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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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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 4.12. 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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