VAWT case.
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Figure 4.1: Time-averaged lateral force coeflicient of the downstream
rotor for several turbine inter-distances xs.p, : 4D, 6D, 8D, 10D
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4.3.2 Power

Figure (4.2) presents the power coefficients of the downstream turbine versus its blade pitch
setting for the 4 turbine inter-distances introduced earlier. The first VAWT performances
are not plotted as their values do not exhibit large variations with the turbine inter-distance.
The power coefficients of both VAWTSs are gathered in table (B.2).
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Figure 4.2: Time-averaged power coefficient of the downstream rotor
versus the blade pitch setting ¢ for several turbine inter-distances
Zsep © 4D, 6D, 8D, 10D

The power output of the downstream turbine is significantly influenced by the wake
generated by the upstream turbine, particularly at reduced inter-turbine distances and low
inward blade pitch angles. We can observe that the power coefficient do not completely
vanish for short z.,. The wake deflection caused by the highly pitched blades allows the
downstream VAWT to maintain some power production. thereby preventing a total drop
in the power coefficient even at small inter-turbine distances.

However, the maximum power coefficient achievable by a turbine decreases with the blade
pitch angle. This maximum value acts as an upper bound to which Cp tends for high
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values of z,,. It becomes then convenient to evaluate the overall power production of
both VAWTs. Figure (4.3) presents the total dimensionless power output, along with the
individual contributions from each VAWT. In each blade pitch configuration, the total
Cp for each x4, is shown from right to left, representing inter-distances from 4D to 10D.
Within each bar, the contribution from the upstream VAWT is displayed in green, while
the contribution from the downstream VAWT is shown in yellow.
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Figure 4.3: Total power coeflicient and contribution from each VAWT

In the PO configuration, increasing the spacing between turbines does not significantly affect
the power production of the downstream wind turbine. In fact, all other configurations
either match or exceed the performance of the PO configuration. Introducing an inward
blade pitch angle tends to enhance the overall power output of both turbines. Specifically,
the deflection of the wake from the first turbine allows the downstream turbine to generate
a considerable amount of power.

Increasing the separation distance x,, enables the second vertical axis wind turbine to
access a higher velocity field, thereby increasing its power output. However, the power
gain per increment in ., decreases rapidly as x4, becomes larger, especially for high
values of ¢. The maximum overall power output of 0.612 is achieved with x4, = 10D and
a blade pitch angle ¢ = 3°

4.3.3 Wakes

Hereunder are depicted the time-averaged normalized streamwise velocity fields UL on a
mid-span plane for inter-distances of 6 and 10 diameters and corresponding to ¢ = 0°, 3°, 5°.

The figures (4.7, 4.8, 4.9) show that on the mid-span plane, the streamwise velocity field
appears to be higher in front of the downstream turbine than in the case of figures (4.4,
4.5, 4.6). This partly explains the values of power coefficients observed earlier. In addition
to the small wake deflection, the values of Cp are also partly attributed to the uniform
inflow condition. The latter results in lower turbulence intensity and consequently leads
to poor wake recovery along the streamwise direction in the studied configurations.
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4.4 Conclusion

Several conclusions can be drawn from the results regarding the effect of an upstream
turbine on a downstream one:

The lateral force coefficient strongly depends on turbine spacing. At z, = 4D, the lateral
force nearly vanishes for all blade pitch angles, while at x4, = 10D, it reaches about
half the value of a single VAWT case. Consequently, the downstream VAW experiences
significant lateral force reduction due to the upstream turbine’s wake.

Redirecting the wake with a fixed blade pitch angle reduces the upstream VAWT’s power
coefficient but enhances that of the downstream VAWT, leading to an overall increase in
power coefficient compared to a case without blade pitch. The maximum overall power
coefficient is achieved when x4, = 10D, as both power and lateral force coefficients of the
second VAWT increase with spacing further increasing spacing would allow the second
turbine to operate more like a single turbine, improving power production but decreasing
power density. Thus, a 10-diameter spacing is maintained in the following chapter’s wind
farm VAWT layout.

Steep blade angles can decrease overall power output despite increasing downstream
turbine performance. To maximize power generation in the VAWT tandem, it may be
beneficial to set the downstream VAW'T at a lower blade pitch angle than the upstream
VAWT. This approach would allow the downstream turbine to benefit from the wake
deflection of the upstream rotor while optimizing its own power generation.

It is important to note that these conclusions are based on uniform inflow simulations,
where wake recovery is slower than in real conditions with turbulent mixing.
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Chapter 5

Wind farm application

5.1 Introduction

This chapter presents an investigation of the use of vertical axis wind turbines with fixed
blade pitch angles in a wind farm. From the previous chapters, an inward blade pitch
setting has shown to be the most efficient one in term of lateral force introduction while
keeping a substantial amount of power produced. This chapter aims at proving that
atmospheric boundary layer control can be achieved by using the ability of a VAWT
to generate lateral forces. In addition to deflecting the wake away from the downwind
rotors, the turbines will be utilized in various configurations as vortex generators to create
secondary flows, thereby re-energizing the flow within or behind the wind farm. The
chapter focuses on the influence of fixed blade pitch angle setting as well as the rotation’s
directions on the overall wind farm power production.

5.2 Methodology

5.2.1 Wind turbines

Wind turbines are modelled using an actuator cylinder model and have the same parame-
ters as in the previous chapters. Dimensions are given in table (3.1). In the case of a wind
farm, Re, is subject to impressive variations from a VAW'T to another. On top of that,
the ABL makes Re. vary along the height of the turbine. The choice is made to use the
same polar as in the previous chapters since the flow conditions are such that the Re, ~ 107

As previously stated, a VAWT will adapt its rotational speed with respect to the incoming
wind to reach its maximal power output. The controller is used and is calibrated with the
same (Aopt — Cpmaz) couples as in the chapter 3 (see table (3.2)).

5.2.2 Numerical setup

Wind farm configurations are studied in a parallelepiped domain. Two types of wind farms
are studied in this chapter. The first wind farm is infinitely wide and the second one
is considered isolated. Studying a laterally infinite wind farm helps to approximate the
flow behavior within a wind farm composed of many turbines. The isolated case provides
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insight into the flow behavior at the edges of the wind farm. Two domain’s transverse
dimensions are then studied in this chapter. In the case of the infinitely wide farm, the
transverse length is such that the distance between the side boundary and a side line
of turbine is the half of the distance between 2 VAWTs lines. The transverse dimension
for the case of an isolated wind farm is chosen to be twice the length used for the infi-
nite farm. Periodic boundary conditions are applied to the lateral boundaries in both cases.

The streamwise and vertical dimensions are the same for both domains. The streamwise
dimension is chosen in order to have a sufficient inter-distance between each row of VAWTs
according to the previous chapter i.e., 10 turbine’s diameters. The first row of turbine
is spaced from the inflow by 6 diameters and 20 diameters separate the last row from
the outflow. Finally, the height of the domain is chosen to be 8 diameters. The domain
dimensions are thus [5152 x 736 x 1472] and [5152 x 736 x 2944] m. As a reminder the
y-axis is aligned with the vertical direction.

In this chapter, the vertical axis wind turbines are placed in two different flows due to
their inflow conditions:

1. A uniform inflow

2. An atmospheric boundary layer inflow

The uniform inflow case exhibits an inflow velocity on 11 m/s with slip conditions of lower
and upper boundaries.

For the more complex case of an ABL, the inflow is generated using the procedure detailed
in Chapter 2. At the bottom, wall effects are taken into account using a wall model
and a wall roughness is applied to obtain an ABL profile of the freestream flow. The
boundary layer used in this work is such that it reaches an average velocity of 11 m/s and
a turbulence intensity of 6% at the height of the mid-span plane of the VAWTs. The ABL
has been generated in a domain of size 32Dx8Dx16D with a resolution of 32 points per
diameter up to an altitude of 2D. The mesh is then vertically stretched up to 8D height.
Hereunder is presented the time-averaged velocity profile of the resultant boundary layer
used in this work.

Figure 5.1: Time-averaged mean streamwise velocity profile
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The ABL was initially generated only for the case of an infinitely wide wind farm. To avoid
the considerable computational time required to obtain a sufficiently large ABL for the iso-
lated cases, the same ABL has been assembled side by side to create a domain twice as wide.

Finally, a uniform spatial resolution in z, y and z of Az = 5.75 m is used for the uniform
flow simulations while stretching is applied on the y direction in the case of the ABL
simulations. The time step used is chosen as At = 0.05 s for both inflow cases so that the
maximum CFL number is sufficiently small to avoid instabilities.

5.3 Investigated configurations

In this chapter, several wind farm working scenarios are being studied. The position of
the rotors with respect to each other is fixed and only the rotation’s direction or the blade
pitch angle are allowed to vary.

Two rotation configurations are investigated beside of a reference one. Those configurations
are named "Mirror" and "Alternating". The configurations are detailed below. For each of
those three configurations, 3 different blade pitch angle setups are considered. For each
wind farm type, flow condition, and rotation setup described above, a 0°, 2°, or 4° inward
pitch is applied to every rotor in the simulation. The pitch angle is the same for all rotors
within the farm and remains fixed throughout the simulation.

5.3.1 Reference

In order to make a fair comparison of the gain/loss of various wind turbines configurations,
the choice is made to take the case of 16 vertical axis wind turbines without blade pitch
angle for a reference wind farm. Due to the dimensions of the domain as well as the
periodic boundary conditions applied on the lateral boundaries, the farm represent either
a section of an infinite 4 rows wind farm or an isolated 4 by 4 farm. The turbines are
positioned 4 diameters apart in the transverse direction and spaced 10 diameters apart in
the streamwise direction. Each turbine rotates counterclockwise when viewed from above.
The wind farm is centered along the width of the domain and, as previously stated, the
first raw of VAWT is placed 552 m from the inflow i.e., 6 diameters. Every turbine has a
ground clearance of 21 m i.e., the lowest part of the blades is 21 m high. The disposition
of the rotor is presented on figures (5.2) and (5.3).

0
-16D -6D

Figure 5.2: Infinite farm domain

Figure 5.3: Isolated farm domain
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5.3.2 Mirror and Alternating

In the mirror configuration, half of the previously introduced 16 VAWTs rotate clockwise
while the other half rotate counterclockwise. This configuration aims to generate a large
secondary flow structure above the VAWT, which pumps down the high-velocity flow
higher in the boundary layer. The configuration is presented in figures (5.4a). By arranging
the rotation in an alternating pattern within a row, the alternating configuration aims to
develop smaller yet more numerous vortex structures above the farm. A representation of
this configuration is shown on figure (5.4b).

Due to periodic boundary conditions, reversing the rotation direction in the infinite wind
farm setup gives the same results, only, shifted in space. However, this is not the case
with the isolated wind farm. Given the considerable computational time required for each
simulation, the study focuses on the reference setup and the configurations presented
hereunder with this specific rotation direction variant.
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(a) Mirror configuration (b) Alternating configuration

Figure 5.4: Both configurations represented with the corresponding
expected direction of wake deflection
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5.4 Uniform inflow

The wind farms are simulated during a dimensionless time = 450 with U, = 11 m/s
corresponding to approximately 8 flow-through. The flow and turbines quantities are
studied and averaged during the last 300 dimensionless time units of the simulations.

The upper boundary is to be analyzed cautiously. Due to the imposition of a slip boundary
conditions, the latter acts as an impermeable surface which is not physically correct.
However, as shown in figures (5.11a) and (5.11b), the in-plane velocity fields are already
nearly zero several diameters below this boundary.

5.4.1 Wakes

The figures (5.5, 5.6, 5.7) and (5.8, 5.9, 5.10) presented on the following pages show the
time-averaged streamwise normalized velocity fields 77— on an horizontal plane intersecting
the turbines at mid-span for the different cases.

It must be pointed out that in every configuration, the deflection of the wake is considerable
for ¢ = 2° or 4°. With a 0° blade pitch angle, the first row of rotors generates only a weak
wake deflection. As the inflow is uniform, without turbulence, the wake recovery is slow.
The second row is therefor strongly impacted by the first row wake. I thus experience a
large power loss (see appendix C).

The flow demonstrates approximately similar behavior between the infinite and isolated
cases. However, in the isolated case, both the mirror and alternating configurations exhibit
slightly more dispersed wakes starting from the third row of turbines. Indeed, in the
infinite farm scenario, the wake is constrained by the wake of neighboring turbines, causing
a lateral blockage.

In the reference configuration, increasing the blade pitch angle inward for each VAWT
generates a lateral current at the level of the farm. The lateral flow becomes more pro-
nounced as the observer moves downstream as well as ¢ is increased. In the case of ¢ = 4°
the wake of the third row is sufficiently deflected sideways to interfere with a VAWT of
the fourth row located in the adjacent line.

In the mirror and alternating configurations, the wakes are pushed into each other. The
lateral flow observed in the reference configuration cancels out where two wakes meet or
at the middle of two diverging one. This complex flow interaction combined with the
presence of the ground acts as a "pump" that generates an either upward or downward
vertical secondary flows.
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Focusing on cross-stream sections, the introduction of a blade pitch angle deflects markedly
the wake, generating secondary cross-stream flows for every rotation configuration. In
order to quantify the strength of the secondary flows the time-averaged in-plane velocity

is measured.
V =/ +w? (5.4.1)

Figures (5.11a) and (5.11b) depict the streamwise velocity as well as the in-plane velocity
for both infinite and isolated wind farms. Those slices correspond to P4 configurations
on cross-stream sections at 5, 15 and 25 diameters downstream of the first row. The
streamlines show the secondary flows in-plane directions. The choice was made to mask
streamlines where the in-plane velocity is less than 1 percent of the free stream velocity U..

As previously observed, the reference configuration shows a strong lateral flow reaching,
at the level of the VAWTs and at the end of the farm, 10% of the freestream velocity
U in averaged. This lateral current does not appear in other rotation configurations.
In the latter, an upward vertical flow is generated at the meeting point of two wakes,
while a downward flow appears between two diverging wakes. In every case, the upward
secondary flows appear stronger than the downward flows. We observe regions of high
in-plane velocity aligned with lines of rotor that can reach up to 20% of the freestream
velocity. These regions emerge from the P4 blade pitch configuration, which demonstrated
earlier strong deflection capability.

It is worth noting that in the laterally infinite case, due to the infinite number of rotors
in the farm, the induced vertical or lateral flows appear stronger than in the case of an
isolated wind farm. Indeed, the high in-plane upward velocity regions observed at & = 48
in the mirror and alternating infinite cases appear slightly reduced in the isolated case
due to the absence of incoming wakes from the opposite direction. The velocity of the
vertical current in the isolated case is nevertheless considerable, especially in the center
of the alternating configured wind farm. The upward velocity regions present in the mir-
ror and alternating cases are seen to reach up to 10% of the value of the freestream velocity.

By analyzing the overall shape of the streamlines, it can be observed that the reference
configuration generates vortex tubes near the top left corner of each VAWT line. In the
isolated scenario, these vortex tubes exhibit less organized behavior and take more time to
develop. Eventually, a global secondary flow emerges, introducing a lateral velocity higher
up in the simulation domain. This flow moves in the opposite direction to the secondary
flow generated at the level of the VAWTs.

In both the mirror and alternating configurations, VAWT lines appear to operate in pairs,
generating two distinct vorticity fields. These vorticity fields are symmetric, and due to
the rotational configuration, large pairs of contra-rotating vortex tubes are created. In the
alternating configuration, these pairs consist of concentrated contra-rotating vortex tubes.
Conversely, in the mirror configuration, they consist of larger groups of vortex tubes that
still act in a contra-rotating manner above pairs of rotors rotating in the same direction.
In both mirror and alternating setups, these regions increase in size as we move further
into the wind farm, eventually stabilizing into consistent shapes. These configurations
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thus enable higher interaction with the velocity field compared to the reference case. The
difference between the infinite and isolated cases can be explained by the effect of the
wind farm’s edges. Indeed, since there are no wake side interactions at % =+ 8, the circular
or lateral motions are not as constrained.
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5.4.2 Power

Considering a 4 by 4 VAW'TS section of the infinitely wide wind farm, the total power
production of the installation can be assessed and compared hereunder with the isolated
case. The total power production in MW of the infinite and isolated farms are respectively
gathered below in tables (5.1) and (5.2). For each wind farm, the gain or loss are computed
with respect to the PO reference case of the corresponding wind farm.

Reference Mirror Alternating Reference Mirror Alternating
PO 39.1 37.7 (-3.4%) 36.0 (-7.8%) PO 36.2 35.8 (-1.0%) 35.3 (-2.26%)
P2 486 42.5 41.3 P2 423 40.6 39.2
P4 471 40.9 39.3 P4 411 39.6 37.7
Table 5.1: Infinite wind farm Table 5.2: Isolated wind farm

The distribution of power within each wind farms is presented in figures (C.1a) and (C.1b)
of the appendix (C).

Focusing on the impact of the rotation setup and the fixed blade pitch angle, the reference
configuration generates more power compared to both the mirror and alternating config-
urations, given the same blade pitch angle setting. The mirror configurations present a
slightly higher production than the alternating cases.

In the infinite wind farm, the reference PO configuration shows a total power production of
39.07 MW with the power unevenly distributed among the turbines. Indeed, as well as for
the mirror and alternating PO cases, the wake of the first row presents poor recovery and
deflection. This affects the second row of VAWTs, resulting in near-zero power production.
In this case, the second row proves itself useless and only contribute to unnecessary expenses.

Then, increasing the blade pitch angle increases the total power production of every farm
until reaching an optimal value corresponding to a ¢ € ]0°4°[. Indeed, as the blade
pitch is increased, the deflection of the wake produced by the first row increases as well.
According to the figure (C.1a) and (C.1b) and visible on the midspan planes shown earlier,
this deflection allows the second row, useless in a P0 scenario, to also produce a significant
amount of power. However, in the P2 scenarios, the activation of the second row produces
a longer wake that significantly reduces power output in the third and fourth rows in the
mirror and alternating configurations.

The reference scenario sees the power output of its downstream rows enhanced as the
blade pitch is further increased. The third and fourth rows of the reference configuration
demonstrate their highest production levels with a blade pitch of 4°. This increase can
be explained by the intensification of the secondary lateral flow observed earlier. Con-
versely, in mirror or alternating setups, this adjustment primarily reduces the power output
of the first row, while the downstream rows maintain approximately the same power output.

Additionally, across all rows, and especially in the first row, a higher blade pitch angle
decreases the power generation as it has been seen in previous chapters.
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In the P2 infinitely wide wind farm in a reference configuration, the power increase reaches
up to 24.1% compared to the corresponding PO reference farm. This increase, along with
the total amount of power generated, is greater in the infinite setup. This is attributed
to the fact that the lateral secondary flow is slightly stronger in the infinite case than
in the isolated one. Since the direction of the incoming wind does not affect vertical
axis wind turbines, the velocity encountered by the downstream rows is slightly higher.
Consequently, in this configuration, the second, third, and fourth rows produce moderately
more power than they do in an isolated wind farm.

Globally, isolated wind farms exhibit lower power output compared to the infinite case.

However, changing the rotation to a mirror or alternating configuration has a greater
impact on power production gains in the isolated farm.
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5.5 Atmospheric boundary layer

In the following section, the previously simulated wind farm stands within the atmospheric
boundary layer presented earlier. The wind farm configurations are simulated during a
dimensionless time ¢ of 450 corresponding to approximately 8 flow-through at the height
of the turbines. For every figure presented below, the resulting fields, flow and turbines
quantities are averaged over the last 300 dimensionless time of the simulations.

5.5.1 Wakes

The figures (5.12, 5.13, 5.14) and (5.15, 5.16, 5.17) present the time-averaged streamwise
normalized velocity —+ 7- ona horizontal plane intersecting the turbines at mid-span. Each
blade pitch and rotation configuration are represented for infinitely wide and isolated wind
farms.

It is worth noticing that in the regions 5 ~ —8,—2,8 of the infinite wind farm inflow,
the streamwise velocity fields on the mid-span plane appears either weaker or stronger.
This behavior is inherently due to the atmospheric boundary layer’s formation process.
Some large turbulent structures become difficult to break down, particularly when the
simulation domain is not sufficiently large. Those stronger or weaker spots have a small
influence on the production of power of the nearby turbine. Due to the assembly process,

these same structures can be found at z ~ 0 and 6 in the isolated cases.

It is important to note that the turbulent behavior of the ABL allows a faster momentum
recovery within the wake [16] [17]. Compared with the uniform inflow case, the second
row of turbine does not suffer as much from the first row’s wake in the case of a zero blade
pitch angle setting. It will be shown that this row actually produced a substantial amount
of power even in a PO setup (see appendix (C)).

Comparing the velocity fields in both infinite and isolated scenarios, we observe that
the flow exhibits similar behavior overall. However, the isolated cases exhibit slightly
less deflected wakes and weaker transverse velocity compared to the infinite scenario. In
particular, in the P4 setups, the wake from the third row nearly avoids the fourth row in
the infinite case, whereas it significantly impacts the fourth row in the isolated configuration.
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The figure (5.18a) gathers the time averaged normalized streamwise and in-plane velocity
fields of each P4 configurations on cross-stream sections at § = [5,15,25] i.e., between
every row of turbines. Streamlines are displayed across the entire cross-sections, noting
that the in-plane velocity at high altitudes remains negligible compared to the free stream
velocity.

Looking at cross-stream sections of the flow, it must be noticed that the flows demonstrate
approximately the same secondary flows structures as in the uniform inflow case. Due to
the boundary layer shape of the velocity profile, a stronger shear appears above the wind
farm and the mixing effect has a greater impact. These structures appear weaker and not
as coherent than the ones observed in the previous section.

In the mirror and alternating farms, at the VAW'Ts height, the secondary flows adopt
approximately the same behavior of pronounced upward and downward currents as in the
uniform cases. However, these fluid motions are not as strong as in the uniform inflow
scenarios. Regarding the cross-section 25 diameters behind the first row, the velocity deficit
occupies slightly more of the VAW'TS’ imprints than under uniform inflow conditions. In
other words, the wake deflection is not as marked and there is less fresh fluid with higher
streamwise velocity reaching the next line of VAWTs. This will have for consequence to
lower the power output of the last rows of turbines.

In the alternating case, the structures observed in the ABL inflow scenario do not reach
the same altitude as their counterparts within a uniform inflow. At an altitude of about
3 diameters, they begin to collapse. These structures are thinner compared to those
observed in the mirror or reference configurations, repeating alternately with a period of 4
diameters. This thinner profile makes them more exposed to the turbulent behavior of the
atmospheric boundary layer.

Figure (5.18b) presents the same slices for an isolated wind farm. The fact that the wind
farm layout is not infinitely wide anymore makes the flow structures observed in the
previous configuration noticeably less coherent. In the mirror scenario, the large circular
fluid motions observed earlier are no longer visible. Turbines appear to operate nearly
independently of each other. In the reference case, a lateral secondary flow is noticeable
but weaker than in the infinite farm. Finally, in the alternating configuration, the upward
motion at the center of the farm seems to persist. This secondary flow is also associated
with a downward velocity around z = +4D.

In general, and as observed earlier in the uniform inflow scenario, the isolated wind farm
does not exhibit the same flow patterns as an infinite farm. This discrepancy arises from
the absence of turbines at the edges of the farm, which prevents the generation of strong
circular fluid motions in these regions.
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Figure 5.18: Time-averaged streamwise (left) and in-plane (right)
velocity fields in cross section planes at different locations : 5D (left),
15D (center) and 25D (right) downstream of the first row. Every P4
configurations are represented : reference (top) the mirror (middle)
and alternating (bottom) cases
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Power available and recovery rate

In order to gain a better understanding of the flow characteristics at the rotor level,
integral analyses are conducted at this specific height. The recovery of the wake can
be characterized by the available power in the flow P and RR, the streamwise velocity
recovery rate [24]. Those quantities are evaluated as functions of x and are given by:

P(z) = <“3U(§f)> RR(z) = [Z <a%£f>> (5.5.1)

Here, the operator (-) represents spatial averaging. This averaging is performed over a
rectangle centered with the farm with dimensions H by 16D and a normal vector aligned
with the x axis. Since the direction of the wind does not matter for a vertical axis wind
turbine the horizontal velocity vu? 4+ w? is used instead of u for the computation of P.
An equivalent velocity U, is fixed to 11 m/s in order to obtain dimensionless values of
P. This value is coherent with the ABL design and is also used to adimensionalize the
wake recovery rate. The available power and wake recovery rate are then evaluated on
cross-stream sections at every diameter along the x-axis.

Figures (5.19) present the evolution of the power while the figures (5.20) show the wake
recovery rate within the wind farms for each blade pitch angle and rotation configurations.

(a) ¢ =0° (b) ¢ = 2° (c) ¢ =4°

Figure 5.19: Available power in the flow in the infinite (top) and
isolated (bottom) wind farms for every blade pitch setting from left
to right : ¢ = [0°;2°;4°]. Rotation configuration are reference (solid),
mirror (dashed), alternating (dotted)
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Figure 5.20: Wake recovery rate in the infinite (top) and isolated
(bottom) wind farms for every blade pitch setting from left to right :

¢ = [0°2°;4°]. Rotation configuration are reference (solid), mirror
(dashed), alternating (dotted)

.
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From the figures (5.19) and (5.20), several observations can be made upon the infinite
wind farm scenario. Each row of VAWTs marks the power contained in the flow with a
localized drop. Following the z axis, the available power progressively decreases within
the wind farm. Past the farm, the resulting flow slowly re-energizes and its power rises.

Although every farm faces the same amount of available power, the reference farm tends
to reduce this power more significantly as we move downstream within the farm. The
mirror and alternating configurations present approximately the same available power
curves with a higher amount of available power.

The power in the flow at the level of the VAWTs is either harnessed by the turbines or
redirected vertically. According to the curves presented above, the drops in available
power are slightly stronger in the reference scenarios. From this observation we can deduce
that the turbines harvest more power using a reference configuration. This observation is
further validated by the mechanical power output in tables (5.3).

The streamwise velocity recovery rate can help mitigate the drawbacks of the mirror and
alternating scenarios. In all cases, the wake experiences short regions of positive accelera-
tion between turbine rows. The P2 and P4 mirror and alternating configurations exhibit
higher peaks in recovery rate, which results in a less abrupt decrease in available power
between turbine rows. The difference from the reference case becomes more pronounced as
we move downstream in the wind farm. This is due to the increasing influence of secondary
flows generated by the rotation settings, which enhance downward motion. This motion
impacts both the streamwise velocity recovery and the power available at the level of the
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rotors. Past the farm, the recovery rate of the P4 setups is noticeably higher with mirror
and alternating rotation direction.

The results for an isolated wind farm are slightly more varied. When examining the wake
recovery rate, the isolated wind farm exhibits behavior similar to that of an infinitely
wide wind farm. However, the intensity of the positive recovery of streamwise velocity is
reduced by a factor of 0.5. This lower recovery rate can be correlated with the available
power profile. Indeed, compared to the power available in the flow of the infinite wind
farm, the power in the isolated wind farm is consistently lower. This lower power level
accounts for the diminished recovery observed in the wake of the isolated farm.

The power within the flow in the isolated mirror scenario exhibits different behavior
compared to the infinite case. In the infinite scenario, the power profile closely resembled
that of the alternating case. However, in the isolated wind farm layout, the power available
in the mirror case is even lower than in the reference case. This discrepancy can be
explained by the absence of pronounced downward secondary flows in the velocity fields of
the mirror case.

In both the reference and mirror cases, the lack of consistent vertical fluid motions within
the farm does not effectively drive the wake away from the farm. Consequently, the
integral analysis, which only accounts for the level of the VAWTSs, shows a lower power
level compared to the alternating case. In the alternating scenario, part of the velocity
deficit is directed upward, contributing to higher power levels.

Additionally, the computation of available power incorporates the lateral velocity w. As a
result, the reference scenario displays a slightly higher power profile, benefiting from the
secondary lateral flow present in that configuration.

5.5.2 Kinetic energy

In order to observe and quantify the effects of the rotation configuration on the flow
re-energizing at the turbines level, the dimensionless mean kinetic energy of the flow can
be evaluated along the height of the domain.

K(y) = <<W>> (5.5.2)

The operator (-) corresponds to a spatial averaging over a horizontal plane of dimension
16De, x 30De,. This plane covers the farm from the first row to the last one. In the
case of an isolated wind farm, the horizontal plane position is identical to its location
in the infinite case. A velocity of Uy, = 11 m/s is used the make the kinetic energy
dimensionless. The figures hereunder, depict the evolution of the mean kinetic energy of
the flow with respect to the height in the infinite wind farm scenario. The level of the
VAWTs is visualized through the grey rectangle.
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Figure 5.21: Time-averaged dimensionless kinetic energy K (%)

in the infinite (top) and isolated (bottom) wind farms for every
blade pitch setting from left to right : ¢ = [0°2°4°]. Rotation
configuration are : reference (solid), mirror (dashed), alternating
(dotted).

It can be observed in the figures (5.21) that in the infinite wind farm, using the VAWTs
in the mirror or alternated configuration progressively shifts the distribution of kinetic
energy along the vertical direction. The high amount of kinetic energy present at high
altitudes is decreased and brought down to the benefit of the lowest sub-layers. This effect,
although small, is more and more visible as the blade pitch angle setting is increased inward.

Some differences are also noticeable between the mirror and alternating configurations.
While the two rotation configurations exhibit approximately the same amount of kinetic
energy at the rotors level, the origin of the gain differs. In the case of the alternating
configuration, the energy seems to be taken from the layer % € [2;3]. We can see that in
the case of the mirror configuration, higher levels of the atmospheric boundary layer are
impacted.

In the case of an isolated wind farm, the transport of kinetic energy is even less pronounced,
and the differences between the three rotational configurations are minimal. The only
notable observation is a slightly reduced amount of energy at the level of the rotors in the
mirror P4 scenario.

Although, these differences are minimal, the transport of kinetic energy can be observed
as the time-averaged flux of kinetic energy through a horizontal plane at a given height.

2 2 2 1
W) (5.5.3)

q’K(Q):U( 9 U3

The figures (5.22) present a visualization of the vertical transport of kinetic energy across
horizontal planes located at the rotor’s top as well as 1 radius and 1 diameter above the
top of each VAWT for each P4 rotation configurations.
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Figure 5.22: Time-averaged kinetic energy flux ®x in the infinite
(top) and isolated (bottom) wind farms in every P4 rotation configu-
ration across horizontal planes located : rotor’s top (left) 1 radius
(center) 1 diameter (right) above the top of the rotors. The rotation
configurations are : reference (top) mirror (middle) alternating (bot-
tom)

In every rotation configuration, the blockage effect caused by every row of the farm is
clearly visible from the vertical redirection of fluid. Indeed, upstream of each row, an
upward flux of energy is noticeable especially at the rotors top. The intensity of this flux
progressively fades with the altitude.

Behind each rotor, we can see that the flux of energy forms concentrated channels of
downward flux surrounded by upward motion of fluid. Those structures are explained by
the vortex system created by the actuator cylinder. The latter generates downward as
well as upward motion at its tips inherently from the creation of lift.

In the infinite reference scenario, these channels stay apart from each other and show only
weak interactions in the far wake 1 radius to 1 diameter above the wind farm’s top. On
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the other hand, the same channels generated in a mirror or alternating configuration seem
to merge in pair to form wider channels. In the mirror scenario, all the channels eventu-
ally merge into a global downstream current in the far wake 1 diameter above the wind farm.

Furthermore, it can be observed that in the mirror setup, the rotor lines at 5 = 46 do
not benefit as much from the downstream secondary flow as the central lines, due to
their position. In fact, looking at the power output distribution within the downstream
lines of the infinite farm under uniform inflow conditions in figure (C.la), the center
lines show greater mechanical power than the side ones under uniform inflow conditions.
This imbalance of also exists within the farm under ABL conditions. However, since the
imbalance differs between the infinite and isolated cases, it is most likely explained by the
presence of long structures within the ABL.

The isolated wind farms exhibit several differences compared to the infinitely wide config-
urations. Firstly, the mirror-configured farm does not demonstrate the same interactions
between channels of downward energy flux. The turbine lines appear to work in a more
individualistic manner. The same observation is also visible in the reference scenario. The
latter presents also a large region of downward kinetic energy transport for z < —6D.
Indeed, at the side of the farm, the flow gets aspirated downward as visible in figure (5.18b).

In the alternating scenario, two merged channels remain observable, separated by a strong
upward flux. The maintenance of the secondary flow structure in the alternating configu-
ration may be attributed to the lower periodicity of the rotation setup within a row.

Finally, as observed in the velocity fields at mid-span, the isolated farm did not exhibit the
same degree of wake deflection than the infinite scenario. The wake-turbine interactions
are slightly more present within the farm. Since the VAWTs rows face more the velocity
deficit, the blockage induced by the turbine has less impact on the vertical redirection of
the flow just upstream of each turbine. Thus, the peak in energy flux that were present in
the infinite wind farm cases appear slightly reduced in the case of an isolated wind farm.

The previously introduced! operator (-) is then applied to the vertical flux of kinetic energy
to have an better idea of the strength of the exchanges between sublayers. These values
are computed for each wind farm configurations at 3 different heights and presented on
figures (5.23a) and (5.23b) for the infinitely wide and isolated cases.

'In the frame of kinetic energy computation
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Figure 5.23: Mean kinetic energy flux across horizontal planes located
: 0 radius (unfilled), 1 radius (hatched), 2 radius (cross-hatched)
above the top of the rotor. The colors of the bars relate to the pitch
setup : PO (black), P2 (dark red), P4 (red)

The bars presented above indicate the farm’s capacity to either increase or decrease the
useful kinetic energy at the level of the turbines. In every case, the mean kinetic energy
flux increases as we measure it higher. Combined with the observations in figures (5.18a)
and (5.21), this increase is attributed to the shape of the ABL velocity profile rather than
an intensification of the vertical velocity at this height.

In the infinite wind farm scenarios, the mirror and alternating configurations exhibit
mean fluxes @ < 0, indicating that at the level of the turbine tops, kinetic energy is
slightly transported downward. These negative mean fluxes change sign at higher altitudes.
Conversely, in the reference scenario, kinetic energy in the flow is expelled from the farm.
Positive values of mean kinetic energy flux are observed as soon as we move above the rotors.

Moreover, the mean energy flux values are generally lower in the mirror and alternating
configurations compared to the corresponding reference scenario. This reduction is likely
due to secondary flows bringing more energetic fluid toward the turbines.

Additionally, the mean kinetic energy flux is generally lower in the mirror configurations
compared to the alternating configurations. As shown in figure (5.23a), the mirror setup
exhibits slightly stronger patches of negative flux values within the farm, and the regions
of upward flux, which are confined to the sides of the wind farm, have less impact on the
mean flux than in cases where a central region of upward flux is also present.

In the isolated wind farm, the results are more mixed. First, the intensity of the mean flux
reaches significantly lower values, with even more negative values, compared to the infinite
farm. As previously observed, this difference can be attributed to the lower intensity of
the vertical velocity peaks observed near the upstream part of each rotor, leading to a
reduction in the mean flux values.

Finally, as the blade pitch setting is increased, the energy fluxes in the reference configura-
tion show an increase, whereas in the mirror and alternating configurations, these fluxes
decrease. This trend is particularly evident in the alternating scenario, where the flux
values turn negative even at a height of one rotor radius above the turbine tops. This
indicates that, despite the isolated nature of the wind farm, the mirror and alternating
configurations still exert a degree of control over the atmospheric boundary layer.
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5.5.3 Power

Following the analysis made with the uniform inflow, we consider a 4 by 4 VAW'Ts section
of the infinitely wide wind farm. The total power production in MW of the infinite and
isolated farms are respectively gathered below in tables (5.3) and (5.4). For each wind farm,
the gain or loss are computed with respect to the PO reference case of the corresponding
wind farm. The detailed distribution of the power output within the farms are presented
in appendix (C) in figures (C.2a) and (C.2b).

Reference Mirror Alternating Reference Mirror Alternating

PO 41.2 41.1 (-0.3%) 40.3 (-2.2%) PO 37.9 36.8 (-3.0%) 37.7 (-0.5%)

P2 421 40.5 (-1.7%)  38.7 (-6.2%) P2 376 (-0.8%) 355 (-6.4%)  36.6 (-3.5%)

P4 37.0 (-10.2%) 349 (-15.3%)  32.9 (-20.3%) P4 31.6 (-16.8%) 30.5 (-19.6%) 31.3 (-17.5%)
Table 5.3: Infinite wind farm Table 5.4: Isolated wind farm

First of all, the distribution of power output presented in appendix spread unevenly within a
row of VAWTs. This phenomenon is partly explained by the presence of long and slim wind
structures in the inflow observed earlier. On top of that, the infinite and isolated wind farm
cannot be properly compared due to the differences observed in their respective ABL inflow.

It can be immediately noticed that in the results diverge from those observed under uniform
inflow conditions. The installation shows a higher power coefficient when the blade pitch
angle is fixed at zero compared to the uniform inflow case. As previously mentioned, in
every PO configuration, the second row of turbines in a uniform inflow scenario proves
to be inefficient. However, in the ABL, the increased turbulence makes the second row
significantly more effective due to stronger turbulent mixing and earlier wake recovery. This
grants the farm of an additional row that couldn’t be exploited in uniform inflow conditions.

An increase in the pitch angle, ¢, significantly degrades the overall production of the farm.
While it might be expected that the secondary flows formed could compensate for or even
surpass the loss caused by increasing the pitch of the blades inward, this is not the case
under ABL conditions. These secondary structures are not strong or organized enough to
compensate for the loss due to the increased pitch angle. These losses are substantial and
can reach up to 20% of the power generated by the reference PO configuration.

Mirror and alternating setups once again show a lower power output than the reference
cases, both within the infinite and isolated wind farms, for any blade pitch setting. This
observation can be explained by the fact that the lateral wind generated in the reference
configuration contributes to the power generation. While the vertical fluid motions gener-
ated in the mirror and alternating scenarios do not.
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5.6 Conclusion

This final chapter aimed to observe the formation of secondary flows and assess their
impact on atmospheric boundary layer control. The ultimate goal was to determine if
controlling the ABL could increase the overall power density of the wind farm. The
wind farm layout was investigated under two inflow conditions: uniform inflow with slip
boundary conditions, and an atmospheric boundary layer profile inflow coupled with a
wall model. Based on the periodic boundary conditions and the domain’s width, the wind
farm was considered either infinitely wide or isolated. Three rotation’s direction setups
were studied: a reference configuration and two customized configurations, named the
mirror and alternating setups. Additionally, fixed blade pitch angles were introduced for
each turbine in the farm.

In the uniform inflow cases, clear patterns of secondary flows emerged. In the case of
the mirror and alternating setups, these patterns were composed of large vortex with
substantial vertical velocity regions. The secondary flows where able to interact with
higher levels of the flow, up to three to four diameters high. The reference case created a
strong lateral current within the farm. Those patterns were also observed under the ABL
inflow. However, they appeared weaker and not as coherent as the previous ones.

In the uniform inflow scenario, power production was optimal with a blade pitch setting
of approximately 2° inward. However, this improvement cannot be attributed solely to
the formation of secondary flows. Rather, it is primarily due to the introduction of blade
pitch, which enabled the second row of turbines to generate power more effectively, as
they were previously in the wake of the upstream turbines when operating with a zero
blade pitch setting.

In the case of the atmospheric boundary layer inflow, analysis shown that there was
indeed slightly enhanced exchanges of kinetic energy between the VAW'T’s level and higher
altitudes in the mirror and alternating rotation configurations. However, the contribution
of these exchanges was not as strong as expected and the simple lateral wind created by
the reference rotation setup contributed more to the increase of the power density of the
farm. In the case of the ABL, the wind farm generally exhibits lower power outputs.
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Chapter 6

Conclusions and perspectives

This thesis was undertaken to prove if the concept of atmospheric boundary layer control
through vertical axis wind turbine with given blade pitch angle and rotation setup could
improve the power density of offshore wind farms.

The first part of the thesis assessed the ability of a single wind turbine to deflect the wake
sideways under uniform and logarithmic velocity profile inflows. It was shown that the
introduction of a fixed blade pitch enhanced the production of lateral force, with inward
pitch settings proving to be the most efficient way to achieve this deflection. However, the
introduction of a fixed blade pitch angle also decreased the mechanical power generated
by the turbine. A 2° blade pitch was found to be the ideal trade-off between lateral force
and power generation.

In Chapter 4, the impact of the streamwise distance between two aligned rotors on their
power output and lateral force generation was investigated. Several inter-distances were
tested simultaneously with inward pitch settings under uniform inflow. As a result, in con-
figurations with a low pitch setting, the downstream turbine experienced significant power
loss due to the wake of the upstream one. Increasing the pitch enhanced the production of
the downstream turbine. However, setting the pitch too high inward reduced the power
output of both turbines. A blade pitch setting between 2° and 3° for an inter-distance of
10 diameters was found to be the optimal trade-off. This distance was chosen as the basis
for the farm layout of the next chapter.

Finally, VAWTs were placed in a wind farm layout and simulated for several rotation and
blade pitch angle setups. Two types of wind farms were assessed: an infinitely wide farm
and an isolated one. The latter were studied under uniform inflow and atmospheric bound-
ary layer (ABL) inflow conditions. The objective of this final chapter was to demonstrate
the formation of secondary flow structures and assess their effect on turbine production.
Very interesting results were found regarding the generation of secondary flows. Indeed, in
the three rotation configurations investigated, substantial lateral as well as vertical fluid
motions were observed. The vertical secondary flows were promising as they contribute
to bringing down the upper layers of the flow, which have more energy, to the level of
the turbine while expelling the rotor wakes upwards. These exchanges were assessed
through integral analysis and kinetic energy fluxes. However, it was found that these
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exchanges were not strong enough to compensate for the losses due to blade pitching and
wake-turbine interactions within the farm.

This thesis demonstrates that, within a vertical axis wind turbine farm, a certain level of
control can be achieved on the higher altitudes of the boundary layer, and kinetic energy
exchanges can be enhanced through the farm’s rotation configuration. The farm layouts
simulated in this work did not substantially benefit from these exchanges. However, it
sets the stage for further research by opening up several new perspectives. Other setups
could be tested, and an optimal configuration that benefits from these large secondary
flows could potentially be found through an iterative process that individually modifies
the positioning of the turbines relative to each other (new streamise or transverse inter-
distances, staggered distribution, ... ), the rotation direction, and the blade pitch settings
to maximize the farm’s power density. A heterogeneous blade pitch setting within the farm
could be envisioned, where part of the farm is designed to control the ABL while other
turbines are optimized to harvest this added power in the most effective configuration.
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Striped wake issues investigation

Using the actuator cylinder model developed at UCLouvain in a uniform flow, the wake
presents in some cases stripes structures which does not seem physical. Those lines also
appears in other previous master thesis that used the actuator cylinder method such as
[19] [30] [20] and [3]. Every blade pitch configuration [—5° 5°] present stripes in their
wake. These stripes are nevertheless more visible in the case of inward blade pitch. The
figure below presents the time-averaged streamwise velocity in configurations with 0° and
5% inward blade pitch.

Figure A.1: Time averaged normalized streamwise velocity Ui on
mid-span plane for both pitch configurations

The striped structures are mostly located on each side of the wake but propagate toward
the hole mid-span wake with an inward fixed blade pitch. The 5° inward blade pitch case
is study in this investigation since the intensity of the phenomenon is more visible in those
conditions. The main parameters of the reference case are gathered in the table hereunder.

VAWT Domain & Simulation
Method ACM (nDz,nDy,nDz) (24, 10, 10)
H/D 138/92 [m] pts/D 16 (no stretching)
(%, Y, 2)center (368,391, 460) [m] B.C x+/x- Dirichlet
Nr/Ntheta 24/62 B.C y+/y- Slip
rpm 9.19 B.C z+/z- Periodic
Pitch 5% inward CFD scheme order 4
Polar NACA0015 Re = 107[28] At 0.05
Dynamic stall ON nt 8360
Control OFF Poisson solver residual 107°
DistribType M4 StatsBufferSize 4180

Table A.1: Main parameters of the reference case
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In order to reduce the stripe effect, 4 path were explored one by one.
 Reducing the tolerance on the residual of the poisson solver to 107
o Using a 2"? order spatial integration scheme
o Increase to 100 the number of points on the azimuthal direction of the VAWT
o Modifying the mollification for a 3D gaussian type with a 2Ah standard deviation.

For each case, the streamwise time-averaged normalized velocity is plotted below on a
mid-span cross section. The velocity is averaged over 4180 iterations.

0.25

4
3
2
1 0.50
. =
1
) 0.00

(a) Reference case

4
3
2
1
0
1
2

8
z
D
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(d) Ntheta = 100 (e) 3D Gaussian mollification

Figure A.2: Time averaged normalized streamwise velocity Ui on
mid-span plane for both pitch configurations

Only the modification of the mollification seems to have an efficient impact over the
presences of the structures. A standard deviation of 3Ah is thus also simulated. This
distribution give the following wake.
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Figure A.3: 3D gaussian mollification with 3Ah standard deviation

Next figures present the angle of attack, the normal and tangential force over a rotation.
Those quantities are taken at mid-span and are averaged over 5 rotations. Given the rpm
and the dt, the average is made over the last 665 iterations.
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—— Reference case - —— Reference case 25 —— Reference case
15 Poisson residual Poisson residual 2.0 Poisson residual
—— 2nd order scheme 20 —— 2nd order scheme —— 2nd order scheme
— Ntheta = 100 — Ntheta = 100 15 — Ntheta = 100
3D Gaussian std = 2h 15 3D Gaussian std = 2h 3D Gaussian std = 2h
3D Gaussian std = 3h

B
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3D Gaussian std = 3h

3D Gaussian std = 3h
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(a) Angle of attack (b) Normal force (c) Tangential force

Figure A.4: Diagnostics at mid-span

Every investigation path shows approximately the same behavior in the upstream part of
the VAWT i.e., 6 € [0° 180°]. Changing the mollification seems to be the only path that
really changes the downstream diagnostics. The peaks observed for the 6 € [300°; 360°] are
smoothed out. Exploring more deeply this investigation could lead to interesting results.
Nevertheless, spreading to much the 3D gaussian could end up in not physical results

However, comparing the power output between the reference case and the gaussian
distributions with 2Ah and 3Ah, the steady power coefficients are respectively 0.2795,
0.3097 and 0.3367. This difference is not negligible, the choice is then made to keep using

the reference case for study in the frame of this TFE.
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Double rotor : Lateral force and
power coefficients

Hereunder are gathered the lateral force and power coefficients of the double wind turbine
study for every turbine inter-distance x4, and blade pitch angle ¢ considered. The
upstream turbine is indexed as 1, and the downstream turbine as 2. These coefficients are
averaged over the last 50 dimensionless time of the simulation which has been running for
33440 time steps at At = 0.05 s.

| Single | 2y =4D | @up=6D | 2y =8D | 2y =10D
‘ ‘ Cz,l ‘ 02,2 ‘ Cz,l ‘ CZ,Q ‘ Cz,l ‘ CZ,Z ‘ Cz,l ‘ CZ,Z

0°) | 0.128 | 0.128 | 0.004 | 0.128 | 0.001 | 0.128 | 0.002 | 0.128 | 0.007
1°) | 0.178 | 0.178 | 0.007 | 0.178 | 0.005 | 0.178 | 0.003 | 0.178 | 0.021
2°) 1 0.229 | 0.229 | 0.006 | 0.229 | 0.002 | 0.229 | 0.023 | 0.229 | 0.075
=3°) | 0.280 | 0.278 | -0.004 | 0.279 | 0.001 | 0.280 | 0.065 | 0.280 | 0.132
4°) | 0.328 | 0.327 | 0.0001 | 0.328 | 0.008 | 0.328 | 0.123 | 0.328 | 0.188
5°) | 0.370 | 0.368 | -0.023 | 0.369 | 0.069 | 0.370 | 0.160 | 0.370 | 0.223

Table B.1: Time-averaged lateral force coefficients C, for each blade
pitch angle and turbine separation distance.

| Single | @y, =4D | 24, =6D | 2y, =8D | ., =10D
| | Cpy | Cpa | Cpi | Cpa | Cpyi | Cpz | Cpi | Cpo
0.3943 | 0.391 | 0.003 | 0.394 | 0.004 | 0.394 | 0.003 | 0.394 | 0.031
0.391 | 0.388 | 0.005 | 0.390 | 0.002 | 0.391 | 0.005 | 0.391 | 0.125

¢ =0°)

¢ =1°)

¢=2° 1 0.382 | 0.381 | 0.003 | 0.381 | 0.007 | 0.381 | 0.146 | 0.381 | 0.227
¢:3°) 0.363 | 0.362 | 0.003 | 0.361 | 0.142 | 0.362 | 0.222 | 0.363 | 0.249
6= 4)
¢ =5°)

0.332 | 0.327 | 0.104 | 0.329 | 0.175 | 0.331 | 0.209 | 0.332 | 0.231
0.281 | 0.276 | 0.111 | 0.279 | 0.155 | 0.281 | 0.171 | 0.281 | 0.190

Table B.2: Time-averaged power coefficients C'p for each blade pitch
angle and turbine separation distance.
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Wind farms power coefficients

In this appendix, the power output of each turbine within the studied 4 by 4 wind farms
are presented. The wind farm can be divided in 4 VAWT’s lines aligned with the x-axis
and 4 rows aligned with the z-axis. The lines 1, 2, 3 and 4 are respectively located at
z = [6D,2D,—2D,—6D] and the row are located at x = [0D,10D,20D,30D]. In the
following figures the lines 1, 2, 3, 4 are respectively represented in brown, purple, red and
green.

As expected from the chapter 4, PO makes the second VAWT ineffective, P2 and P4 allow
it to generate a certain amount of power at the cost of slightly reducing the output of the
first turbines.

The uneven distribution of mechanical power within the rows of the wind farms under
atmospheric boundary layer (ABL) inflow conditions is largely explained by the presence of
long wind structures generated by the ABL formation process. Some lines that experience
slightly higher wind velocities produce more power. Since the original ABL used to
simulate behavior in an infinitely wide wind farm was assembled with itself to create a
wider ABL for investigating isolated cases, the uneven power distribution differs between
the infinite and isolated farms. This variation is due to their different transverse positions
within the same ABL.
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CHAPTER C

Wind farm with uniform inflow
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Figure C.1: Time-averaged power distribution within the wind farms
for every rotation configuration : Reference (top), Mirror (middle),
Alternating (bottom) and for every blade pitch angle : PO (left), P2
(center), P4 (right)
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CHAPTER C

Wind farm within an atmospheric boundary layer
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Figure C.2: Time-averaged power distribution within the wind farms
for every rotation configuration : Reference (top), Mirror (middle),
Alternating (bottom) and for every blade pitch angle : PO (left), P2
(center), P4 (right)
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