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This thesis addresses the unsteady aecrodynamics involved in the operation of vertical axis wind
turbines (VAWTs). The main focus is to represent and understand the most relevant phenomena
within the resulting flow pattern as the wake structure, loads on the different turbine components
and the performance of the rotor. An actuator line model has been used for this purpose.

This model has been validated against experimental measurements from diverse cases with
different operating conditions in both confined wind tunnels and open site locations. Numerical
works were carried out considering a wide range of tip speed ratios (TSRs), and therefore
covering from the no stall to the deep stall regime. The latter requires the implementation of a
dynamic stall model for the proper representation of the unsteady forces on the blades. Also,
different inlet conditions such as a uniform flow, a logarithmic wind shear and an atmospheric
boundary layer (ABL) have been tested. The so-called recycling method technique was used to
produce the fully developed ABL flow. Additionally, the resulting wake and performance of
interacting turbines has been studied.

Once the model was validated, two numerical study cases for large scale turbines were carried
out. First, the performance and resulting flow field from both a horizontal axis wind turbine
(HAWT) and VAWT were investigated when the turbines were operating at their optimal TSR
and within the same ABL inflow boundary conditions. The influence of the variation on the
atmospheric turbulence levels was also studied, as well as the differences and similarities on the
obtained results for both type of turbines. Later, the performance improvement of two interacting
VAWTs was investigated through the deflected wake produced by the pitched struts of the
upstream turbine. This is presented as a novel mechanism to mitigate losses on interacting
turbine arrangements (i.e. wind farms).

In general, there is a reasonable good agreement between numerical results and experimental
measurements, and therefore, the applied ALM can be considered as a potential tool for
VAWTs simulations, characterized by relatively low computational cost showing accuracy and
numerical stability.
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To Goedele Verburgh

"Nothing really matters, anyone can see
nothing really matters to me... any way the wind blows"
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Nomenclature

Symbol SI-unit Description, where n =0,1,2,3...

A m? Turbine cross-sectional area

A, - Fourier coefficient

Cp - Drag coefficient

Cpo - Drag coefficient at zero angle of attack

CL - Lift coefficient

Cn - Normal force coefficient

Cl{, - Normal force coefficient for trailing edge separation
Cy - Normal force coefficient during vortex convection
Cr - Tangential force coefficient

Dy - Deficiency function for separation point

Dgy - Deficiency function for geometrical angle of attack
Ey - Constant for tangential force coefficient

Q rad/s Rotational speed of a turbine

Fp N Drag force

Fr N Lift force

Fy N Normal force

Fr N Tangential force

K - Von-Karman constant

Np - Number of turbine blades

P w Absorbed power by a turbine

Pyind W Total power available in a wind flow

0 Nm Absorbed torque by a turbine

S1,8 - Coefficients for separation point

T N Thrust of the turbine rotor

Ty - Empirical time constant for dynamic separation point
Ty - Empirical time constant for delay in pressure response
Vv m/s Flow velocity

Viblade m/s Blade velocity

Vi m/s Local incoming flow velocity

Viel m/s Relative flow velocity

Voo m/s Asymptotic wind velocity

XY,z - Deficiency functions for unsteady attached flow

c m Blade chord length




Symbol SI-unit Description, where n =10,1,2,3...

d m Arbitrary distance from the quarter chord position
f - Static flow separation point

f - First-order delayed flow separation point

il - Dynamic flow separation point

g m/s? Gravitational acceleration

k - Reduced frequency of a pitching blade

m kg Mass of the blade with support arms

q0 - Critical reduced pitch rate

qn - Reduced pitch rate

r m Turbine radius

As - Non-dimensional time-step

t S Time

X0 - Normalized blade attachment point

r m?/s Total two-dimensional circulation of a blade
a - Angle of attack

o - Delayed angle of attack due to pressure delay
a rad/s Blade pitch rate

(07} - Angle of attack for a breakpoint of flow separation
Oy - Critical angle of attack

g0 - Critical stall onset angle

Olgg - Static stall onset angle

Y - Blade pitch angle

€ m Force smoothing width parameter

n - Efficiency factor for tangential force coefficient
nr - Force smoothing function

0 - Blade azimuth angle

6 - Unit vector in the tangential direction

A - Tip speed ratio

v m?/s Kinematic viscosity

p kg/m®  Air density

() - Angle of relative flow velocity

20 m Roughness length




Abbreviations

Abbreviation Description

ALM
BEM
CFD
DSM
HAWT
LES
NACA
TSR
VAWT

Actuator line model

Blade element model

Computational fluid dynamics

Dynamic stall model

Horizontal axis wind turbine

Large eddy simulation

National Advisory Committee for Aeronautics
Tip speed ratio

Vertical axis wind turbine







1. Introduction

A wind turbine is a device which extracts the kinetic energy from the atmo-
spheric wind flows, converting it into a torque on the rotor, which is connected
to the main shaft and spins a generator to create electricity. These devices can
be divided mainly into two groups: horizontal and vertical axis types. This
thesis comprises the study of the aerodynamics of vertical axis wind turbines
(VAWTSs) using the actuator line model (ALM) approach. The main focus is
to represent and understand the most relevant phenomena involved in the re-
sulting flow pattern as the wake structure, loads on the different components
and the performance of the device for different operating conditions. Addi-
tionally, horizontal axis wind turbine (HAWT) cases have been tested in order
to evaluate the performance of the presented model on these devices and for a
comparison against vertical axis turbines.

1.1 A historical perspective of wind energy

1.1.1 Vertical axis windmills

The first vertical windmills were founded in the Orient, according to histori-
ans. It is said that around 1700 B.C., Hammurabi used windmills for watering
the plains of Mesopotamia. Written evidence reveals an early use of wind
power in Afghanistan, moreover, documentation from 700 A.D. confirms that
millwright was considered an occupation of high social esteem over there [1].
Nowadays, is still possible to find in Iran and Afghanistan ruins of these wind-
mills that were operating for centuries (see figure 1.1).

The oldest windmills found were employed by Persians and they were built
with a vertical axis of rotation. Braided mats were attached to a rotating axis,
and therefore, driven by drag forces along with the wind. The Persian wind-
mills were characterized by asymmetry since half of the rotor was screened
with a wall.

The Chinese windmills (approx. 1000 A.D.), also built with a vertical axis,
used the braided mats as sails with no screening wall and therefore they had
the typical advantage of vertical axis windmills for omni-directionality which
allows them to operate with winds from any direction.

The simplicity of the design and construction of vertical axis devices al-
lowed to attach a power extraction component (pump, millstone, etc.) directly
to the rotating shaft with no requirement of redirecting the rotational move-
ment and/or intermediate gears. Advanced "Occidental" versions of vertical
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Image taken from [2].

axis principle used, partially or totally, the lift force as driving force. This will
be discussed in detail in the section 1.2.

1.1.2 Horizontal axis windmills

In the Occident, very much later, a wind turbine type different from the Ori-
ental vertical axis version was developed. The main variation on the design is
the horizontal axis whose sails (blades) rotate in a vertical plane perpendicular
to the ground and the incoming wind, just like a propeller. A new principle is
introduced with this turbine type, since the sails are not obstructing the flow in
order to produce the necessary drag forces for the rotor operation, then, these
devices were characterized by a lift-driven horizontal axis.

The first approach to a theoretical description of the lift force on blades
dates only of one century ago, however, these devices were mentioned or al-
ready built in England from the 12th century and it was called the post wind-
mill, which main characteristic is that it has a whole body (mill house) where
the machinery mounted on a vertical central post inside, around which and it
can be turned and oriented into the wind. Besides the waterwheel, the post
mill was the most important driving engine, hence, it spread from England
and France to Russia (via Holland, Germany and Poland) during the 13th and
14th centuries. It is not well defined between historians who invented it and
where it came from, anyway, it seems to be a general agreement the Crusaders
brought the wind mill concept from Persia and Middle East [3] (see figure
1.2).

It is only since 19th century when two lantern gears were implemented
on post windmills for operating two sets of millstones in parallel. The post
windmill has been used exclusively for grinding grain.

In Holland, at the 15th century, a strong economic interest came in the recla-
mation of lands by draining the polders, hence, it brought the first attempts to
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Figure 1.2. Brill windmill, a 17th Century post mill in Buckinghamshire. Image taken
from [4].

drive pumps by using wind energy. The post windmill had to be modified for
this goal since the pump was located under the mill, and therefore, the driving
power had to be transmitted there. By using a gearbox inside the revolving mill
house together with an archimedean screw (or a scoop wheel) placed below a
pyramidal-shaped structure this machine could achieve the required drainage
purposes, resulting in the so-called wipmolen. Later, this principle was also
applied in the construction of grain mills due to the advantage given by this
configuration with no need of carrying up and down heavy loads (e.g. mill-
stones, sacks of grain and flour) in the mill house [5].

In Southern Europe, post mills did not reach a considerable popularity. A
different windmill version was widely spread there, the so-called tower mill,
which consists in a cylindrical mill house made of stone, a thatched roof and
a multi-sails (eight or more) driven rotor. These machines were early used
for irrigation and their first documentation dates from the 13th century [1].
A modified latter versions (principally in the south of France) had a turnable
wood-made cap and four sails (blades) driven rotor as the post windmills (see
figure 1.4).

The turnable cap is the main feature of the Dutch smock mill which became
popular in the 16th century. It is a modified version of the tower mill since the
wooden structure of the tower is lighter than the heavy stone construction of
the tower mill, which could be easier raised on the wet and muddy lands of
Holland where their principal use was for drainage of the polders, while in
the rest of Europe, mainly for grinding grain. In the Netherlands, with around
ten thousands of Dutch smock mills built between the 18th and 19th century,
the use of wind energy experienced its peak, and even more, this leads to a
standardization of its construction which was totally unusual for that period.

An exotic development of the 17th century, the Paltrock windmill, demon-
strated that wind energy can be employed universally as a driving force. The
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Figure 1.3. Stembridge Tower Mill, in High Ham, Somerset. Image taken from [6].

entire mill rested on a live ring in such a way that an whole sawmill was driven
by a wind wheel.

The last relevant development occurred in the middle of the 19th century
with the Western mill, which was mainly employed to provide drinking water
for both humans and farm beasts on North America. Its main feature of this
kind of device is the rotor rosette with more than twenty metal sheet blades
and a rotor diameter between 3 m and 5 m. The rotor is located at the top of a
metal lattice tower and it employs a crankshaft to drive a piston pump.

Figure 1.4. American windmill. Alde Feanen. Image taken from [7].

1.2 Modern vertical axis wind turbines

In this thesis, as it was already mentioned, a wind turbine is defined as an en-
ergy converter. Independent of its application, type of details on the design it
transforms the kinetic energy from the atmospheric wind into mechanical ro-
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tational energy and then into electricity by using an electrical generator, while
the windmill only gives mechanical power as an output.

Nowadays, the most conventional design of wind turbine is the horizontal
axis turbine (HAWT), where the rotation axis is parallel to the ground [8].
However, in this thesis the primary focus for investigation is on vertical axis
turbines (VAWTSs). Here, the rotational axis is perpendicular (normal) to the
ground plane, these kind of turbines are sometimes called cross-flow turbines,
since it can work even being rotated 90°, as long the flow is perpendicular to
the rotor axis.

The lift and the drag-driven forces are the two main aerodynamic principles
for classifying VAWTs. The latter type is commonly called Savonius type
after being developed by the Finnish inventor Sigurd Johannes Savonius in the
early 19th century resulting in two US patents documented in [9, 10], although
he only improved the existing drag turbines. It is one of the simplest turbines.
Aerodynamically, it is a drag-driven rotor device which consists in two (or
three) scoops. Looking from the top, a two-scoops configuration can look
like an "S" in a cross-section with a gap in the middle. For every time, at
least one of the scoops will operate in the same direction as the wind, while
the remaining cup(s) will be moving against the wind experiencing less drag
due to the curvature. The differential drag gives a torque on the turbine. In
general, Savonius turbines have low efficiencies although power coefficients
close to 0.3 have been measured [11]. Their efficiency is much less than the
one given by other lift-based turbines of similar size. Another disadvantage of
these turbines is the relatively large amount of construction material required
restricting (mainly economically) their scalability for large scales, as it can be
observed in figure 1.5.

Figure 1.5. Different types of vertical axis wind turbines: Savonius (left), Darrieus
(middle) and H-rotor type (right). Images taken from [12—14], respectively.

Another type of VAWT is lift-driven based, the Darrieus turbine. Designed
and patented by the French aeronautical engineer Georges Jean Marie Dar-
rieus, the filing for the patent was the 1st of October, 1926 [15]. This tur-
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bine consists of two or three curved blades with an airfoil profile in the cross-
section and which are mounted on a vertical rotating shaft. The patent of Dar-
rieus covers both curved and straight blades. The goal of the curved blades
design is to mitigate bending stresses on blades due to centrifugal forces. The
Darrieus turbine is more efficient than a Savoniuos one and it needs less con-
struction material (see figure 1.5), however, its main drawbacks are the oscil-
lating forces causing fatigue, turbine protection from extreme wind conditions
and difficulties in self-starting. The most successful VAWT was developed
in the early 1980s by the North American company Flowind, which installed
more than 500 two-bladed turbines in California. However, there was a lack
on the deeper understanding about blade fatigue at that time, resulting in serial
failures in the joints between the sections of extruded aluminum blades, and
therefore, fatigue and design weaknesses led to increasing unreliability and
they were removed .

The presented thesis is focused on the straight blade H-rotor turbine type,
which is under development at Uppsala University nowadays. Considering
modern light materials, the turbine can be built using composites which reduce
the centrifugal forces due to the lighter overall structure. Some advantages of
the blades design are that straight blades are easier to manufacture, addition-
ally, by attaching the blades with struts, it allows to locate the upper bearing
closer to the turbine center reducing bending moments in the shaft. Also this
type of turbine is characterized by a larger cross-section area (compared to
curved blades) which is proportional to the power available. On the other
hand, the disadvantages of straight-blade turbines are the need of additional
struts and the presence of large bending moments on the blades produced by
centrifugal forces.

The nowadays trend of wind energy industry aims for the development of
large scale turbines in offshore environments [16—18], since it offers larger
capacity factors with stronger and more consistent winds, lower levels of
turbulence and less pronounced wind shears compared to onshore environ-
ments [19]. Even more, wind energy facilities onshore suffer relevant envi-
ronmental impacts [20]. Under this scenario, a renewed interest in VAWTSs
has been brought, since the characteristics provide several advantages over the
conventional HAWTs and their implementation can potentially reduce the new
challenges the offshore environment hands out. Several European and North
American projects have been focused on floating large scale VAWTs [21,22].
VAWTSs can work with winds from any direction (omni-directionality) which
excludes the need of a yawing system and often the pitching mechanism, re-
sulting in a simpler mechanical design with a few moving parts. This feature
is highly appreciated since the yawing and pitching combined mechanisms ac-
count for a 33% of the failures [23] and considering that in offshore facilities

' http://www.wind-works.org/cms/index . php?id=64&tx_ttnews%5Btt_news%5D=

2194&cHash=d1b21£3bd1£35d9e4804f1598b27bd86
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the operation and maintenance have a large contribution in the total energy
production cost. Another advantage of the VAWTs is the vertical orientation
of the shaft allowing the generator to be placed at sea level, and thereby low-
ering the center of gravity and reducing the complexity of its installation and
maintenance. Furthermore, concerns about the dimensions and weight of the
generator are mitigated, favoring the installation of heavy direct drive gen-
erators with permanent magnets [24]. All these features for VAWTSs show
higher potential for scalability considering the operational inconveniences and
limitations of HAWTs due to the yawing mechanism and the location of the
generator.

The operation of VAWTs is naturally characterized by complex and un-
steady aerodynamics, which poses considerable challenges to overcome by
both measurements and numerical modeling [25]. Some aspects like theoreti-
cal and real aerodynamic efficiency of a stand-alone turbine or losses on farms
due to wakes have not been properly undertaken yet. VAWTs are inherently
exposed to cycling variation on the angle of attack, resulting in cyclic blades
forces which can potentially generate material fatigue damage.

As long there is an increasing interest for the design and analysis of VAWTs,
there will remain a need for overcoming the lack of understanding of the main
physical phenomena involved in VAW Ts aerodynamics and reliable numerical
models to characterize it (unless it has been overcome).

1.3 Vertical axis wind turbines research at Uppsala
University

Since 2002, wind power research has been conducted in the Division of Elec-
tricity at Uppsala University. During this period, three H-rotor turbines were
built: a small one with a diameter of D = 6 m with rated of 1.5 kW, followed
by a 10 kW rated turbine for telecom applications [26] and a rated power
12kW [24,27,28]. The latter turbine has been used for the majority of the
experiments. Later on, a large scale VAWT rated at 200 kW turbine was built
by the spinoff company Vertical Wind AB in Falkenberg [29]. The research
on these turbines have been carried out in eight doctoral theses [30—37] and
the development of simulations tools were made by Dyachuk [35], Goude [33]
and Deglaire [31].

1.4 Contribution of this thesis

The focus of this work has been on the modeling part of the main phenomena
involved in the aerodynamics of VAWTS using the actuator line model (ALM)
approach. Qualitative and quantitative analyses of the resulting flow pattern
(wake), forces on blades and rotor performance of VAWTs have been carried
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out. This unsteady model has been tested and validated in a wide range of
different operational conditions.

Initially, the model was used to calculate the blade loading and body force
of a pitching airfoil in similar operating conditions as an H-rotor type VAWT
and it is published in Paper I. Later, it was studied the wake produced by a
VAWT located in an open site and how it is affected by the surface roughness
of the terrain, without considering the atmospheric turbulence, this study is
published in Paper II. A further study of the near-wake generated for a VAWT
within a wind tunnel facility is presented in paper III. Also, the presented ALM
has been compared to a 2D and a 3D vortex model by representing the normal
forces on a blade of an operating 12 kW VAWT which is located in an open site
in the north of Uppsala (Sweden), and the results are published in Paper 1V.
All these mentioned works were validated using experimental measurements.

A numerical study of the influence of the atmospheric boundary layer (ABL)
on large scale wind turbines is published in Paper V and the improvement of
the farm efficiency with interacting VAWTs through wake deflection using
pitched struts is published in Paper VI. The influence of the open jet inlet on
the wind turbines experiments is published in Paper VII, for this purpose re-
sults from a VAWT tested in an open jet facility were compared against results
from the same turbine (and conditions) when the open jet is replaced by a
uniform flow.

1.5 Outline of the thesis

The chapter 1 is covered by the introduction. After it, the chapter 2 presents a
theoretical background for the aerodynamics involved in VAWTs and the em-
ployed ALM for representing it. Validation cases are carried out to compare
ALM predictions against experimental measurements, results are presented in
chapter 3 along with the discussions related to similarities and discrepancies.
This is followed by chapter 4, with the model already validated, where dif-
ferent and diverse study cases with their obtained results are presented. The
thesis finishes with the conclusions and suggested future works.
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2. Theoretical background

2.1 Aerodynamics of wind turbines

The total available kinetic power from the wind through an area A is expressed
as

|
Pyind = EpAvi 2.1

with p as the air density, and V.. the velocity of the flow. In case there is
no surrounding boundaries to confine the flow, then Pying is the total avail-
able kinetic energy available for a wind turbine (which extraction is restricted,
among other, by the Betz limit). However, part of the flow interacting with
the turbine will change its direction moving outside the rotor area, and hence,
the kinetic energy that passes though the cross-section area A. Moreover, the
decelerated flow by the turbine still keeps some kinetic energy that can be used
later on. Then, the quantification of how good the energy conversion is can be
expressed with the power coefficient

P

Cr=1——3,
PAV3

(2.2)
where P is the total power extracted by the turbine and V., the asymptotic
flow velocity. This is the most relevant variable in wind turbine aerodynamics.
By using this expression, the power extracted by the turbine can be compared
against the power that passes through the blade-swept area if the turbine would
not be there, instead of comparing against the power that really passes by A.
In practice, the power extracted by a wind turbine is expressed in terms of the

torque as
P=0Q, (2.3)

where Q is the turbine torque and Q is the rotational speed of the rotor. Here,
the focus is on lift-based turbines. Therefore, the major contribution for the
torque comes from the lift force, and on the contrast, the drag force increases
the losses. The normal force Fy can be usually used to express the structural
loads on blades since it is the resultant of the aerodynamic forces in the radial
component. Fr is directly related to the turbine torque for one revolution as

Send
0= Ngr(s){(Fr(s))ds 2.4)

Sstart
with Np denoting the number of blades, r the radius of the turbine and (Fr)
the averaged tangential force within one revolution. When the turbine is sup-
ported by struts (e.g. a VAWT with H-rotor), they will also contribute to the
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total tangential force (together with the blades). The turbine geometry and op-
erational conditions are the principal parameters for influencing the tangential
force.

For an operational turbine, the relative velocity flow V| (with the spanwise
component removed) and the angle of the relative wind ¢ are obtained through
the geometrical relation between the tangential velocity of the blade Vyjqe
and the incoming flow Vj,, which is commonly smaller in magnitude than the
asymptotic freestream velocity Ve,

‘_}rel = Vin - Vblade (25)

The blade velocity is given as Qr, where € is the angular velocity. Considering
a Cartesian coordinate system and assuming that the freestream velocity is
aligned in the x—axis without any flow expansion (‘700 = VX and ‘_)in = VinX),
the magnitude of the relative flow velocity can be expressed as

. Q 2
Vrel| = Vin\/<r —cos 9) + (sin6)? (2.6)
Vin
and the angle of relative wind as
sin 0
=arctan | 5——— 2.7
¢ ( % —Cos 9) 7

where ¢ is the sum of the section pitch angle ¥ and the angle of attack .
An illustration of the velocities and acting forces on the cross-section of the
blade for both HAWTs and VAWTs is depicted in figure 2.1. Besides Cp,
there is another relevant parameter which is the tip speed ratio (TSR) A, this
dimensionless quantity is defined by the ratio between the blade tip and the

asymptotic flow velocities
Qr
A=— 2.8
In order to address all above mentioned items to the turbine torque, the expres-

sion for the tangential force Fr can be used as
Fr =Fpsing — Fpcos @ 2.9)

where Fy is the lift force which is perpendicular to V,, and the blade span
component, while the drag force Fp has the same direction as V,, for both
types of turbine.

2.2 The actuator line model (ALM)

The actuator line model (ALM) is a unsteady three-dimensional aerodynamic
model used to study the resulting flow around turbines. It is based on the clas-
sical blade element model (BEM) theory coupled to a solver for the governing
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Figure 2.1. Tllustration of velocity vectors and forces acting at the cross-section of the
blade for a HAWT (left) and a VAWT (right). Note: For both HAWTs and VAWTs, 6
denotes the tangential direction of the blade while 0 is the azimuthal angle for VAWTs.

Navier-Stokes equations. The ALM, developed by Sgrensen and Shen [38],
divides the blades in lines of elements which have a two-dimensional airfoil
behavior, using given lift and drag coefficients (C;, and Cp, respectively). For
VAWTs, the dynamic stall effects on the force coefficient were considered us-
ing the Leishman-Beddoes model [39] with the modifications of Sheng [40]
et al. and Dyachuk [35]. To do this, the library turbinesFoam developed by
Bachant et al. [41-43] was employed to implement the ALM. The original
governing Navier-Stokes equations have been considered in their filtered ver-
sion, using the Large Eddy Simulation (LES) approach for predicting turbu-
lence effects based on an incompressible fluid as

dii;
e 0 (2.10)

8ﬁ,~ 8&,-12,- . _l@+v 8211,' f, aTij
Jt 8xj N p dx; 8xj8xj pP 8xj

@2.11)

where #; and p correspond to the velocity and pressure grid-filtered values,
respectively, V is the kinematic viscosity, f; the acting body (blade) forces and
7;; is the sub-grid scale (SGS) stress defined as 7;; = w;u; — i;i;.

First, the ALM samples the local velocity from the flow solver and then cal-
culates the relative velocity Ve as a vector for each blade element (removing
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its spanwise component), from which magnitude and angle can be extracted.
Then, the DSM calculates the unsteady lift and drag forces, which the ALM
impart back as body forces into the flow solver (figure 2.1). Once o and V|
are calculated, the lift and drag forces per spanwise length unit can be obtained
though the expressions

1
fLZEPCCL|Vr61’2 (2.12)

and |
fDZEPCCD‘VreﬂZ (2.13)

respectively, with ¢ as the chord length and p the fluid density.

The implementation of the ALM requires values of Cy and Cp, which are
function of the Reynolds number and . In case the DSM isn’t used, these
coefficients are obtained through a linear interpolation of a table for a specific
a, and using them together with the blade element approach, the body acting
forces can be determined. The same procedure is applied for the acting forces
on the shaft and struts (for VAWTSs). Once all the forces in the lines of elements
are calculated, they are added as a source of body force per unit of density into
the momentum conservation equation 2.11.

2.2.1 Improved inflow velocity sampling

It is a common practice to consider the inflow velocity which is located at the
same place of the element (the quarter chord position). This has been applied
in previous studies carried out by Sgrensen and Shen for HAWTs [44], Sham-
soddin and Porte-Agel for VAWTs [45] and also the US National Renewable
Energy Laboratory (NREL) [46], among others. However, in the present work
the local velocity is obtained using the averaged value from a defined numbers
of local velocity samples which are symmetrically distributed around the quar-
ter chord location. This technique has been implemented in order to reduce the
effect of the blade bound circulation affecting the inflow direction and it was
developed and implemented by Anders Goude!. A study for the sensitivity
of this method was carried out showing that 10 to 20 samples at a distance
from 2¢€ to 3¢ are appropriated values to consider, where € is the width of the
Gaussian function used in the force projection kernel (equation 2.14).

2.2.2 Calculated force distribution

After the force is calculated with in the element locations it needs to be dis-
tributed smoothly on several mesh points in order to avoid numerical instabili-
ties due to high gradients. To overcome this potential issue, the source term of
force is projected around the element location from its maximum value using

I'Senior Lecturer at Dept. of Engineering Sciences, Division of Electricity, Uppsala Univerity
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a three-dimensional Gaussian kernel. The employed smoothing function ng,
which is multiplied by the computed local force on the actuator line element
and distributed on a cell with a distance ]cﬂ from the quarter chord location of
the actuator line element, is written in the form

)
1 4|
Nr = Y exp | — <8> (2.14)

where € represents the smoothing width parameter of the function, which is
chosen by the maximum value from three different contributions related to

e the 25% of the chord length

e the mesh size

o the momentum thickness due to drag forces
and it can be expressed as

C
£ = max [2,43/\/661 CZD] (2.15)

with Veepr denoting the volume of the cell, and being 7 = & the most case
typically used.

2.2.3 Unsteady effects

Within the turbine aerodynamics, particularly in the VAWT type, the ALM
faces unsteady conditions in both the angle of attack and the relative veloc-
ity. Therefore, unsteady aerodynamic models are needed in order to improve
the static airfoil characteristics to capture both the transient response of the
attached flow loading and the flow acceleration effects (also known as added
mass). Moreover, operating conditions of VAWTs commonly faces high an-
gles of attack, and therefore, dynamic stall phenomena. Then, for an appro-
priate representation of the blade forces it is needed to model the unsteady
detached flow.

Dynamic stall model (DSM)

Dynamic stall appears when the blade quickly changes its angle of attack and
exceeds a certain threshold usually close to the static angle of stall [47]. This is
characterized by an initial increase in the lift above static values until a vortex
is shed from the airfoil leading edge, followed by a lift drop due to the reduced
circulation caused by the flow separation.

The employed dynamic stall model (DSM) is based on the one developed
by Leishman-Beddoes [39] with the modifications of Sheng et al. [40] and Dy-
achuk [35]. This model is able to compute the unsteady lift, drag and pitching
moment, giving a physical description of the aerodynamics and it has been
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Table 2.1. Empirical constants for the dynamic stall model model

Airfoil Ty Ot [°] ogs0[°]  Bi n Eo

NACA0012  3.90 14.95 1873  0.75 1 0.25
NACA0015 5.78 14.67 17.81 0.50 1 0.25
NACA0018  6.22 14.68 1746 0.50 1 0.20
NACA0021  6.30 14.33 17.91 0.50 0975  0.15
NACA0025  6.95 13.59 1722 0.50 0.90 0.18

validated against experimental values in [48]. It consists in three parts (or sub-
systems): unsteady attached flow, dynamic stall onset and unsteady separated
flow part. However, the ALM already handles the unsteady attached flow.

Due to the lag in pressure response, a delayed angle of attack is considered
as

o, = &, — Dy, (2.16)
where Dy, as the deficiency function
As As
Dq, = D, exp (_Ta> + (0 — 01 ) exp <_2Ta> (2.17)

with the empirically derived time constant 7, whose value is in table 2.1, and
As corresponding to a non-dimensional time-step written as

_ 2|‘7rel|At
76‘ .

As (2.18)

The indices n and n — 1 denote the current and previous discretized time
step. Due to the flow reversal in the boundary layer, a leading edge vortex is
created at the airfoil surface. A critical angle of attack «,, is considered to
define the condition at which dynamic stall starts

050 |gn] = q0
Oy, = ’ a1 (2.19)
Olss + (adso - ass)% ‘C]n’ < 4o
with the reduced pitching rate ¢, defined as
e
2“_}rel ‘

qn (2.20)
In this expression, & represents the pitch rate and gg the reduced pitching
rate which limits the quasi-steady stall with the dynamic stall and its value is
qo =0.01 for symmetrical NACA airfoils (see [48]). The static stall onset angle
s and the critical stall onset angle o5 values are displayed in table 2.1. The
following is the dynamic stall consideration defined as when the delayed angle
of attack o' is larger than the critical angle of attack o,

|o| > a, — stall. (2.21)
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The separated flow part include effects that can be divided into two groups:
the trailing edge and leading edge vortex separation. The trailing edge separa-
tion is related to the temporal delay in the movement of the boundary separa-
tion point, and it is calculated using the Kirchhoff’s approximation
1—0.4exp (7'06;5‘17“') o | < o
0.02+0.58exp (1) Jog| > o

n

(2.22)

where f’ represents the delayed separation point and ¢y, S; and S, are con-
stants, functions of the airfoil profile and the local Reynolds number, which
values can be found in [48]. The boundary layer around the blade itself is
on function of the time and its effect is superimposed on the pressure response
delay (represented by o’ in equation 2.16) and it is represented by the dynamic
separation point

il =f,-Dy, (223)

For this expression, the deficiency function Dy, is

As As
Dy, =Dy, exp <_T) + (fr,l _f}’/l—l)exp <_2T> (2.24)
f f

with T as an empirically derived time constant from the table 2.1. Therefore,
the normal force coefficient for unsteady conditions before the dynamic stall

onset is calculated as
2
1 + /!
Cl, = Cny 0 (2 Vf) (2.25)

Once the dynamic stall condition is met (equation 2.21), the leading edge vor-
tex convects over the surface of the airfoil towards the trailing edge and then
releases. This convection produces a significant increase in the lift forces

N, =Bi(fy = fu)Vx (2.26)

where C}, represents the normal forces during the vortex convection, which is
dependent of the pitch rate. f, is the static separation point and V, and B; are
parameters based on the local Reynolds number and the airfoil profile, they are
available in [48]. Once the vortex moves behind the trailing edge, the normal
force decreases rapidly. The total normal force obtained is expressed as the
sum of the unsteady normal force coefficient and the vortex lift

Cy, =C}, +Ch, (2.27)

Figure 2.2 depicts an example of the normal force coefficient response the
during pitching motion of an airfoil using the model described above. The
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Figure 2.2. Tlustration of dynamic stall: NACA0021 profile with a = 12+ 10sin( o),
& = 12.47[rad/s], Voo = 28.4[m/s] and ¢ = 0,55[m]

tangential force coefficient Cr, needed to find the lift and drag coefficients, is
obtained through the Kirchhoff’s flow relation using the dynamic separation
point.

Cr, = NCny O (\/7” - Eo) (2.28)

with the empirical constants 1) and Eg which are shown in table 2.1.
Once the normal and the tangential force coefficients are calculated, lift Cy,
and drag Cp coefficients are obtained as

Cr, = Cn, cos ¢, +Cr, sin@, (2.29)

CDn = CNn sin @, — CT,, cos ¢, + CD() (2.30)

with Cp, denoting the drag coefficient at zero angle of attack, and ¢ as the
relative wind flow angle, which is obtained from the ALM.

Additional corrections must be considered and implemented in the ALM for
VAWTs since blade vorticity can be released faster in the downwind side of
the rotor due to the circular motion of the blades. Figure 2.3 reveals the vortex
shedding structures produced by a Darrieus turbine within a water channel
operating at a low TSR A = 2.14. This figure is reproduced by the using
velocity measurements of the straight-bladed turbine, obtained by Brochier et
al. [49]. At quadrant III, both leading and trailing edges vortices are detached
and shed, hence, the flow is fully separated and the delay in the separation
is absent. For modeling this faster vortex release at the leading and trailing
edges, the delay in the angle of attack and the vortex lift values have to be set
to zero

Quadrant Il - o’ = a, C}, =0 (2.31)
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Figure 2.3. Schematic diagram for vortex shedding and dynamic stall condition at
A = 2.14, taken from Ref. [49]. a, a’, b and ¢ denote vortices.

Added mass

The sub-model from Strickland et al. [50] has been implemented for correcting
the effects due to the flow acceleration (also known as added mass), which was
derived by considering a pitching flat plate in potential flow. In the coordinate
system of the blade element the normal and chordwise (in the direction from
the trailing to the leading edge) coefficients produced by the added mass are
represented as

ﬂCVrelN
=— : 2.32
NAM 8|‘/re]|2 ( )
and v
TTcO Vel N
Cr. =17 2.33

respectively, with Vie; x as the normal component of the relative velocity, and
with the temporal derivative applied in the dotted parameters, which were ob-
tained using a simple first order backward finite discretization. In a similar
way, the quarter-chord moment coefficient resulting from the added mass was

obtained as
C,.. = — Chnpm | VielwVeelr
o 4 8|Vrel ’2

where Vi 7 represents the tangential component of the relative velocity. The
resulting lift and drag coefficients by the effect of added mass are

(2.34)

Cray = Chpy €08 @ +Cryy, SINQ (2.35)

and
Cpayi = Chay Sin @ — Cryy, cOS @ (2.36)
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respectively. Once the coefficients are already calculated they must to be
added to those obtained by the DSM.

2.2.4 Flow curvature correction

The rotating blades of VAWTs have a variable angle of attack due to their
circular movement resulting in flow curvature effects [51]. This makes com-
plicated to define a singular angle of attack for interpolation in the force
coefficients tables. Moreover, this effects is more relevant in turbines with
a high (c¢/r) ratio. In the present work the flow curvature effects derived
by Goude [33] are employed. The corrections consider a flat plate moving
through a circular path in potential flow, for which the affective angle ¢ (con-
templating the flow curvature effects) is represented by

Qc
® = Quncorrected — 77, - (2.37)

2Vrel
It should be noticed that for a VAWT, this correction offsets the angle of attack
increasing its magnitude on the first half of a revolution and decreasing in the
downwind half (due to the negative angle of attack).

2.2.5 End effects

As a consequence to Helmholtz’s second vortex theorem, the lift distribution
of finite span airfoils must drop to zero at the tips. According to [52], from
Pranttl’s lifting theory, the geometric angle of attack & can be denoted as a
function of the non-dimensional location 0 as

28 N smn@

a(f) = ——— 7c(6) ZA sm6+2 A= +a—0(0) (2.38)

with § as the total length of the span, ¢(0) as the chord length as function of
the span and N representing the number of elements sampled along the airfoil.
This equation can be set into its matrix form in order to solve the unknown
Fourier coefficients A,

[(Xm} —0Op=0 = [Dmn] [An] (239)

where - 0
Dy = | =2 sinn, -+ > (2.40)

e sin 6,,

Once the Fourier coefficients are obtained, the circulation distribution can be
calculated as

N
I'(6) =25V.. ) A,sinn6 (2.41)

n=1

30



which through the Kutta-Joukowski theorem gives the correction factor of the

distributed lift coefficient r(o)

CL(0) =~
jCVw

(2.42)

whose values varies between O (at the tips) and 1.

2.3 The recycling method for simulating the
atmospheric boundary layer (ABL)

Within the LES framework, it is crucial to properly reproduce the transient
inflow conditions for a correct modeling of the ABL interaction with wind
turbines. In many previous LES studies dealing with the ABL like [53,54], a
separated LES precursor calculator for ABL flow over a flat terrain has been
used to produce the transient inflow boundary conditions. However, the em-
ployment of this technique demands a large computational time since it needs
the whole simulation to be carried our in two stages: firstly, a precursor sim-
ulation of the ABL flow over the whole domain (i.e. without considering the
turbine) saving the instantaneous field results in each time step, and then, use
the already saved data for the time-dependent main simulation (i.e. ABL with
turbine). Moreover, this approach is restricted to simple and generic flows.

In the presented work, the so-called recycling method is employed to pro-
duce the fully developed ABL flow profiles before facing the turbine. Chad-
hauri et al. [55-57] have studied and evaluated the reliability of the recycling
method for ABL flow modeling over complex terrains, later on, validating it
by the comparison of the obtained results against experimental field measure-
ments. A detailed description of the method can be found in [55-57], and only
a brief description is given further in this section.

refinement region

recycling plane
turbine plane
L,

§ |‘5 I _
7 X Lﬁc
domain{let Q/

Figure 2.4. Schematic picture explaining the recycling method in a numerical simula-
tion.

By using the recycling method, the precursor and main simulations are
combined. During the simulation, the flow variables velocity, SGS turbulent
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kinetic energy, etc. are sampled on a perpendicular plane to the main flow
(recycling plane) and which downwind distance is large enough from the do-
main inlet cross-section as it is shown in figure 4.3. Then, the sampled data is
recycled back into the inlet plane. This process is repeated for each time-step
creating a recycling region between the inflow and the recycling plane, where
the flow gradually becomes fully developed. The method is highly sensitive to
the length L, of the recycling zone. After several sensitivity tests, Chadhauri
et al. [55-57] suggested that L, should be at least three times the the ABL
depth & (L, > 30), which is considered as 6 = 5D for the tested cases in this
thesis. This restriction is required in order to avoid any artificial turbulence
structures within the recycling region (due to a short L,). Additionally to the
recycling data, the method employs a fixed flux at the inlet for maintaining the
same volume of flow along the entire simulation. The most important advan-
tage of this method is that there is no need of a precursor simulation since the
whole simulation is done on a single computational domain as it is displayed
in figure 4.3.

2.3.1 Wall-function

Surface boundary condition is another representative challenge for LES simu-
lations. In order to avoid an excessive computational cost solving the boundary
layer on surfaces, the use of wall-functions has become somehow a standard
procedure nowadays for LES modeling of ABL flows ( [55-59]). Further-
more, the surface roughness parameters (height or length) of a rough surface
are often implemented via wall-functions. In this work, a log law based wall-
function is used on the lower (ground) surface. This wall-function is imple-
mented in OpenFOAM and it was developed by Chaudhari et al. [55,57,60].
The logarithmic law over rough surfaces is expressed as

Vx*
V, = (”ZO> (2.43)
K 20

where zp corresponds to the ground roughness length, K = 0.41 is the von-
Kéarmén constant, and Vy, is the instantaneous frictional velocity. The wall
shear stress can be denoted using the effective viscosity term Uefr = U + UsGS
such that oV v

d—x ~ (U + Hsas)—- (2.44)

Z Zp

where U represents the viscosity of the fluid, tsgs is the sub-grid scale (SGS)
viscosity and the subscript p denotes the values of the velocity at the first
interior nodes from the wall. By using the definition of the friction velocity
Ve = +/Tw/p and the kinematic viscosity v = i /p , therefore is obtained

7= (U + Uscs)

V,
VZ = (V+ vsas) %- (2.45)
P

32



Consequently, the boundary condition for vsgs at the wall can be obtained

through
2
VsGs = o — — V,

sz)/ Zp
where V. derives from the equation 2.44

VipK

Vie = ————.
T In(zp/20)

(2.46)

(2.47)
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3. Validation cases

In the present section, experimental and numerical results from tested cases
with various types of configuration are compared for validating and evaluating
the accuracy and reliability of the employed model: a pitching airfoil within a
wind tunnel, both horizontal and vertical wind turbines also operating inside
a wind tunnel, and additionally, a VAWT which is located at an open site.
The performance of the model is tested evaluating the prediction of the acting
forces on the blades, the proper representation of the resulting flow field (wake
structure) and the estimation of the obtained power.

3.1 Pitching experiments at Glasgow University

A NACAO0021 airfoil has been tested at a Reynolds number of around 10°,
which is a reasonable value for operating VAWTs, during a pitching motion
similar to the one made by a VAWT blade. Several pitching amplitudes were
studied: 13.8°, 17.4° and 22.6° (which correspond to a TSR of A =4.19, 3.34,
and 2.60 respectively) in order to cover a wide range of operational conditions
from shallow to deep stall. When using fixed blades on VAWTs, the angle of
attack is a function of the turbine TSR. The variation of the angle of attack
that a blade experiences, analog to the airfoil pitching motion, is represented

through the function
sin 6
o = arct — 3.1
arcan(l_'_cos‘g) 3.1

where 0 is the azimuthal blade angle, A the TSR and o represents the geomet-
ric angle of attack, and it differs from the effective angle of attack oz, which is
used by the DSM for obtaining the proper force coefficients. The NACA0021
profile has a chord length of 0.55 m and it is driven to the dynamic stall regime
through the pitching motion described by the equation 3.1. The experimental
activity for the pitching blade was carried out at Glasgow University [61].
The reduced frequency k is employed for expressing the blade pitch fre-
quency
wc
=

and for the tested cases it has a value of kK = 0.05, corresponding to the rota-
tional speed of the turbine equals to @ = 5.1 rad/s.

3.2)
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Numerical results obtained for Cy and Cr are compared against measure-
ments. The studied cases were simulated considering a domain geometry com-
parable to the wind tunnel used in [61] in order to replicate the pitching blade
experiments: a chamber of 1.61 m on the span direction perpendicular to the
flow, 2.13 m of height, 2.5 m upwind and 4 m downwind from the blade. A
uniform flow of 28.4 m/s at the inlet and a non-slip condition in the walls
were defined as velocity boundary conditions. Note that in this study, the flow
velocity was sampled at the quarter chord position without considering the
improved sampling approach (section 2.2.1).

Normal and tangential force coefficients

For a TSR of A =4.19, both normal and tangential coefficients peak values and
curve trends are similar to the experimental data, as is depicted in figure 3.1.
There is a slight underestimation of the tangential force coefficients values. In
this operating condition the flow is attached since blades are not in the dynamic
stall region. Hence, the model has a good performance in the prediction of
experiments when using unsteady attached angle of attack calculations.

1.5 0.25

o Experimental oo Experimental

Lofl— A /f-"' 0.20 \ — A /

=4 \ ‘JI

0.5 0.15 \ §/
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—05 A 0.07 \% y
—1.0} / 0.00 e T

E T 550 5 10 15 OB 5 0 5 10 15

Angle of attack [°] Angle of attack [°]
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p
Cr

Figure 3.1. Normal (left) and tangential (right) force coefficients during pitching mo-
tions of a NACA0021 airfoil with a maximum amplitude of 13.8° (analog to A =4.19).

For the case with a TSR of A = 3.34, shown in figure 3.2, the operation
regime reaches a maximum magnitude in the angle of attack of o = 17.5°,
therefore it is in the dynamic stall region. The calculated results for both coef-
ficients show a delay in the reattachment of the flow, which is a characteristic
effect of the dynamic stall phenomena. The magnitude of the coefficient peaks
are similar between simulated and measured values. Also, there is a good pre-
diction of the stall onset angle flow reattachment.

The case with TSR of A = 2.60 is represented by a deep stall condition
since the maximum amplitude in the magnitude of attack is a = 22.6°, as it
is shown in figure 3.3. This is clearly identified by the wider shape of the
cyclic force coefficient curves at low TSR operation, and additionally, there is
a pronounced delay on the flow reattachment. The Cr peak is overestimated
for the positive values of the angle of attack.
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Figure 3.2. Normal (left) and tangential (right) force coefficients during pitching mo-
tions of a NACA0021 airfoil with a maximum amplitude of 17.4° (analog to A = 3.34).
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Figure 3.3. Normal (left) and tangential (right) force coefficients during pitching mo-
tions of a NACA0021 airfoil with a maximum amplitude of 22.6° (analog to A = 2.60).

Discussions

The model was able to properly reproduce the cyclic force coefficient curves
for a wide range of TSRs operating conditions, and hence, the different dy-
namic stall regimes. A good qualitative and quantitative agreement with mea-
surements is emphasized. The trend, magnitude and amplitude of forces are
well predicted. Also, it is possible to identify the reattachment point, which is
characteristic of the dynamic stall region.

3.2 12 kW Straight-Bladed Vertical Axis Wind Turbine
in an open site, Marsta-Sweden

A 12 kW turbine, which is located at an open site was studied. This turbine has
a diameter of 6.48 m and it is located North of Uppsala, Sweden. This turbine,
shown in figure 3.4, is equiped with four load cells in order to measure the
loads on one blade and its struts.

The experimental activity and measurements for the power coefficient curve
and the aerodynamic normal forces are available in [14], [28] and [62]. Table
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Figure 3.4. The 12 kW turbine, designed and built by the Division of Electricity
at Uppsala University. The turbine is equipped with load cells used for the force
measurements [14].

Table 3.1. Specification of the 12 kW VAWT used for validation

Number of blades 3
Turbine diameter  6.48 m

Hub height 6.0 m
Blade length 5.0m
Airfoil profile NACA0021
Chord length 25 cm
Blade pitch angle ~ 2°

Optimal TSR 3.44

3.1 shows relevant specifications of the tested device. The central shaft, blade
tapering and struts were considered in the simulations.

The turbine is operating in such conditions that the freestream flow is de-
fined by the log law (equation 2.43). The freestream velocity V., at the equato-
rial plane z = 5.75 m, varies as a function of the tested A. In the present study
zo equals to 0.025 m, which corresponds to an open flat terrain and it is an
appropriate value for describing the surface roughness of the terrain where the
turbine is placed. Numerical results are compared against experimental data,
similarities and discrepancies are discussed.

The employed lift and drag coefficients were taken from two different sour-
ces: the technical report of Sheldahl and Klimas [63], which is a well known
database containing the values for a wide range of Reynolds numbers, and
also, from the program for airfoil design XFOIL [64]. This allows to test the
sensitivity of the model to the variation of the used force coefficients, and addi-
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Figure 3.5. Example illustration of the reference mesh section with a local refine-
ment level of n = 2 (left) and the power coefficient response for mesh variation using
different level of refinement (right).

tionally its influence on the accuracy of the results. These two different ALM
versions are further denoted as ALM-SK and ALM-XFOIL, respectively.

Power curve

A reference mesh topology with a hexahedral cells distribution in the whole
domain and a cell size of 2 m in every direction has been used for a spatial
sensitivity test. For this purpose, a local refinement was applied in the region
close to the rotor in order to capture the details of the resulting flow and test
the model response to the variation of the mesh discretization. A range of re-
finement levels from n = 1 to 5 (the original cell is divided into 23" sub-cells)
has been tested for a TSR of A = 4.02. An illustration of the mesh refinement
and the results of the test are depicted in the figure 3.5. It is expected that a
refinement level bigger than n = 5 will not produce any considerable variation
on the obtained Cp value. A modified version of the VAWT mentioned pre-
viously has been employed without considering the load cells, resulting in a
smaller diameter of the rotor with D = 6 m. Moreover, the blade pitch angle
was configured to 0° instead of 2°.

Figure 3.6 displays the simulated and experimental power curve for differ-
ent tested TSRs using the the two different sources for the input values of lift
and force coefficient (for the numerical results). For ALM-XFOIL, a good
agreement is noticed between experiments and simulations in terms of the
curve trend. This allows to identify at least qualitatively the region where the
turbine operates maximizing the performance (highest Cp values) which oc-
curs around A = 3.5, while the ALM-SK underestimates Cp along several low
and medium TSR values. Neither the ALM-SK nor the ALM-XFOIL have
good accuracy in predicting the turbine performance at the larger TSRs.
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Figure 3.6. Cp as a function of A.

Normal forces

Numerical and experimental results of normal forces on one blade during one
revolution for different TSR are presented in figure 3.7. These results have
been studied in a wide range of TSRs with A = 1.84,2.55,3.06,3.44,4.09 and
4.57, and hence, different operating conditions covering from deep until shal-
low stall. Every experimental result is presented together with the maximum
error of measurement. These results correspond to the averaged values of at
least five turbine revolutions.

For the cases at low TSRs, with A = 1.84 and 2.55, there is an evident over-
estimation of the force peak in the first half of the revolution (between 0° and
90°). Since these TSRs are characterized by a deep stall, improvements in the
DSM are needed for a correct force prediction which is fundamental for the
accuracy of the results. Generally there is good agreement in representation of
the curve trend and force amplitude (difference between maximum and mini-
mum values). There is a tendency of the model for capturing the experimental
force drop close to 270°.

For A = 3.06, there is a similar behavior in the results as for A = 1.84 and
2.55, although an improvement in the force peak prediction is noticed on the
upwind side. Regarding the downwind side, there is no a proper representation
of the curve shape by the numerical results, but nevertheless there is a good
agreement in the quantification of the force peak value.

It must be considered that inaccurate results on the upwind side directly af-
fect the precision of the results on the downwind side. This is clearly noticed
for the study case with A = 3.44, where the model showed the best perfor-
mance. Particularly for this case, the simulated values are reasonably close
to the experimental ones for both upwind and downwind sides. Once again,
the model is not able to represent properly the force drop in the region around
270°, which is also present for higher TSRs.
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Figure 3.7. The normal force response for one revolution at different TSRs.

For the cases with the higher TSRs, A =4.09 and 4.57, the numerical results
are characterized by a good agreement with the experimental normal forces on
the upwind side while in the downwind region there is an underestimation of
the force drop, which in this case is strongly pronounced. A noticeable smaller
force magnitude is predicted by the ALM at A = 4.57. In these studied cases
with higher TSRs the model was not as accurate as in the previous cases.
Both, ALM-SK and ALM-XFOIL models, perform similarly with no relevant
differences in the predicted forces.

Influence of the ABL

In the previous studies, the VAWT was tested using a logarithmic velocity
wind shear as inflow condition with the results showing a good agreement
between numerical and experimental values. An additional test was made for
the VAWT operating at its optimal TSR A = 3.5 and within an atmospheric
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boundary layer ABL which has a surface roughness length of zp = 0.025m,
corresponding to the location where the turbine is installed. The instantaneous
streamwise velocity field at the vertical middle plane for both ABL and wind
shear has been displayed in figure 3.8. The difference in flow turbulence is
easily noticed for both cases, in ABL this is present in the whole domain, while
for the wind shear, it appears in the main flow only as a contribution from the
turbine blade tips and motion. This effect has been previously studied in detail
by Mendoza et al. in [65] obtaining similar results. Also, it is observed that
the wake breaks much earlier, as is expected, within the ABL.

Figure 3.8. Normalized instantaneous streamwise velocity at the vertical middle
plane: ABL (top) and wind shear (bottom).

Figure 3.9 depicts the normal force response over one revolution under the
influence of both inflows. Numerical results show coherence with experiments
in terms of the trend and magnitude. For the case with the ABL, the force
peak is overestimated in the first half of the revolution. The results for both
inflows are similar in general, and, there is a considerable improvement in the
representation of the normal force drop close to 270°.

Discussions
During the numerical work carried out, the ALM-SK revealed an overestima-
tion in the values of the drag forces (drag coefficients) by the employed DSM,
resulting in a reduction of the calculated tangential forces, and therefore, on
the predicted Cp values. These reduced values of the tangential forces give as
compensation a slight increase of the normal forces, which does not influence
considerably the obtained flow since its main contribution comes from the lift
forces. However, there are improvements required to the DSM for the correct
prediction of the drag coefficient Cp, when it is used together with the ALM.
Generally the ALM predicts the upwind side better in all the tested cases.
This is expected since during the first half of the revolution the blades face
directly the incoming flow, while on the downwind side the blades are operat-
ing within the wake, hence, the accuracy on the results for the second half are
highly dependent of the proper prediction of the blade forces upwind and the
flow field within the rotor.
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Figure 3.9. The normal force response under the influence of the ABL and a wind
shear.

Experimental results at high TSRs show a pronounced force drop on the
downwind side, which can be eventually produced by the atmospheric turbu-
lence, since there is a lack of agreement for describing the mentioned phe-
nomenon in the cases with a velocity wind shear at the inlet. However, com-
plementary studies are required in order to check this.

3.3 NTNU two in-line turbines with spanwise offset

This section presents a study based on the experimental activity reported by
Krogstad et al. in [66], which has been carried out at the Norwegian Univer-
sity of Science and Technology (NTNU) wind tunnel in Trondheim (Norway),
and it consists of two in-line HAWTs which are separated a distance 3D in the
streamwise direction and 0.415D in the spanwise direction. The downwind
turbine has a rotor diameter D, = 0.894 m (D, = D is denoted in this section)
and a stepped tower consisting of four cylinders of different diameters while
the upwind turbine has a slightly larger rotor diameter of D; = 0.944 m and a
tower with constant diameter. This configuration is such that the projection of
the upwind rotor area covers the half of the downwind one. The streamwise
velocity component has been measured in horizontal (spanwise) lines located
1D and 3D behind the downwind turbine at the hub height. Experimental data
of these velocity profiles and power coefficients Cp of both turbines were com-
pared against numerical values. Figures 3.10 and 3.11 illustrate the mentioned
experiment model and schematic views of it.
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Figure 3.10. Model in the wind tunnel [67]: perspective (left) and from downwind
(right) views

Two different levels of turbulence were tested. Firstly, when the wind tunnel
is empty the turbulence intensity level measured at the location of the upwind
turbine hub is 7; = 0.23%, this is the so-called case A. Later, a large mesh was
installed at the entrance of the chamber in order to reproduce the atmospheric
turbulence resulting in a higher measured level of intensity with 7; = 10%,
this is denoted as the case B. The synthetic turbulence generator turbulentlnlet
from the standard library of OpenFOAM is used to introduce the different
levels of turbulence into the domain. The lift and drag coefficients employed
in the ALM were obtained from the work of Cakmakcioglu et al. [68] which
correspond to a Reynolds number equivalent to Re = 10°. The upwind and
downwind turbines are further denoted as 77 and 75, respectively. The domain
has been discretized using an mesh with a uniform hexahedral distribution of
cells in every directions with a resolution of 16/D cells over the whole domain
and a locally refined region with 68/D cells around and behind the rotor for
capturing the details of the resulting flow field.

Power curve

The power coefficients of both turbines were evaluated over a wide range of
TSRs. For the studied cases of the downwind turbine performance, the upwind
turbine kept operating at its optimal design TSR A; = 6, where Q, represents
the rotational speed of the upwind rotor. The reference freestream velocity is
Voo = 10 m/s and the power and thrust coefficients of the turbines are repre-

sented respectively as
P

Cp=—— 3.3)
TApV3
and
C r (3.4)
Thrust = 7% .
rus %APVQ

with P denoting the extracted power and 7 the thrust of the turbine rotor.
Experimental and numerical results are displayed in figure 3.12.
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Figure 3.11. Schematic view of the wind tunnel domain: from the upper part (top)
and perspective (bottom). The first two perpendicular sections (in black) represent the
rotor planes of the turbines, while the two sections after the turbines (in red) represent
the plane where the measurements were done, specifically in a spanwise line at the
rotor height.

Regarding to the Cp curves representation for the case A, with low turbu-
lence levels in the flow, it can be observed that the model is able to identify
the regions where the turbines reach their peak operational performance (op-
timal 1), and generally, there is a good agreement in the trend of the curves.
At the region A; > 5, the accuracy of the model must be highlighted in the
prediction of the coefficients for the upwind turbine, contrary to what happens
at lower TSRs, where there are notable discrepancies in the stall regime. On
the other hand, for the downwind turbine curve, there is a good concordance
between simulated and measured values at low TSRs, while an over estima-
tion on the Cp values is present for the cases at A, > 4. The wake interaction
is also captured since for both numerical and experimental results, the values
of the Cp curve are lower for 7, than for 77 which represents the extraction
of kinetic energy by the upwind turbine. For the obtained thrust coefficients,
results show that Cr values increase with the increasing of the TSRs. Experi-
mental data of Cy values is similar for both turbines which reveals that almost
the same physical forces are applied on the rotors but not the same kinetic
energy is available for both. The upwind turbine curve shows a remarkable
agreement with simulated results while the numerical thrust coefficient curve
of the downwind turbine shows an underestimation over the whole range of
tested TSRs.

On the other hand, for the test case B with high levels of flow turbulence,
again the model is able to identify the optimal operating region of the turbines.
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Figure 3.12. Power coefficient and thrust coefficient for the case A with low turbulence
level (left) and the case B with high turbulence level (right)

A good numerical representation of the Cp curve happens at ; >4 and A, <5
for 71 and 7>, respectively. Respecting to the thrust coefficients, numerical val-
ues of the upwind turbine are overestimated at A; > 4, and for the downwind
turbine, an underestimation occurs over all the studied TSRs.

Wake: velocity field

The downwind turbine was tested using three different TSRs in order to study
the variation on the resulting interacting wakes: for partial stall, optimal TSR
and high TSR at A, = 3.5,4.75 and 8.0, respectively. Under these conditions
the downwind rotor operates from the stall regime until it almost works as
a propeller. Numerical and measured values were compared in a horizon-
tal spanwise line at the hub height and a distance of 1D and 3D behind the
downwind rotor. It allows to identify the main structure (flow pattern) of the
interacting wake. These results of the velocity deficit profiles were normal-
ized using the freestream velocity V., and are depicted for all the tested TSRs
in figure 3.13.

At the location x/D = 1 behind T, both cases A and B agree in the represen-
tation of the wake’s general geometry and size as well as in the asymmetric be-
havior. Small discrepancies can be found on the velocity profile details. Three
different regions are recognized: at —1.5 <y < —0.5 where the velocity deficit
is mainly produced by the upwind turbine 77, the region for —0.5 <y < 0.5
with a resulting wake from both turbines and 0.5 <y < 1.5 where only the
effects of 7> are present. There is a particular situation for A, = 8.0 since
the blades produces a high flow blockage at the tips and a relatively low one
at the roots location. For the section at x/D = 3, one can observe a relevant
change on the velocity deficit profiles from a irregular shape (at x/D = 1) to
a smoothly one with a Gaussian distribution of the wake, revealing that at this
location the wake recovery process already started, and therefore, the direct
contribution from the rotors into the flow patter are dissipated by the turbulent
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Figure 3.13. Normalized mean streamwise velocity profiles along a spanwise (hori-
zontal) line through the rotor center

structures. Also, a good agreement of numerical and measured values in the
region outside from the wake should be highlighted.

The effects produced by the added turbulence in case B are not considerable
in the near wake section (x/D = 1) where the main structure is dominated
directly by the flow-rotor interaction, moreover, at this section for both cases
A and B the velocity profiles don’t differ relevantly. Differences between the
profiles are more pronounced in the far wake section.

Discussions
The author presumes that discrepancies between numerical and experimental
results can be mainly due to:

e The employed turbulence generator is not realistic, it is based on the
addition of random noise into the velocity field at the inlet from a defined
turbulence level since the present work is aiming to validate the model
through the velocity flow field prediction.

e The input data used for C;, and Cp are taken from experiments consid-
ering only a Reynolds number of Re = 10°. A wider range of data is
needed in order to improve the accuracy of the results since the stud-
ied cases covers different operational conditions of the turbines and the
ALM is highly sensitive to the input data for an appropriate force pro-
jection.

e Potential improvements can be achieved in the wake outer regions by
fully-solving the wall boundary layers which is not the case in the present
study (wall functions were applied).
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3.4 Delft TU Open Jet Facility case

An H-shaped VAWT has been tested, which experimental activity was per-
formed for in the Open Jet Facility (OJF) of the Delft University of Technol-
ogy, and it is documented in [69]. The turbine has two rotor blades projected
from a NACAOO018 aluminium airfoil profile with a height of H =1 m and a
chord length of ¢ = 0.06 m. The turbine is operating within a freestream flow
with a velocity of V., = 9.3 m/s provided by an octagonal jet with a cross-
section of 2.85D x 2.85D and a contraction ratio of 3:1 as it is shown in figure
3.14. The rotor has a constant rotational speed of @ = 800 rpm with a radius
of r = 0.5 m from the symmetry axis, operating with a local Reynolds num-
ber of around 2x 10°. The blade chord attachment is located at a distance of
0.4¢ from the leading edge. The tower and the blades are connected through
two struts with the NACA0018 profile and with a chord of 0.023 m, which are
installed at a distance of 0.2 m from the blade tips.

In order to facilitate the representation of the results, a Cartesian coordinate
system has been established with the origin at the point where the equatorial
blade plane coincides with the symmetry axis, such that the positive compo-
nent of the x-axis is pointing in the downwind direction. The positive angular
rotation is defined as counter clockwise direction seen from the top of the tur-
bine. Figure 3.14 shows the tested turbine and the schematic of the blades
motion.

Velocity and vorticity fields at representative sections of the wind tunnel are
analyzed, this will allow the study of the evolution and most relevant phenom-
ena on the resulting wake behind the turbine.

Figure 3.15 depicts the instantaneous streamwise velocity component in the
horizontal and vertical middle planes in a large section of the whole domain.
The jet flow and expansion are clearly identified as well as the blockage pro-
duced by the turbine. A vertical shrinking and an horizontal extension are
characteristic of the geometrical wake structure as the flow moves downwind.
The region where the wake breaks and the flow recovery process starts is also
recognized, the dimensions of the chamber are not large enough to produce a
full wake recovery. As it can be expected, stagnation (recirculation) areas are
located around the jet.

Spatial and temporal sensitivity

Studies of the sensitivity of the model to the variation of the mesh and tempo-
ral discretization were performed. For the mesh variation response, different
domain discretizations have been tested using a local refinement resolution of
D/40,D/80,D/96 and D/112 cells in every direction. All the employed do-
mains have the same topology: an hexahedral distribution of cells with a local
refinement in the region within and around the turbine rotor. This topology
was kept constant and globally refined (mesh proportionally scaled) in every
coordinate.
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Figure 3.14. OJF tested turbine in [69] (top), 3D drawing of the simulated VAWT for
this study with dimensions in [mm] (left) and schematic of the blade motion (right).

Figure 3.16 shows the obtained streamwise velocity component varying
the discretization of the domain. It can be observed that the results have
good agreement with the experimental data for all the mesh configurations,
and moreover, there is not a considerable improvement on the accuracy when
increasing of the mesh resolution in terms of average values. However, the
highly refined meshes result in curves with more irregular shape since the
model is able to capture more details from the wake.

To verify the temporal sensitivity, different maximum Courant number val-
ues have been chosen in a test for the response to the variation in the time
discretization: 0.25, 0.5 and 0.95. The results were obtained using the mesh
with D/80 cells of resolution and they are shown in figure 3.17. Numerical
streamwise velocity profiles have good agreement with experiments. Compar-
ing these results with the ones achieved in the spatial sensitivity test (figure
3.16), it is observed that the model is much more sensitive to varying the mesh
resolution than to the temporal discretization. Previous work carried out by
Bachant et al. [70] and Mendoza et al. [71] showed the same attribute.
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Figure 3.15. Instantaneous normalized streamwise velocity in the horizontal (left) and
vertical (right) middle planes.

Horizontal plane

Horizontal planes of streamwise velocity, cross-stream velocity and out-of-
plane vorticity are depicted in figures 3.18, 3.19 and 3.20, respectively. Exper-
imental result plots are located on the left side of the figures, while the numer-
ical ones at the right side. Values have been normalized using the asymptotic
velocity and the chord length for simplifying the analysis and comparison.
The lateral structure of the wake is identified and, therefore, the contribution
from the blade pitch motion on it.

Overall, there is a good agreement in the wake representation in the whole
studied region, including within the rotor (—0.5 < x/D < 0.5). A pronounced
secondary wake is produced by the rotating shaft of the turbine, which has a
slight inclination towards the positive y—direction. The general structure of
the wake has a lateral expansion in the y—direction and the simulated results
underestimate it, as well as the region of higher wake deficit (Uy/Vw ~ 0.2).
Accelerated flow (U,/V.. ~ 1.1) is present downwind of the rotor, in the outer
region of the wake. The vortical structures created by the motion of blades are
dissipated along the main flow direction. These structures are well represented
after the rotor with a better accuracy on the negative y—direction. Experimen-
tal and simulated results show smooth effects since they were obtained from
an averaging process [69]. There is a good simulated representation of the
blades interaction with the inner rotor wake.

Vertical planes

Figures 3.21, 3.22 and 3.23 show the streamwise, cross-stream and vertical
velocity components, respectively, at different representative vertical planes
sections: y/D = —0.5,—0.4,—0.2,0,0.2,0.4 and 0.5. This allows to represent
and identify the vertical shape, extension and location of the wake, and ad-
ditionally, how this is affected by the vorticity released by the blade tips. As
it was done previously, with the horizontal plane study, the results have been
normalized using the asymptotic velocity and length of the chord.
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Figure 3.16. Comparison of the spanwise (top) and vertical (bottom) profiles of the

normalized mean streamwise velocity at different downstream sections x/D, for do-
main meshes with D/40,D/80,D/96 and D/112 cells.

A good agreement is obtained by the numerical results in all sections, how-
ever, a better performance is present in the regions close to the rotor with a
loss of concordance on further downwind distances. Vortical structures from
the blade tips are well represented, specially in the section close to the middle
vertical plane (y ~ 0). One can notice the dissipation of the vortices along
the main flow direction in figure 3.23. Even though their position is properly
simulated, the size is underestimated. This same happened in the horizontal
plane, resulting in a smaller wake expansion in both vertical and horizontal di-
rections for the numerical results. Hence, the simulated wake is characterized
by a lower wake deficit. Contribution from the tower is evident on the vertical
middle plane (y/D = 0) where this obstructs the flow.

Figures 3.22 and 3.23 reveal the inner wake characteristics. The cross-
stream flow field shows the lateral expansion of the wake and its components
are pointing outwards the middle plane section.

Discussions

The ALM as a simplified model can generate a proper representation of the
general structure of the wake, but there is a an underestimation on the vor-
ticity created by the blade tips and struts resulting in a less accurate vertical
expansion of the wake. This could be produced by force prediction issues
since the model showed a high sensitivity for it.
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Figure 3.17. Comparison of the spanwise (top) and vertical (bottom) profiles of the
normalized mean streamwise velocity at different downstream sections x/D, for max-
imum Courant numbers equal to 0.25, 0.5 and 0.95.
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Figure 3.18. Normalized streamwise velocity in the horizontal middle plane for ex-
perimental (left) and numerical (right) results.
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Figure 3.19. Normalized cross-stream velocity
experimental (left) and numerical (right) results.
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Figure 3.20. Normalized out-of-plane vorticity in the horizontal middle plane for
experimental (left) and numerical (right) results.
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Figure 3.23. Normalized vertical velocity at different representative sections in the
vertical plane for experimental (left) and numerical (right) results.
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Figure 3.24. Normalized cross-stream vorticity at different representative sections in
the vertical plane for experimental (left) and numerical (right) results.
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4. Study case results and discussions

This chapter presents the results from numerical studies that have been carried
out with the validated ALM.

4.1 Performance and Wake Comparison of Horizontal
and Vertical Axis Wind Turbines Under the
Influence of the Atmospheric Boundary Layer

A study of the effects produced by the ABL flow on stand-alone wind tur-
bines has been carried out. Both a HAWT and a VAWT within a neutrally-
stratified ABL were tested varying the surface roughness length of the terrain.
This work aims to evaluate the performance of large scale wind turbines op-
erating at their optimal TSR and how it is influenced by the variation of the
atmospheric turbulence, and additionally, to reproduce the main phenomena
involved on the resulting wake identifying the general structure of the wake.
For every case, both turbines have the same inflow conditions in order to make
a fair comparison of similarities and differences in the obtained performance
and flow pattern. For this purpose, the well documented NREL 5-MW tur-
bine [72], and an H-type VAWT scaled turbine are studied, the latter turbine
is a modified and proportionally scaled version of the VAWT used in the sec-
tion 3.2 in order to have a similar power rating. The VAWT has the diameter
D =126 m which is equal to the blade length H. A standard NACA0021 air-
foil with a chord length of ¢ = 5.25 m has been used for the cross-section of
the blades which have been tapered a distance of 25 m from the tips, where
the chord length is 3.15 m. The hub height of both turbines is established
at znyp, = 90 m as is shown in figure 4.1. Both turbines were tested over a

D =126 m D =126 m

=H

w 9zT

w ()6 = MUz

Figure 4.1. Nlustration of the main characteristic dimensions of the tested turbines.
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wide range of TSRs in order to identify their optimal operation where the Cp
reaches its maximum value. Obtained results in figure 4.2 reveal that this oc-
curs at A = 9.5 and 3.5 for the HAWT and the VAWT, respectively.

0.5
0.4/
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A

Figure 4.2. Cp as function of A for both HAWT and VAWT.

The tested turbines have been operated in different terrains, with different
surface roughnesses zg, such that the velocity at the hub is V.. = 7.83 m/s. The
lift and drag coefficients have been taken from the NREL technical report [72]
and the XFOIL program [64] for the HAWT and VAWT, respectively. The in-
flow boundary condition was obtained by using the recycling method approach
for a fully developed ABL flow over a flat terrain. The domain has a dimen-
sion of 35D x 10D x 5D (in the x,y and z directions, respectively) ensuring
a proper development of the ABL flow and the resulting wake, and avoiding
effects produced by the flow blockage. In order to assure the correct imple-
mentation of the recycling method, the recycling plane has been located at a
distance of 15D from the inlet boundary, followed by the turbine rotor middle
plane at 5D downstream. A region of 2D x 2D x 16D with local refinement
is placed around and behind the turbine in order to capture the details of the
resulting flow as it is displayed in figure 4.3. The whole domain is discretized
using uniform hexahedral cells of 4 m and 2 m for the refined region.

Figure 4.4 shows the obtained inlet velocity profiles generated by the ALM.
These numerical profiles have been compared against the profiles from the
logarithmic wind shear equation, considering in both cases V., = 7.83 m/s at
the hub, for the different terrains tested. It can be noticed a good agreement
for all the cases.

Figure 4.5 reveals the numerical instantaneous streamwise velocity at the
vertical plane for the HAWT and the VAWT in the different terrains tested. It
can be identified the wake location and geometry including the vertical shrink-
ing for the VAWT cases and the region where the wake breaks for starting the
recovery process. The larger is the atmospheric turbulence (domain surface
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Figure 4.3. Schematic views of the domain and relevant dimensions for the implemen-
tation of the recycling method: perspective (left), lateral (upper right) and top (lower
right).
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Figure 4.4. Vertical profiles of the mean streamwise velocity for the inflow conditions.

roughness) the shorter is the wake in the spanwise direction. The VAWT cases
result in a bigger flow obstruction by the turbine.

The normalized mean streamwise velocity on the vertical plane and in rep-
resentative sections perpendicular to the main flow are depicted in figures 4.6
and 4.7, respectively, for all the different atmospheric turbulences tested. In
all the cases the resulting wake does not differs considerably in shape (ge-
ometry) and position for the same type of turbine. The location where the
recovery process starts is clearly identified. Generally, larger turbulence levels
lead to a faster wake recovery due to the improvement in the mixing process
and momentum transfer resulting in a shorter wake in the streamwise direc-
tion. An asymmetric wake behavior is present for the VAWT which can be
produced by the big difference between the velocity of the incoming flow in
x—direction and the blade moving in the opposite upwind direction (negative
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Figure 4.5. Normalized instantaneous streamwise velocity in the vertical plane at the
center of the turbine for different terrains.

x—direction). This asymmetry of the wake is affected and amplified by its
interaction with the ground.

Table 4.1 shows the aerodynamic performance of the turbines when the sur-
face roughness length is varied. As expected, bigger power coefficient values
are achieved by the HAWT in all the tested cases. However, it is noticed that
the performance of HAWT is considerably affected by the atmospheric turbu-
lence showing that larger surface roughness gives lower extracted power from
the wind Cp, which is coherent with previous results documented in [73-76]
where Cp values decrease when the HAWTSs are operating within flows with
wind speeds close to the rated one of the turbine. For the VAWT cases, a minor
influence in the obtained Cp is noticed (almost constant) when varying the at-
mospheric turbulence. Similar results were obtained in the experimental work
carried out by Mollerstrom et al. [77] which showed an slightly improvement
in the obtained Cp at higher atmospheric turbulence levels, proposing that the
H-rotor type VAWT is an appropriate device for energy extraction at sites with
turbulent winds.

Horizontal and vertical profiles of normalized mean streamwise velocity
components in representative sections within the wake have been used to do a
quantitative comparison of the resulting wake produced by the different stud-
ied turbines and terrains. The results are shown in figure 4.8, the comparison is
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Figure 4.6. Normalized instantaneous streamwise velocity in the vertical plane at the
center of the turbine for different terrains.

made with respect to the wind profile at the inlet of the domain for the different
cases. The resulting wake for the HAWT cases is almost horizontally axisym-
metric with the turbine axis, the region close to the rotor the velocity profiles
is characterized by an irregular shape which is dissipated along the downwind
sections into a smoothly Gaussian profile distribution due to the increasing
mixing process, while the wake produced by the VAWT is concentrated in
the central region of both vertical and horizontal profiles. A strong influence
made by the ground is observed in the vertical velocity profiles. Discrepancies
between the velocity deficit of both HAWT and VAWT are not considerable
after the sections x/D > 7 where the direct contribution from the rotors are
dissipated by the turbulent structures.

Table 4.1. Aerodynamic performance of the tested turbines for the different terrains
Zo[m] turbine Cp PIMW] Cr T [MN]
VAWT 0.346 1.579 0.688  0.402

0.0003 HAWT 0.558 2.003 0.870  0.399
0.025 VAWT 0338 1.546 0.673  0.393

HAWT 0556 1997 0.860 0.394
01 VAWT 0.338 1.546 0.673  0.393

HAWT 0496 1.780 0.761  0.348
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4.2 Improving Farm Efficiency of Interacting Vertical

Axis Wind Turbines Through Wake Deflection
Using Pitched Struts

The same scaled model turbine described in section 4.1 has been employed
to study the obtained performance and the resulting flow pattern from two in-
teracting VAWTs under the influence of a deflected wake produced by a pitch
angle of the struts in the upwind turbine. The configuration of this study con-
sists of two aligned VAWTs which have a distance of 6D between the rotors in
the direction of the main freestream flow in such a way that the area projection
of the upwind turbine covers completely to the downwind one. The struts of
the upwind turbine were pitched deflecting the wake while both turbines are
operating in their optimal TSR. Additional tests were made in the same con-
ditions but with offsets of 0.5D and 1D in the lateral direction. An illustration
of the mentioned tests is depicted in figure 4.9. The upwind and downwind
turbines are further denoted in this section as 77 and 73, respectively. In order
to simplify the analysis of the results, a Cartesian coordinate system has been
established at the location of the upwind turbine with the origin at its tower
base center such that the freestream flow is in the x—direction.

For all the studied cases, 7} is operating at its optimal TSR of A; = 3.5
(when the struts are not pitched, o, = 0°). At this condition, its achieved
power coefficient is Cp; = 0.344. The inflow boundary condition is a logarith-
mic wind shear such that the freestream velocity at the hub height (z..f = 120
m) is equal to V.o = 10 m/s and it is defined by the log law as it was expressed
in equation 2.43. The lift and drag coefficients from the XFOIL program [64]
were employed for these cases.

Before studying the effects of pitching the struts on the upwind turbine
Ty, the peak performance of the downwind turbine 75 is identified when this
operates within the wake from the upwind rotor for both in-line and offset
configurations. Note that Cp; is normalized against V., while the actual local
velocity is less. Figure 4.10 displays the obtained power coefficient curves of
7> under the mentioned conditions. Is is observed that the peak values occur
at A, = 2.0,2.5 and 3.5 for the in-line, 0.5D—offset and 1D—offset cases,
respectively. Obtained values of Cp; for the offset cases are higher over the
whole range of studied TSRs, specially in the 1D—offset case where the peak
value is almost two and a half times bigger than for the other cases.

Figure 4.11 shows the normalized streamwise velocity components in the
equatorial plane for both in-line and offset configurations. It can be noticed
that there is a higher amount of kinetic energy available for 75 in the offset
cases since the turbine is not operating in the core of the wake which is char-
acterized by the larger velocity deficit (color blue), this explains the higher
Cpy obtained compared with the ones from the in-line case. There is not a
considerable variation on the general structure of the wake for both in-line
and 0.5D—offset cases besides the lateral expansion in the turbine offset loca-
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tion (x/D = 6), while a differentiable resulting wake characterized by a lower
velocity deficit is obtained for the 1D—offset case.

4.2.1 Wake deflection

The power coefficient curves of the modeled turbines when varying the pitch
angle of the struts of the upwind turbine 77 are displayed in the figure 4.12.
In both in-line and 0.5D—offset configurations there is an improvement on the
extracted power of 7, by the effects of the deflected wake. The magnitude
of the improvement (difference between minimum and maximum obtained
value) is more pronounced for the in-line case. For the 1D—offset case, the
power coefficients of both 77 and 7> are similar when there is no deflected
way, and then, Cpy decreases when the wake in deflected in the negative di-
rection (negative «,) while keeps almost constant for positive pitched struts.
Therefore, this is the only tested case where there is not a recognizable im-
provement achieved by the pitched struts mechanism. The upwind turbine 7;
does not suffer any considerable decay of its absorbed power by the pitched
struts and, actually, has a small increase of the Cp; peak at o, = —6. There
is an asymmetric behavior on the response to the variation of the pitched strut
angles o,. For the in-line case a better performance improvement is reached
with the wake deflected pointing vertically down (negative a,), while in the
offset configuration this happens in the opposite direction.

Figures 4.13 and 4.14 show the normalized streamwise velocity field in
three representative sections: the vertical middle plane through the rotor (y/D =
0) and the sections perpendicular to the main flow located two diameters be-
hind the rotors of both 7} and 75 (x/D = 4 and x/D = 10, respectively). The
wake produced by 77 is vertically deflected allowing the main flow to (par-
tially) penetrate into the downwind rotor of 75, and therefore, increasing its
kinetic energy available for power extraction. A larger pitch angle of the struts
give a more pronounced wake deflection. A wider area is affected by using
pitched struts but with lower levels of velocity deficit, producing a lateral ex-
pansion and vertical shrinking of the wake. The resulting interacting wake
changes considerably between both cases when the pitched struts are applied.
For the 1D—offset case, it is noticed that the wake deflection effects are not
that evident as in the other cases. When the downwind turbine is not located
behind the upwind turbine, the wake expansion is not relevant even when the
wake is deflected.

Discussions
e The main effect produced by the pitched struts on the wake is its expan-
sion in the lateral direction which is compensated (for the conservation
momentum) with lower levels of the velocity deficit, therefore, there is
more kinetic energy available for downwind turbines.
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e For the studied cases with a dual turbine configuration, the best effi-
ciency occurs for the 1D—offset configuration without pitched struts on
1. Therefore, the pitched blade mechanism can improve the overall per-
formance of interacting turbines when the downwind turbine is located
within (close) the core of the wake (region with high velocity deficit).
If the downwind turbine operates in the outer region of the wake, the
system performance can be affected by the pitched struts since the inter-
acting wake covers a wider area giving less kinetic energy available in
the location of the downwind turbine. However, this can not be claimed
as a general statement.

e Asitis known, the main contribution for the extracted power by a VAWT
is in the first half revolution of the rotor (upwind side) and the kinetic
energy extraction occurs mostly through the blades. Hence, since the
struts operate within the rotor without disturbing the incoming flow their
contribution is not important for the performance of the turbine, but they
can significantly modify the direction of the produced wake by varying
the pitched struts angle producing power losses that can be neglected.

e Even considering the pitched struts as a novel mechanism for improving
the overall performance of a VAWTs facility, several tests are required
to establish its fundamentals. Among them, studies of the influence of
the terrain, wind shear, geometry (aspect ratio), atmospheric boundary
layer (ABL), another offset distances, etc. can be mentioned.

e The presented ALM does not consider the struts-blade joint effects, there-

fore, it is expected to have a variation in the obtained results in case they
were implemented.

e In practice, a trailing edge flap can be implemented on the struts of op-

erating VAWTs since there is no need to have pitched struts in both di-
rections for a (considerably) better improvement.

e The best performance of interacting VAWTs is achieved by an appropri-

ate spacing arrangement (among other) and it will never be surpassed by
the fact of using pitched struts, however, this mechanism can consider-
ably mitigate the losses when the incoming wind changes direction and
obstructs the kinetic energy available for the downstream turbines.



Figure 4.7. Normalized streamwise velocity at different representative sections per-
pendicular to the flow for different terrains with zg = 0.1 m (top), 0.025 m (center)
and 0.1 m (bottom)
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the spanwise profiles of the normalized mean streamwise velocity at different repre-
sentative downstream sections
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Figure 4.9. Schematic views of the domain and test configuration: from a perspective
(left), upper part (top) and the side (bottom). The blue and orange turbines represent

the in-line and with offset configuration cases, respectively.
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Figure 4.10. Power coefficient curves of 7> for in-line and offset cases.
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Figure 4.11. Normalized mean streamwise velocity at the horizontal equatorial plane

for in-line and offset cases.
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Figure 4.12. Power coefficient curves of 7> for in-line and offset cases.

Figure 4.13. Normalized mean streamwise velocity at the vertical middle plane
varying the pitched struts angle for for the in-line (left), 0.5D—offset (middle) and
1D—offset (right) cases.

¥

Figure 4.14. Normalized mean streamwise velocity at the representative perpendicular
sections varying the pitched struts angle the in-line (left), 0.5D—offset (middle) and
1D—offset (right) cases.
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5. Conclusions

This thesis addresses the complex and unsteady aerodynamics characterized
by the operation of VAWTSs using an actuator line model for this purpose.
From the work carried out here, the author can conclude that:

e The employed actuator line model is able to reproduce and evaluate the
main phenomena involved of the flow pattern of VAWTs as the resulting
wake (including all its main characteristics like location, size, geometry,
main vortical structures, etc.), acting forces on the different components
of the devices and the performance achieved by the turbines.

e The model has been validated against experimental measurements for a
wide range of tested cases with different operating condition, configu-
rations and environments. Even considering that the numerical results
don’t fit perfectly with the experimental values, there is a reasonable
good agreement between them. Discrepancies can be due to, among
others, the accuracy in the experimental data available, a non proper de-
scription to reproduce the tested cases, the need of more detailed input
data for the lift and drag coefficients, the need of an improvement of the
DSM for representing the dynamic stall effects, etc.

e The employed ALM is not considerably influenced by the input data
of the lift and drag coefficients for a proper representation of the nor-
mal forces on blades. The model was tested using two different sources
of data showing a good agreement with experimental measurements for
both sources. On the contrary, for the prediction of the power coef-
ficient curves Cp, the simulations have notable discrepancies with mea-
surements for one of the input coefficients employed. This can be related
to an inadequate prediction and projection of the drag forces.

e It is needed to improve the representation of the vorticity released from
the blade tips. The model is missing some effects of the vertical wake
shrinking produced by the mentioned vorticity.

e An improvement of the DSM is required since the model loses some
accuracy in the tested cases operating in the deep stall regime (i.e. low
TSRs).

e The model showed numerical stability during the simulations for all the
tested cases, independently of the type of turbine, operational conditions
(regimes), environments and configurations.

e A HAWT and a VAWT have been compared in different ABL flows,
where the wake of the VAWT is stronger in the near field. The perfor-
mance of the VAWT is less sensitive to the variation of the atmospheric
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turbulence. For all the tested cases, the wake becomes shorter with in-
creasing turbulence levels.

e If two interacting turbines are totally aligned (one turbine is directly be-
hind another turbine) it is possible to have a considerable improvement
in the overall performance by using the pitched struts to deflect the wake.



6. Future Work

This chapter presents a brief overview of potential future works for both on-
going projects and new ideas.

The current version of the used ALM considers the actuator line ele-
ments only as straight lines, which prohibits the use of it for the simula-
tion of turbines with curved blades i.e. Darrieus type. Additional coding
is required for implementing this option with the necessary considera-
tions of curved blade effects and blade-tower joints.

Since the model is restricted to fixed rotors, the implementation of mov-
ing turbines can be an interesting application to simulate, for example,
floating turbines in offshore conditions where the rotor suffers a pseudo-
periodical vertical oscillation. Moreover, the method should be coupled
to a mechanical model to allow aeroelastic simulations.

The improvement on the DSM in order to reproduce with better accuracy
the effects of medium and deep stall at low TSRs.

The implementation of the recycling method to generate stable and un-
stable ABL flows.

Numerical studies of the wake deflection mechanism within ABL flows.

e Study cases for more directions of the wake deflection.

Numerical studies of stand-alone and interacting VAWTSs considering
several offset arrangements (wind farms).

Deeper studies of large scale VAWTs with different configurations of:
blade profiles, geometry (aspect ratio), blade pitch angle, struts pitch
angle, tower size, etc.
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7. Summary of papers

This chapter presents a short summary of the papers included in this thesis.

Paper I

Validation of an Actuator Line Model Coupled to a Dynamic Stall Model
for Pitching Motions Characteristic to Vertical Axis Turbines

An ALM was employed for simulating the blade loads and body forces of a
pitching airfoil with periodic motions similar to those of the blades of an H-
rotor type VAWT. The results have been validated against experimental results
that were carried out at Glasgow University. The model has been tested for
a wide range of pitching amplitudes, and therefore, with different stall con-
ditions (none, shallow, and deep stall) showing a good agreement in general
with the measurements. The author has run all the simulations, obtained the
results and has written most of the article.

Paper 11

Wake Flow Simulation of a Vertical Axis Wind Turbine Under the Influ-
ence of Wind Shear

A study of the resulting wake by a VAWT and how it is affected by the rough-
ness of the terrain (without considering the atmospheric turbulence) has been
carried out using the ALM. An operational H-rotor VAWT model was tested
for which experimental measurements has been performed at an open site in
North Uppsala (Sweden). Different surface terrains with the reference ve-
locity at the hub have been evaluated. The model was able to reproduce the
interaction between the resulting wake and the ground, and its contribution in
the mixing process and the transition to the turbulent regime (identification of
the wake breaking). Numerical results were validated using experimental data
of normal forces, showing reasonable agreement. The author has run all the
simulations, obtained the results and has written most of the article.
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Paper 111

Near-Wake Flow Simulation of a Vertical Axis Turbine Using an Actuator
Line Model

The near wake produced by an operational H-shaped VAWT was simulated
using the ALM for validating and evaluating its accuracy. The experimental
activity has been performed at the Open Jet Facility (OJF) of TU Delft. First,
the sensitivity of the model to the variation in the mesh resolution and tem-
poral discretization was studied. Additionally, the performance of three dif-
ferent LES turbulence models were tested: Smagorisnky, dynamic k-equation
and dynamic Lagrangian equation, without showing any relevant difference
between them. In general, the simulated results have good agreement with
measured values of velocity and vorticity in representative sections. Addi-
tional tests for studying the influence of the struts and tower were carried out
showing that the main contribution on the general wake structure is made by
the blades. The obtained results can be used as a reference practice guideline
for choosing the propers parameters of the ALM for simulating VAWTs. The
author has run all the simulations, obtained the results and has written most of
the article.

Paper IV

Validation of an Actuator Line and Vortex Model using Normal Forces
Measurements of a Straight-Bladed Vertical Axis Wind Turbine

A 3D ALM has been compared against a 2D and a 3D vortex model and they
are validated using the normal force measurements on the blade of an oper-
ating 12 kW VAWT which is placed in North Uppsala at an open site. First,
both models simulate the power coefficient curve of the device, which has been
compared against the experimental one. Later, a wide range of TSRs covering
from the shallow to the deep stall regime was investigated. In general, the
models present a reasonable good agreement with experimental data in terms
of the trend, magnitude and amplitude of the predicted forces. The ALM
showed a slightly better performance representing the normal forces while the
vortex model performs better for the simulation of the power coefficient curve.
The author has run all the simulations with the ALM, obtained the results and
has written most of the article.
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Paper V

Performance and Wake Comparison of Horizontal and Vertical Axis Wind
Turbines Under the Influence of the Atmospheric Boundary Layer

A numerical study of the influence of the ABL on large scale wind turbine
is presented. Both a HAWT and a VAWT were tested operating stand-alone
within a neutrally-stratified ABL. Three different terrains (surface roughnesses)
have been considered. The main goal is to evaluate the performance of the tur-
bines when they are operating at their optimal TSR and how it is influenced by
the variation of the atmospheric turbulence, and also, to reproduce the most
relevant characteristics of the resulting flow pattern. Additionally, similari-
ties and differences between both types of turbines when they are operating at
the same inflow conditions. The recycling method has been implemented to
produce the fully developed ABL flow profiles. The model is previously val-
idated using measurements of the wake and power coefficient curves of two
interacting turbines within a wind tunnel and and then used to study the wake
structure of both large scale HAWT and VAWT within a ABL flow. Also, a
preliminary study was carried out to evaluate the difference on the blade forces
of a VAWT produced by a wind shear and the ABL. The author has run all the
simulations, obtained the results and has written most of the article.

Paper VI

Improving Farm Efficiency of Interacting Vertical Axis Wind Turbines
Through Wake Deflection Using Pitched Struts

This work presents a numerical study of the flow field pattern and the achieved
performance of two interacting in-line VAWTs. Additionally, the influence of
a deflected wake produced by the pitched struts of the upstream turbine has
been investigated and it is introduced as a novel mechanism for improving
the performance of interacting VAWTs. The original configuration consists
of two VAWTs aligned in the direction of the freestream flow. A wide range
of pitched strut angles have been studied. The main goal was to quantify the
influence of the wake deflection on the interacting turbines performance while
they operate at the optimal TSR and in the resulting interacting flow pattern.
Additionally, modified configurations with offsets have been also investigated
to evaluate their contribution on the performance of the whole system. A pre-
liminary study to identify the optimal TSR of both the upwind and downwind
turbines has been carried out. The author has run all the simulations, obtained
the results and has written most of the article.
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9. Svensk sammanfattning

De flesta vindkraftverk i drift 4r horisontalaxlade. Det finns emellertid ett
fornyat intresse for turbiner med vertikal axel for offshore applikationer, efter-
som de har flera relevanta fordelar jaimfort med konventionella horisontalaxlade
turbiner. Designen gor det mojligt for dem att absorbera vinden fran alla rik-
tningar, vilket forenklar den mekaniska konstruktionen, eftersom det inte finns
nagot behov av varken girmekanism eller bladvridningsmekanism (pitch).
Denna egenskap har stor fordel i offshore-miljoer, dir drift och
underhallskostnader har ett stort bidrag till den totala kostnaden for energi-
genereringen. En annan fordel med vertikalaxlade vindkraftverk dr att den
elektriska generatorn kan placeras vid havsniva vilket minskar komplexiteten
hos installationen och underhallet av turbinen. Detta bidrar ocksa till sta-
biliteten hos hela strukturen, vilket minskar storleken och kostnaden for fun-
dament. Detta minskar ocksa kraven pa generatorns storlek och vikt, vilket
mojliggor installation av tunga direktdrivna generatorer med permanentmag-
neter. Vertikalaxlade vindkraftverk kinnetecknas emellertid av en komplex
och dynamisk stromningsmekanik som uppvisar stora utmaningar bade vid
experimentella métningar savil som for numeriska simuleringar.

Denna avhandling handlar om stramningsmekaniken for ett vertikalaxlat
vindkraftverk. Huvudfokus ligger pa beskrivning av de mest relevanta fenome-
nen som orsakar flodesbildent, vakens, belastningar pa de olika komponen-
terna i turbinen och rotorns prestanda. Metoden "actuator line model" (ALM)
anvints for att uppna detta dndamal.

De numeriska beridkningarna har validerats genom att jimfora de numeriska
resultaten med métningar for ett antal experiment under olika driftsférhallan-
den som har utforts i vindtunnlar, samt pa en testanliggning placerad pa ett
oppet filt. Numeriska simuleringar har genomforts for ett stort intervall av
16ptal och omfattar pa sa sitt driftférhallanden fran 1aga anfallsvinklar till djup
overstegring (stall). Detta sista fall krdver anvdndning av en dynamisk over-
stegringmodell for realistisk beridkning av de varierande krafterna pa turbin-
bladen. Olika inkommande flodesforhallanden har ocksa studerats, sdsom lik-
formiga logaritmiska vindfloden och floden med ett atmosfariskt grinsskikt.
Den sé kallade "recycling method" tekniken anvénts for att det fullt utvecklade
atmosfiriska grinsskiktet. Dessutom har interaktionen mellan vindkraftverk
studerats.

Modellen anvéndes senare for att utfora tva numeriska studier for storskaliga
vindkraftverk. Forst studerades prestanda och hastighetsfiltet fran ett horison-
talaxlat och ett vertikalaxlat vindkraftverk nir bada roterade med sina optimala
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16ptal under samma atmosfiriska griansskikt. Turbulensens inverkan pa flodet
studerades ocksa. Mojligheten att forbittra prestandan hos tva vindkraftverk
som star efter varandra undersoktes ocksa. Detta undersoktes genom att man
andrade stigvinkeln hos bdrarmarna, vilka da agerade som en flakt och styrde
undan vaken fran fraimre vindkraftverket sa den delvis missar det bakre vind-
kraftverket.

I allménhet dr 6verensstimmelsen mellan de numeriska simuleringarna och
de experimentella métningarna god, och dérfor far ALM anses som ett anvand-
bart verktyg for simulering av vertikalaxlade vindkraftverk. ALM betraktas
som en metod med god stabilitet, bra noggrannhet och relativt 1ag berdkn-
ingskostnad.
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10. Resumen en espafiol

La mayoria de las turbinas edlicas en operacion son del tipo de eje horizon-
tal. Sin embargo, hay un renovado interés por las turbinas con eje vertical
para aplicaciones offshore ya que éstas presentan varias ventajas relevantes
sobre las turbinas convencionales de eje horizontal. La omnidireccionalidad
les permite operar con el viento proveniente desde cualquier direccién, lo cual
simplifica el disefio mecédnico ya que no estd la necesidad de un mecanismo
para seguimiento del viento, ni el sistema de ajuste (pitching). Esta cualidad es
altamente apreciada en ambientes offshore, en donde los costos de operacion
y manteniento tienen una gran contribucién en el costo total de produccién
de energia. Otra ventaja de las turbinas de eje vertical es que el generador
eléctrico puede ser ubicado a nivel de mar, lo cual reduce la complejidad de la
instalacién y mantencion de la turbina. Esto también mejora la estabilidad de
toda la estructura, y asi mismo, reduce el tamafio y costo de la base (soporte),
y mas atin, minimiza las restricciones relacionadas al peso y tamano del gen-
erador permitiendo la instalacion de pesados generadores de accionamiento
directo con imanes permanentes. Sin embargo, el funcionamiento de turbinas
con eje vertical es caracterizada por una mecdnica de fluidos compleja y vari-
able, la cual presenta considerables desafios tanto como para su descripcion a
través de mediciones experimentales asi como para simulaciones numéricas.

Esta tesis esté dirigida al estudio de la aerodindmica variable envuelta inher-
entemente en la operacion de una turbina de eje vertical. El principal foco estd
en la representacidon y entendimiento, cuantitativo y cualitativo, de los feno-
menos més relevantes involucrados en el patrén de flujo resultante como puede
ser la estructura general de la estela, las cargas sobre los diversos componentes
de la turbina y el rendimiento del rotor. Para conseguir dicho propdésito, se ha
utilizado el método denominado ’actuator line model’ (ALM).

Dicho modelo ha sido validado comparando los resultados numéricos con
mediciones para una variada gama de experimentos con diferentes condiciones
operacionales que han sido llevado a cabo dentro de tineles de viento asi como
también en espacios abiertos a condiciones atmosféricas. Se llevaron a cabo
simulaciones numéricas considerando un amplio rango de relaciones de ve-
locidad periférica (’tip speed ratios’ o TSR en Inglés), y de esa manera, abar-
car regimenes de operacién con entrada en pérdida (stall) leve hasta profunda.
Esta dltima condicién demanda la implementacién de un modelo de entrada
en pérdida dindmica para una representacion correcta de las fuerzas variables
sobre los dlabes de las turbinas. También han sido estudiadas diferentes condi-
ciones de flujos de entrada como flujos uniformes, perfiles logaritmicos de
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viento y flujos de la capa limite atmosférica (ABL). Para generar el flujo de la
ABL completamente desarrollado se ha utilizado la técnica llamada 'recycling
method’. Adicionalmente, se han estudiado la interaccion entre turbinas.

Una vez que el modelo fue validado, se realizaron dos estudios numéricos
para turbinas de gran escala. Primero, se evalud el desempefio y el campo de
velocidades resultante de una turbina de eje horizontal y una vertical cuando
ambas estan operando en su TSR 6ptimo expuestas al mismo flujo de la ABL.
También se estudia los efectos producidos debido a la variacién de la turbu-
lencia atmosférica en el flujo. Luego, se investiga la mejora del rendimiento
de dos turbinas interactuando a través de la desviacion de la estela producida
por la inclinacién de las dlabes de soporte (struts) de la turbina aguas arriba y
a la vez es presentado como un mecanismo novedoso para mitigar las pérdidas
en configuraciones de turbinas interactuando (por ejemplo, parque e6licos).

En general, hay buena coherencia entre los resultados numéricos y las medi-
ciones experimentales, y por lo tanto, el ALM utilizado puede ser considerado
como una potencial herramienta para la simulacién de turbinas de eje verti-
cal. El ALM se caracteriza por un costo computacional relativamente bajo,
precision en los resultados y estabilidad numérica.
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