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RESUMEN

Tras un comienzo pausado y falto de seguimiento, la transicion energética se situa hoy en un
primer plano, siendo sus principales metas la minimizacion del uso de los combustibles fosiles,
alcanzar un escenario de cero emisiones netas y disponer de un suministro de energia resiliente,
independiente y seguro. Dentro de las acciones que se estan llevando a cabo, centradas en el
despliegue de energias renovables, la edlica supone un componente fundamental, siendo su
principal tecnologia las turbinas e6licas de eje horizontal (HAWT). Sin embargo, los desafios
actuales en este campo (despliegues en entornos offshore de aguas profundas y turbinas de gran
capacidad superando los 10MW), asi como las mejoras de la red eléctrica (digitalizacion,
sistemas de almacenamiento, etc.) y las tultimas tendencias de arquitectura sostenible,
autoconsumo y smart-cities, abren la puerta a tecnologias alternativas como las turbinas e6licas
de eje vertical (VAWT). Estas turbinas, y especialmente las VAWT de sustentacioén con palas
rectas (H-rotor) cuentan con caracteristicas muy ventajosas para este contexto, pero todavia se
encuentran en desarrollo y existe una evidente falta de proyectos a escala real. Para alcanzar un
estado de desarrollo que permita el despliegue comercial los ensayos experimentales en tinel
de viento son una herramienta imprescindible. Sin embargo, trabajar con prototipos a pequeiia
escala de VAWT es especialmente dificil, debido principalmente a la reduccion de un par que
es ya de por si variable. En cambio, los costes e infraestructura necesaria para trabajar con
prototipos de mayor tamano se disparan, limitando enormemente la investigacion en este
campo. Por ello, el desarrollo de metodologia y equipamiento que permitan el estudio de estas
turbinas mediante ensayos experimentales a escala en tunel de viento resulta considerablemente
interesante y es el objetivo principal de esta tesis. Aunque se trata de una tesis por compendio
de publicaciones, existe una clara linea conductora en este sentido, que liga las tres
publicaciones presentadas, asi como el resto de la tesis y las ponencias de congreso y trabajos
en curso presentados en los anexos.

En primer lugar, se ha expuesto el trabajo realizado sobre prestaciones de perfiles tipicos de
VAWT, centrado en la evaluacion y aplicacion de un disefio novedoso de balanza aerodindmica
para el ensayo experimental de perfiles en tinel de viento. Mediante el ensayo de diferentes
prototipos y la comparacion con datos de la bibliografia y simulaciones fluidodindmicas
computacionales (CFD) realizadas con modelos de turbulencia recientemente desarrollados, se
han comprobado sus capacidades, y se ha validado su uso para la mencionada aplicacion.
Ademas, se ha encontrado una notable concordancia en la comparacion de los datos y se han
proporcionado resultados interesantes sobre el flujo no estacionario. Por ultimo, se han
identificado los factores criticos que afectan a las medidas y se han propuesto mejoras para
trabajos futuros.

A continuacién, se ha presentado el trabajo sobre el desarrollo de una metodologia
innovadora para la caracterizacion de prestaciones de prototipos de VAWT a pequefia escala
en tinel de viento, utilizando un enfoque mecanico. Este trabajo, publicado en una revista de
muy alto nivel, incluye el desarrollo de una instalacion experimental y la aplicacion de la
novedosa metodologia, basada en el modo de conduccion activa (ADM), al estudio de un
prototipo a escala. Mediante este trabajo se ha demostrado que la metodologia desarrollada
muestra interesantes ventajas sobre la determinacidén convencional del rendimiento de la turbina
mediante el modo de conduccion pasiva (PDM). Asimismo, se consigue un profundo nivel de
caracterizacion y un alto control de los ensayos con un sencillo montaje experimental, siendo
aspectos clave el aislamiento de las pérdidas mecanicas del arrastre de las palas y la
cuantificacion del arrastre parasito de los soportes de la turbina. Los resultados experimentales
se han comparado con simulaciones CFD y modelos analiticos obteniendo una notable
correspondencia. Adicionalmente, se ha propuesto una correccion analitica de los modelos CFD
para incluir el efecto 3D y una correccion semi-empirica del bloqueo, basada en trabajos de la
bibliografia.
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Finalmente, se ha presentado el trabajo sobre determinacion de prestaciones de VAWT en
tunel de viento a partir de medidas aerodinamicas mediante la aplicacién de la teoria de
Volimenes de Control (VC), superando los tipicos problemas mecanicos derivados de la
pequena escala, ya que ademas se trata de medidas sin contacto. Se han realizado medidas
completas para varios TSR distintos, de la presion de entrada y el perfil de velocidades de la
estela, asi como el perfil de velocidades en el hueco inferior entre la turbina y el tinel,
proporcionando informacion interesante sobre la naturaleza del flujo. Se ha presentado un
desarrollo formal de la teoria de VC aplicada a este estudio, consiguiendo estimar a partir de
estas medidas aerodindmicas, el empuje, el par y el rendimiento de la turbina estudiada. Se ha
obtenido, una buena concordancia con los datos experimentales anteriores y una precision
razonable. Ademads, se ha realizado un andlisis detallado sobre la incertidumbre, para
comprobar la validez del método y prever variables criticas que requieren una precision
especial.

Adicionalmente, se han incluido 3 comunicaciones en Congresos relacionadas con la tesis.
La primera, se centra en la fabricacion de prototipos experimentales, donde se trata el desarrollo
del prototipo de VAWT estudiado. La segunda, relacionada con las medidas aerodindmicas
preliminares que condujeron al posterior trabajo sobre la teoria de VC. Y la tercera,
desarrollando la correccion de flujo 3D propuesta anteriormente. Ademas, en esta tesis se hace
una breve mencion a los trabajos en curso dentro de la linea de investigacion actual. Estos
trabajos tratan sobre el desarrollo de un sistema modular automatizado de posicionamiento de
sondas (MAPPS) de hilo caliente para la caracterizacion del flujo no estacionario aguas abajo
de la turbina, sobre la optimizacion del proceso de medida con la balanza aerodindmica
previamente validada y sobre la caracterizacion y optimizacién de un prototipo a escala real
para entornos urbanos.

A través de los trabajos presentados, se han cumplido los objetivos de la investigacion,
proveyendo las herramientas necesarias para realizar ambiciosas investigaciones
experimentales en este campo. Asimismo, se ha afianzado la actual linea de investigacion,
justificando la financiacion anterior y consiguiendo nueva financiacion, ambas vinculadas a
proyectos de Plan Nacional. Ademads, los trabajos realizados han alcanzado un notable
reconocimiento, siendo publicados en revistas de alto nivel, expuestos en congresos
internacionales y difundidos hacia la industria en webinarios internacionales. Finalmente,
gracias al amplio conocimiento generado y adquirido en el campo, se han podido proponer
nuevas lineas de investigacion vinculadas, para continuar el progreso hacia el desarrollo
comercial de las VAWT.

L. Santamaria Bertolin
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ABSTRACT

After a slow start and lack of follow-up, the energy transition is now at the forefront, with its
main goals being to minimize the use of fossil fuels, achieve a net-zero emissions scenario and
have a resilient, independent and secure energy supply. Within the actions that are being carried
out, focused on the deployment of renewable energies, wind energy is a fundamental
component, with horizontal axis wind turbines (HAWT) as its main technology. However, the
current challenges in this field (deployments in deep water offshore environments and large
capacity turbines over I0MW), as well as improvements in the electrical grid (digitalization,
storage systems, etc.) and the latest trends in sustainable architecture, self-consumption and
smart-cities, open the door to alternative technologies such as vertical axis wind turbines
(VAWT). These turbines, and especially the straight-bladed (H-rotor) VAWTs, have very
advantageous characteristics for this context, but they are still under development and there is
a clear lack of full-scale projects. To reach a state of development that allows commercial
deployment, experimental wind tunnel tests are an essential tool. However, working with small-
scale VAWT prototypes is particularly difficult, mainly due to the reduction of an already
variable torque. On the other hand, the costs and infrastructure required to work with larger
prototypes are massive, greatly limiting research in this field. Therefore, the development of
methodology and equipment that allow the study of these turbines through experimental tests
at wind tunnel scale is of considerable interest and is the main objective of this thesis. Although
this is a thesis by compendium of publications, there is a clear guiding line in this sense, which
links the three publications presented, as well as the rest of the thesis and the conference papers
and works in progress presented in the appendices.

Firstly, the work carried out on the performance of typical VAWT airfoils has been presented,
focused on the evaluation and application of a novel aerodynamic balance design for the
experimental testing of airfoils in wind tunnels. By testing different prototypes and comparing
the results with data from the literature and computational fluid dynamic (CFD) simulations
performed with recently developed turbulence models, its capabilities have been verified, and
its use for the aforementioned application has been validated. Furthermore, a remarkable
agreement has been found in the comparison and interesting results on non-stationary flow have
been provided. Finally, critical factors affecting the measurements have been identified and
improvements have been proposed for future works.

Following, the work performed on the development of an innovative methodology for
performance characterization of small-scale VAWT prototypes in wind tunnel, using a
mechanical approach, has been presented. This work, published in a very high-level journal,
includes the development of an experimental set-up and the application of the novel
methodology, based on the active driving mode (ADM), to the study of a scaled prototype.
Through this work it has been demonstrated that the developed methodology shows interesting
advantages over the conventional determination of the turbine performance by means of the
passive driving mode (PDM). Also, a deep level of characterization and a high control of the
tests is achieved with a simple experimental set-up, being key aspects the isolation of the
mechanical losses of the blade drag and the quantification of the parasitic drag of the turbine
supports. The experimental results have been compared with CFD simulations and analytical
models obtaining a remarkable correspondence. Additionally, an analytical correction of the
CFD models to include the 3D effect, and a semi-empirical correction of the blockage based on
works in the literature, have been proposed.

Finally, the work on determination of VAWT performance in wind tunnel from aerodynamic
measurements by applying the Control Volumes (CV) theory has been presented, overcoming
the typical mechanical problems derived from the small scale, since these are also non-contact
measurements. Complete measurements have been performed for several different TSRs, of the
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inlet pressure and wake velocity profile, as well as the velocity profile in the lower gap between
the turbine and the tunnel, providing interesting information on the nature of the flow. A formal
development of the VC theory applied to this study has been presented, achieving to estimate
from these aecrodynamic measurements, the thrust, torque and efficiency of the studied turbine.
A good agreement with the previous experimental data and a reasonable accuracy have been
obtained. In addition, a detailed uncertainty analysis has been carried out to check the validity
of the method and to foresee critical variables that require special precision.

Additionally, 3 international conference works have been included related to this thesis. The
first one is focused on the manufacturing of experimental prototypes, where the development
of the VAWT prototype studied is discussed. The second one, related to the preliminary
aerodynamic measurements that led to the subsequent work on the VC theory. And the third
one, developing the 3D flow correction proposed above. In addition, in this thesis a brief
mention is made of the work in progress within the current line of research. These works deal
with the development of an automated modular hot-wire probe positioning system (MAPPS)
for the characterization of non-stationary flow downstream of the turbine, with the optimization
of the measurement process with the previously validated aerodynamic balance, and with the
characterization and optimization of a full-scale prototype for urban environments.

Through the work presented, the research objectives have been fulfilled, providing the
necessary tools to carry out ambitious experimental research in this field. Likewise, the current
line of research has been strengthened, justifying previous funding and obtaining new funding,
both linked to National Plan projects. In addition, the work carried out has achieved notable
recognition, being published in high-level journals, presented at international conferences and
disseminated to the industry through international webinars. Finally, thanks to the extensive
knowledge generated and acquired in the field, it has been possible to propose new lines of
research, to continue progressing towards the commercial development of VAWTs.

L. Santamaria Bertolin
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1.1. El panorama energético actual y el papel de las VAWT

En los ultimos 20 afios el contexto energético ha cambiado de manera sustancial. La transicion
energética hacia las energias renovables y la descarbonizacion empezaron de manera lenta y
paulatina. Sin embargo, en los ultimos afios los proyectos de energias renovables se
incrementaron exponencialmente, motivados por las politicas internacionales y la creciente
concienciacion sobre el cambio climatico. Cabe mencionar, que los objetivos OB7 y OB11 de
los objetivos de desarrollo sostenible (ODS) de Naciones unidas estan directamente
relacionados con la energia sostenible y el “European Green Deal” establece el objetivo de cero
emisiones netas en EU para 2050. En 2020, la pandemia Covid-19 forzé una pausa global en
la actividad y causd una importante crisis econémica. Mientras que esto afecté notablemente a
la demanda de combustibles fosiles, el avance de las renovables no fue detenido, sino
estimulado, gracias en su mayoria, a las condiciones de los fondos de recuperacion otorgados
por los gobiernos de Europa y las otras grandes potencias. No obstante, aunque la capacidad
renovable ha aumentado significativamente en los tltimos afios, también ha ido aumentado la
demanda total de energia. De esta manera, aunque se ha frenado el aumento en el consumo de
combustibles fosiles, la proporcion de energia que proviene de este sector sigue siendo
ampliamente predominante. En la Figura 1.1 se puede apreciar este recorrido, desde el
panorama del afio 2000 hasta el 2021, distinguiendo la progresion en el consumo mundial de
los distintos tipos de energia. Ademds de lo anterior, resalta que en 20 afios el consumo de
energia nuclear apenas ha variado.

Consumo Mundial de Energia 2000-2021
4 4 4
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2000 2000 2005 2010 2015 2020 2021
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I Hidriulica Solar I Otras renovables Petréleo M Gas
Edlica I Biocombustibles Nuclear I Carbén M Biomasa tradicional

Figura 1.1. Evolucion del consumo mundial de energia entre 2000 y 2021 por fuente de energia.
Datos de [1].

En el dmbito mas reciente, 2022, la complicada situacioén geopolitica mundial derivada de la
invasion de Ucrania por parte Rusia, ha desembocado en una crisis energética de multiples
dimensiones; con los precios del petrdleo, y sobre todo del gas, disparados, asi como problemas
para asegurar los suministros de comida y energia [2]. Esto ha provocado que la transicion
energética pase a un primer plano y al objetivo de fondo de la descarbonizacion y mitigacion
del cambio climatico se le ha unido el importante desafio de conseguir una produccion
energética diversificada, independiente y segura.

2023



4 Capitulo 1

Dentro de las acciones que se estan llevando a cabo, lideran los despliegues de energia solar
fotovoltaica y edlica. Esta ultima producida por turbinas edlicas de eje horizontal (HAWT)
tanto en tierra como offshore, debido principalmente a la madurez de la tecnologia, su fiabilidad
y su bajo coste. Sin embargo, con el importante incremento de instalaciones de energia de este
tipo (cuya produccion es variable) la red necesita ser mejorada. Para ello, ademas de una
importante digitalizacion, es necesario incluir otros sistemas que permitan estabilizarla y ajustar
las curvas de oferta y demanda [3]. Asi, se aprovecharian los periodos de exceso de energia
para el almacenamiento, mediante centrales de bombeo, super baterias y baterias de gravedad
y para la conversion a otros vectores energéticos, como hidrogeno o calor. Esta adaptacion de
la red abre las puertas a otras tecnologias alternativas, cuya integracion en la rigida red existente
resultaba poco atractiva hasta el momento. Por otro lado, estrategias como la poli-generacion y
los procesos energéticos integrados son cada vez mas comunes, no solo en el sector industrial
[4], sino también en el residencial [5]. En este ambito, las tecnologias alternativas de generacion
de energia pueden encontrar sinergias y proporcionar soluciones interesantes y rentables.

Dentro del sector edlico existen distintas tecnologias que permiten aprovechar la energia del
viento, mediante su conversion a energia eléctrica. Aunque existen otras alternativas poco
convencionales, como la energia eolica aerotransportada con generacion en suelo (GAWE)
(Figura 1.2 (a)) que utiliza el movimiento de cometas transmitido por cuerdas para mover un
generador, cominmente la energia edlica se obtiene mediante turbinas.

@ e © )

Figura 1.2. (a) GAWE de 200kW PN-14 de SKYSAILS POWER. (b) HAWT de 4MW de Vestas. (c)
Savonius de 3kW LS Helix 3.0 de LUVSIDE. (d) Darrieus original de 4MW Project Eole.

Las turbinas convencionales y con mayor desarrollo son las ya mencionadas HAWT.
Particularmente, las HAWT basadas en sustentacion, con: rotor tripala upwind, palas afinadas
y torsionadas y mecanismos de orientacion tanto del rotor, como de las palas. En estas turbinas
el rotor se monta con el eje de giro paralelo al plano de la base (i.e. en la direccion de referencia
del viento) y por delante de la gondola (upwind), que gira sobre la torre (Figura 1.2, (b)). En
estas turbinas las palas se disponen con la longitud en la direccion radial, lo que causa que los
momentos de flexion se concentran en la base, y que la punta de la pala experimenta velocidades
de giro mucho mas altas que la base. El cociente entre la velocidad de punta y la velocidad del
viento se denomina TSR por sus siglas en inglés o 1 y es el parametro adimensional frente al
cual se representa el rendimiento para definir la curva de prestaciones de los aerogeneradores.

L. Santamaria Bertolin
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Asimismo, existen también turbinas edlicas de eje vertical (VAWT), las cuales tienen su eje
de giro perpendicular a la base y sus palas tienen la longitud paralela a la direccion axial. Estas
turbinas a su vez pueden estar basadas: en arrastre (Savonius y derivados), o en sustentacion
(Darrieus y derivados). Los Savonius tienen como palas grandes superficies curvas expuestas
al flujo, lo cual les proporciona un mayor par en relacion a su tamafio, facilitando el
autoarranque. Sin embargo, sus TSR de operacion son mucho més bajos, asi como su eficiencia.
Aunque la aplicacion convencional de estas turbinas no es la generacion eléctrica si no el
transporte de fluidos (por ejemplo, en sistemas de riego), existen algunos disefios con palas mas
complejas que si estan disefiados para este fin y se aplican en entornos urbanos e instalaciones
de autoconsumo (Figura 1.2 (¢)). Por el contrario, las turbinas Darrieus tienen palas de seccion
constante con forma de perfil aerodindmico, separadas del eje mediante soportes o mediante los
extremos de las propias palas cuando éstas son curvas (Figura 1.2 (d)). Este tipo de turbinas si
estd concebido para generacion eléctrica y tienen TSR de operacion y eficiencias notablemente
superiores a los Savonius. No obstante, sus TSR de operacion, y generalmente su eficiencia
también, son inferiores a la de las HAWT.

Aunque las VAWT comenzaron su desarrollo en los 70, el interés por esta tecnologia ha
resurgido en los ultimos afios y sigue creciendo, principalmente en el entorno académico
(Figura 1.3). No obstante, el colapso de varios prototipos de VAWT con potencias entre 100 y
500 kW en las décadas de los 80 y 90 propicié una falta de confianza por parte de posibles
inversores, que ha supuesto (y actualmente sigue suponiendo) un verdadero impedimento para
el desarrollo comercial de esta tecnologia [5]. De esta manera, aunque empiezan también a
surgir en los ultimos afios proyectos de cierto calibre, todavia son muy escasos (Figura 1.4).
Como se puede ver en esta figura, los disefios de turbinas Darrieus originales con radio variable
han ido perdiendo popularidad, en favor de los disefios con palas rectas, como el que es objeto
de estudio en esta tesis.

600 Documents related with VAWT by year

500

400

TOTAL (1970 - 2022):
6620 documents

300
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Year

Figura 1.3. Documentos cientificos indexados en la base de datos Scopus de Elsevier,
relacionados con VAWT.

Tradicionalmente, al compararlas con las HAWT estas turbinas resultaban menos atractivas
debido a su menor eficiencia. Sin embargo, gracias a toda la investigacion que se ha llevado a
cabo, se ha demostrado que se trata mas de una cuestion de &mbito de uso y que estas turbinas
pueden resultar competitivas en ciertas aplicaciones.
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Figura 1.4. Proyectos de VAWT con potencias por encima de los 100kW desde 1970 a 2018.
Extraido de [6].

Las VAWT gozan de omnidireccionalidad, por lo que no s6lo no necesitan mecanismos de
orientacién si no que son capaces de funcionar mejor en condiciones de viento variable.
Asimismo, su punto de funcionamiento 6ptimo se encuentra a menores velocidades de punta,
por lo que generan menor ruido aerodinamico [7]. Por tanto, en un emplazamiento tipico edlico
de HAWT, como puede ser un risco descubierto, donde el viento tiene una direccion
predominante y a su alrededor no hay fauna, ni personas, su aplicacion no tiene sentido. Sin
embargo, sus peculiaridades hacen a las VAWT especialmente interesantes para entornos
urbanos o instalaciones de autoconsumo [8]. En este contexto, al tratarse de baja potencia, la
eficiencia no es tan relevante como sus otras caracteristicas positivas.

De igual manera, cuando se trata de disefios a mayor escala, las VAWT tienen su caja de
engranajes (si la hay) y su generador a nivel del suelo, presentan un menor momento de vuelco
y un centro de gravedad mas bajo [9]. Estas son caracteristicas interesantes para entornos
offshore de aguas profundas, ya que hacen que las estructuras de soporte sean mas econdmicas
y facilitan enormemente las labores de despliegue y mantenimiento. Ademas, las ultimas
tendencias en eolica buscan aumentar la escala todo lo posible para reducir costes, lo cual
supone un problema para las HAWT. A estas escalas, el perfil de velocidad del viento incidente
no tiene la misma direccion en toda la altura, por lo que (al ser direccionales) estas turbinas
pierden eficiencia. Ademas, con el incremento del tamafio del rotor, las velocidades de punta y
los momentos flectores crecen notablemente, dificultando el disefio de las palas y aumentando
su coste. Por ultimo, las estelas también crecen, requiriendo una mayor area de ocupacion
cuando se disponen en parques edlicos [10]. Por el contrario, las VAWT no tienen estos
problemas, ya que son omnidireccionales, su radio de pala es constante y su velocidad de punta
menor y tienen comportamientos sinergéticos cuando se disponen cerca unas de otras [11],
resultando ideales para densos parques edlicos marinos.

A pesar de su notable interés para las citadas aplicaciones, existen muy pocos ejemplos de
instalaciones reales, sobre todo en entornos offshore. En entornos urbanos la comercializacion
de este tipo de turbinas se lleva a cabo por pequenas y medianas empresas, ya que la baja calidad
del recurso edlico, la falta de acuerdo en un disefio de maquina 6ptimo y la complejidad de la
normativa hacen que las grandes empresas energéticas no estén interesadas [12]. No obstante,
es necesario mencionar que la generacion en entornos urbanos tiene otras ventajas, como la
disponibilidad de infraestructuras e instalaciones aprovechables y la disminucion de pérdidas
en transformacion y transporte debido a la cercania del consumidor. Algunos ejemplos de
empresas fabricantes y comercializadoras de VAWT para entornos urbanos, activas en 2022,
son: Quietrevolution (Reino Unido), V-Air (China), Wuxi Flyt New Energy Technology
(China), Hi-VAWT (Taiwan) (Figura 1.5).
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(a) (b) (c) (d)
Figura 1.5. (a) Qr6 de Quietrevolution. (b) VisionAIR 5 de V-Air. (¢) FH 2kW de FLTXNY (También
comercializada en Europa por Aeolos). (d) DS-700 de Hi-VAWT.

Por el contrario, en el caso de las turbinas offshore, la falta de proyectos se debe a la gran
inversion inicial necesaria y a la escasez de precedentes [6,13]. No obstante, en la actualidad el
proyecto de IMW S2x de SeaTwirl (Suecia) esta en marcha, con instalacion prevista en 2023
y con muy buenas perspectivas. Ademas, hay al menos otros tres proyectos ya en desarrollo o
trabajando para conseguir inversores suficientes para salir adelante. Es el caso de: ARCUS de
SNL (Estados Unidos), WorldWideWind (Noruega) y VertAx Wind (Reino Unido). Los
disefios conceptuales de estas turbinas offshore se muestran en la Figura 1.6.

©)
Figura 1.6. (a) S2x de SeaTwirl. (b) ARCUS de SNL. (c) WorldWideWind. (d) VertAx Wind.
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1.2. Aerodinamica y diseiio de VAWT

Como se ha mencionado previamente las VAWT son una tecnologia ain en desarrollo,
principalmente debido a su complicada aerodindmica. Estas turbinas funcionan con flujo
cruzado, por lo que pueden extraer energia del flujo, tanto en la parte de aguas arriba del eje
como en la parte de aguas abajo. Sin embargo, esto viene asociado a inconvenientes como la
generacion de interacciones entre los alabes y las estelas de los 4labes anteriores y la presencia
de un factor de induccion en el flujo, que causa una desigualdad entre las velocidades percibidas
en la mitad aguas arriba y aguas abajo.

Adicionalmente, los perfiles de sus palas perciben angulos de ataque fluctuantes en funcion
de la posicion azimutal de la pala (Figura 1.7, (a)). Asimismo, la fluctuacion de estos angulos
varia con el TSR (1 = wR/U,, donde A es el TSR, w la velocidad de rotacion y U, la
velocidad de referencia del flujo). A bajos TSR es atin mayor, llegando a alcanzar zonas de
desprendimiento del flujo (Figura 1.7, (b)). Por el contrario, a altos A los angulos de ataque son
muy pequefios, lo cual produce bajos ratios entre sustentaciéon y arrastre y hace caer las

. wT . - .
prestaciones (Cp = 7——, donde Cp son las prestaciones o rendimiento, T es el par producido,
2 0

p la densidad del aire, D el didmetro de la turbina y H la altura del rotor) (Figura 1.8) [14-18].

Uw

AIRFOIL STALL S

=20 F

-30

0 90 180 270 360

(b)

Figura 1.7. (a) Angulos de ataque en funcién de la posicion azimutal. Extraido de [17]. (b)
Angulos de ataque en funcién de la posicion azimutal para varios A y zona de desprendimiento.
Adaptado de [14].
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Figura 1.8. Curva de prestaciones tipica de VAWT con ilustracion de los triangulos de
velocidades a bajos y altos A. Extraido de [16].
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El par se genera a partir de la suma de las contribuciones de cada pala y su promedio se
obtiene a partir de la integracion de las contribuciones a lo largo de la evolucion angular.
Mecanicamente, estos complejos aspectos del flujo se traducen en una producciéon de par
fluctuante que dificulta la generacidn eléctrica y el autoarranque de la propia maquina [19].
Ademas, se traduce también en unos importantes esfuerzos alternativos en la estructura del
rotor, que hacen a estas maquinas muy susceptibles a problemas de fatiga [18]. Por ello, un
buen disefio aerodinamico es crucial para obtener una turbina fiable, eficiente y competente en
las aplicaciones previamente mencionadas.

A lo largo de los ultimos 20 afios se ha construido una modesta base teorica sobre el disefio
de VAWT y, aunque todavia existe falta de acuerdo [20] y controversia sobre el disefio dptimo,
los parametros de disefio se encuentran ya relativamente acotados [16].

De las multiples configuraciones de VAWT basadas en sustentacion, las mas comunes son:
palas curvas (Darrieus), palas helicoidales (Gorlov) y palas rectas (H-rotor) siendo estas ultimas
las que resultan mas interesantes para la produccion a gran escala, debido a su simplicidad, su
mayor eficiencia y su capacidad para implementar estrategias de control de frenado por
desprendimiento [16].

Dentro de esta configuracion las principales caracteristicas y parametros de la maquina son:

» Perfil aerodinamico. Tipicamente se elegian simétricos (por el desprendimiento
alternativo entre las caras de succion y presion), pero actualmente también se adoptan no
simétricos (por la diferencia de velocidades entre la zona aguas arriba y aguas abajo debido
al factor de induccion) [21]. No existe consenso sobre una opcidén Optima, se emplean
perfiles de muchas familias (NACA, DU, SAND, SELIG, FX, etc.). No obstante, en
particular interesan grosores entre el 18 y el 21% y con muy poca curvatura (max. 3%)
[22]. En cuanto a sus prestaciones, es conveniente que tengan un valor modesto de
coeficiente de sustentacion maximo, una zona de desprendimiento abrupta y un amplio
rango de bajo arrastre en funcion del angulo de ataque (Figura 1.9) [16]. Las dos primeras
caracteristicas permiten un mejor control de la turbina a altas velocidades de viento,
mientras que la tercera contribuye a una eficiencia competitiva. También se busca que haya
flujo laminar en la mayor parte del perfil. Sin embargo, se ha sugerido que, en entornos
reales, debido a problemas como la suciedad o el hielo, es dificil que se dé esta situacion

[23].

DU-06-W200

M

S1046

M. N

NACA 0018 NACA 0021
Figura 1.9. Perfiles tipicos de VAWT.

M

» Solidez (o). Determina el nivel de bloqueo al flujo de la turbina. Por un lado, este
parametro depende del numero de palas (N), que en los mejores disefios puede ser 2 o 3.
Los disenos bipala cuentan con mayor eficiencia, mayor rigidez estructural y menores
costes de fabricacion [23], mientras que los disefios con 3 palas producen un par por vuelta
mas constante y se ven sometidas a esfuerzos alternativos més leves [24]. Por otro lado, la
solidez depende también del cociente entre cuerda (c¢) y radio (R), que ademads del bloqueo
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tiene que ver con la curvatura del flujo que perciben las palas, por lo que se recomiendan
valores bajos (<0.1). En consecuencia, en la mayoria de los trabajos se define la solidez de
las turbinas VAWT como: o = Nc¢/R. Valores elevados de solidez (>0.5) favorecen el
autoarranque, pero sufren de mucho desprendimiento (TSR baja) y se reduce la eficiencia
(ademas de tener un rango operativo mucho mas estrecho) con mayor interaccion entre
alabes y estelas. Valores bajos de solidez (<0.2) presentan rangos mas amplios de
funcionamiento, pero sufren de peor autoarranque hasta llegar a TSR=3. Asimismo,
experimentan mayores velocidades de rotacion y por tanto mas pérdidas en los soportes y
las puntas de la pala. Los valores 0ptimos se encuentran entre 0.2 y 0.3 [22,25].
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Figural.10. Efecto de la solidez en la curva de prestaciones de una VAWT. Extraido de [16].

= Relacion de aspecto de la turbina (H/R). Esta interrelacionada con el ya mencionado
cociente entre cuerda y radio (¢/R) y la esbeltez de la pala (c/H, donde H es la longitud
de la pala). A primera vista pequefios valores de H/R maximizarian el valor local del
Reynolds en la pala, resultando positivo para las prestaciones de los perfiles. Sin embargo,
en la realidad debido a la gran importancia de las pérdidas en la punta de la pala y la
influencia de los vortices de punta en el desprendimiento dindmico, resulta mas relevante
apostar por palas lo mas esbeltas posibles, lo cual implica valores altos de H/R. No
obstante, los momentos flectores causados por las fuerzas centrifugas aumentan con la
esbeltez si no se aumenta el nimero de soportes, por lo que se suele buscar un compromiso,
recomendandose valores de 2 a 3 [26]. También es comun encontrar este parametro
definido como H/D, donde D es el didmetro, aunque los valores son proporcionales.

= Soportes y conexion a las palas. El disefio mas recomendable utiliza dos soportes
alabeados por pala, ya que éstos penalizan notablemente la eficiencia, pero son necesarios
para limitar los momentos flectores, para lo cual su posicién 6ptima se encuentra en el
20.7% de la longitud de la pala [27]. La conexion con las palas se recomienda, tanto por
motivos estructurales como aerodindmicos, en el centro de presiones del perfil, que se
localiza en el 25% de la cuerda. Ademas, esta conexion puede realizarse de manera que
exista un angulo entre la cuerda y la tangente a la circunferencia que traza la pala,
encontrandose los mejores resultados cuando este dngulo es de 2° con el borde de ataque
del perfil hacia fuera [28]. También hay disefios que cuentan con un sistema de angulo
variable con el que se consigue un notable aumento de la eficiencia. No obstante, esto se
produce a base de incrementar sustancialmente la complejidad y los costes del disefio.
Ademas, este tipo de sistemas puede comprometer la resistencia mecanica de la turbina y
por lo tanto su capacidad de escalado, asi como incrementar las necesidades de
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mantenimiento [16]. Por ultimo, es muy recomendable que esta conexion se realice de
manera perpendicular a la longitud de la pala y con una transicion suave entre el perfil del
soporte y el de la pala.

Finalmente, a modo de resumen se incluye en la Figura 1.9 un ejemplo de turbina que
cumpliria estas recomendaciones de disefio. Notese la similitud del disefio con la turbina S2x
de SeaTwirl de la Figura 1.6.

R
Perfilados
Palas (N) 3
Solidez (o) 0.25
H/R 2.6
Perfil DU 06-W-200 N
Pitch (B) -2° (borde de ataque hacia fuera)

Punto de unién

o
pala-soporte 25% ¢

0.21H

Figura 1.11. Ejemplo de disefio que cumple las recomendaciones recogidas en la bibliografia.

En cuanto a las tendencias mas actuales en disefio de VAWT, éstas siguen tres vias
principales [18]:

= Dispositivos de control de flujo (FCDs). Buscan el control de las prestaciones y
especialmente del desprendimiento dindmico, mediante actuaciones sobre las palas.
Pueden ser activos: sistemas de chorros, sistemas de succion de la capa limite y palas y
perfiles adaptables (morphing wings); o pasivos: Gurney Flaps (GF) [29], ranuras
(Dimples) [18], Generadores de vortices (VG) [30], Winglets y puntas de pala afinadas y
palas aserradas [31]. Los primeros consiguen una notable mejora de la eficiencia, pero son
sistemas complejos y de coste muy elevado. Los segundos consiguen mejoras mas
modestas, pero son mas faciles de implementar, siendo los mas susceptibles de ser
incorporados a turbinas de aplicacion real.

* Dispositivos de aceleracion del flujo (FADs). Sirven para aumentar la extraccion de
energia, mediante la aceleracion del flujo de entrada hacia la turbina empleando elementos
convergentes de flujo. Pueden ser unidireccionales (lo cual limita una de las caracteristicas
basicas de las VAWTs) como: toberas, ductos, difusores, deflectores o directrices de
entrada (IGV); u omnidireccionales (aunque aumenta notablemente su complejidad y
coste) como directrices direccionales (reorientables con el viento), directrices
omnidireccionales (cubren todo el perimetro) o dispositivos de flujo cruzado
(aprovechando los soportes alabeados como turbina de eje horizontal) [18,32].
Adicionalmente, en entornos urbanos se buscan elementos arquitectonicos que produzcan
este mismo efecto, mejorando la calidad del recurso edlico [33].
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Trough

avy upper boundary

Middle

N

Peak

(a) Baseline model (b) Improved model

Figura 1.12. Ejemplo de FCD, puntas de pala aserradas y su efecto en el flujo. Extraido de
[31].

(@) (b)
Figura 1.13. (a) Ejemplo de FAD adaptado a un entorno urbano, turbina Crossflex. Extraido
de [33]. (b) Ejemplo de FAD turbina con directrices omnidireccionales, turbina McCamley.
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* Disefios hibridos o sinergéticos. Atacan problemas de estas turbinas, como el par
fluctuante y la dificultad de autoarranque o tratan de aumentar la eficiencia. Algunos
ejemplos de disefios hibridos son: turbinas que utilizan Savonius para facilitar el
autoarranque o el X-rotor que genera energia mediante dos HAWT a partir de la velocidad
inducida por la rotacion de una VAWT. En cuanto a los disefios sinergéticos, los mas
conocidos son: los rotores coaxiales contrarrotantes [34], los rotores con varias etapas y los
rotores contrarrotantes paralelos [11]. Estos ultimos son notablemente interesantes para los
parques edlicos, ya que producen un alto factor de energia por area ocupada, superior al de
los convencionales parques edlicos de VAWT.

Hubl

Upper
rotor

Hub2

Fixed bottom

(b) (©

Figura 1.14. (a) Rotores paralelos contrarrotantes, turbina INFLOW. (b) Rotores coaxialoes
contrarrotantes. Extraido de [34]. (c) Disefio hibrido de VAWT, X-Rotor.

1.3. El reto de la investigacion sobre VAWT

El desarrollo de VAWT se lleva a cabo por tres vias principales: los modelos analiticos, los
modelos fluidodindmicos computacionales (CFD) y los ensayos experimentales.

Los modelos analiticos son la opciéon mas econdmica y rapida y se suelen utilizar para
calculos preliminares, ya que se basan en importantes simplificaciones. De éstos, el modelo de
doble disco actuador y multiples tubos de corriente (DMST) es el mas utilizado, y cuando se
combina con la teoria BEM, ofrece resultados bastante acertados [15]. Sin embargo, este
recurso necesita como dato de partida las curvas de prestaciones de los perfiles aerodinamicos
y proporciona poca informacion sobre el flujo, por lo que su aplicacion es limitada. Ademas,
para conocer el nivel de aproximacion ofrecido por estos modelos es necesario contar con algun
tipo de contrastacion experimental.

Por otro lado, las simulaciones CFD permiten estudiar el flujo sobre un perfil independiente
o sobre el conjunto de la turbina. No obstante, la precision de las simulaciones CFD depende
significativamente de la calidad de la malla computacional y de las caracteristicas numéricas
(esquemas temporales y espaciales) [25,35], por lo que la simulacidon de turbinas completas
suele limitarse a las etapas avanzadas de los proyectos por sus altos costes computacionales.
Asi es que la dinamica tipica de trabajo consiste en comenzar el estudio con simulaciones 2D
de varios tipos de perfiles o por ejemplo dispositivos de control de flujo pasivo, para centrar
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posteriormente el estudio en unos pocos casos y evaluar su comportamiento en un modelo 2D
de la turbina completa. Finalmente, si procede, se realizaria un modelo 3D de media turbina
para incluir los efectos de los soportes y los vortices de punta. Las simulaciones CFD
proporcionan informacion de gran valor sobre el flujo, permitiendo incluso estudiar fendémenos
no estacionarios como el desprendimiento, el cual es muy relevante en las VAWT. Sin embargo,
hay aspectos de las simulaciones, como la seleccion del modelo de turbulencia, que
inevitablemente necesitan de una base bibliografica que haya validado su uso en una aplicacién
similar, o en su defecto requieren validacion experimental.

Los ensayos experimentales se pueden realizar al aire libre o en tunel de viento. Los
experimentos al aire libre se realizan en condiciones mas realistas, pero es complicado obtener
datos fiables debido a la falta de control sobre las condiciones de los ensayos. Ademas, la
fabricacion de prototipos experimentales a escala real es altamente costosa y su ensayo conlleva
asociados importantes riesgos. Por ello esta etapa se suele reservar para cuando ya se cuenta
con un disefio muy pulido y un gran bagaje de investigacion.

Finalmente, los ensayos experimentales en tinel de viento son una parte crucial del desarrollo
de este tipo de turbinas. Al igual que sucedia con las simulaciones, se pueden ensayar tanto los
perfiles de manera independiente como las turbinas completas. No obstante, esta técnica tiene
algunos problemas intrinsecos, como la interaccién prototipo-tinel (bloqueo). Para poder
conseguir las condiciones requeridas en el flujo (velocidad, turbulencia) el tamafio total del
tunel deberia ser mucho mayor que el de su seccion de ensayo. Ademads, los costes crecen
exponencialmente con el tamafo de la seccion de ensayo, lo que cominmente fuerza a reducir
la escala de los prototipos. En el ensayo de perfiles esto provoca una mayor relevancia de la
rugosidad superficial [36] y una mayor dificultad para medir la resistencia aerodindmica en
angulos de incidencia bajos [37]. Asimismo, en el ensayo de turbinas, variables como la
potencia o el par se reducen sustancialmente, mientras que resulta necesario aumentar otras
como la velocidad de giro para alcanzar condiciones dinamicas semejantes. Debido a la
reduccion de escala, tanto las pérdidas mecanicas como las parasitas aerodindmicas se suelen
encontrar en un orden de magnitud relevante, lo que dificulta la medida [38]. Ademas, las
turbinas VAWT son especialmente sensibles a este problema ya que suelen presentar
dificultades de autoarranque. El resultado es que la investigacion experimental de calidad sobre
VAWT con disefios competitivos, ha quedado tipicamente limitada a los pocos laboratorios en
los que se dispone de tuneles de gran tamafio.

Por todo lo anterior, el desarrollo de metodologias y equipamientos experimentales que
permitan ensayar prototipos a escala, tanto de perfiles como de turbinas, en tineles de viento
convencionales, resulta notablemente interesante. Esto permitiria ampliar y reforzar la base de
conocimiento sobre el disefio de VAWTs, ademés de impulsar nuevos estudios que permitan
producir turbinas competitivas en las aplicaciones mencionadas anteriormente.

1.4. Objetivos de la tesis

El objetivo general de esta investigacion se puede formular de la manera siguiente:
desarrollar y aplicar procedimientos experimentales efectivos para el ensayo en tinel de viento
de modelos a escala de turbinas de viento de eje vertical (VAWT).

Este objetivo general se puede desglosar en los siguientes objetivos especificos:

1. Disefiar y construir un montaje experimental que permita caracterizar las prestaciones de
un modelo a escala de VAWT en tunel de viento, con unos costes de infraestructura e
instrumentacion moderados.

2. Cuantificar los efectos de bloqueo que se producen al ensayar modelos de turbinas en un
tunel de viento, obteniendo unos valores adecuados para los coeficientes de correccion
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que deban aplicarse en cada caso.

3. Obtener experimentalmente los coeficientes aerodindmicos asociados a los perfiles
habitualmente empleados en turbinas VAWT en sus rangos tipicos de funcionamiento,
que no suelen estar disponibles en la bibliografia.

4. Caracterizar en detalle el flujo no estacionario aguas abajo de un modelo de VAWT
ensayado en tunel de viento.

5. Aplicar las metodologias experimentales desarrolladas para la contrastacion de modelos
analiticos y numéricos (CFD) de VAWT desarrollados por el equipo investigador.

1.5. Estructura del documento
Este documento esté estructurado de la siguiente manera:

El Capitulo 2 aborda el ensayo de perfiles de VAWT en tinel de viento, centrandose en el
trabajo de validacion de una balanza desarrollada para este fin. En este capitulo se presentan
resultados tanto de simulaciones CFD de perfiles como experimentales de placas planas y un
perfil tipico de VAWT.

Posteriormente, el Capitulo 3 comprende la caracterizacion de prestaciones de turbinas
VAWT de forma mecanica, presentando una novedosa metodologia. Ademas, se estudia el flujo
no estacionario mediante simulaciones CFD y se propone una correccion para compensar el
flujo 3D y una correccion experimental para el bloqueo.

Mas adelante, en el Capitulo 4 se presenta el trabajo sobre medidas aerodinamicas de la
turbina y la estimacion de prestaciones a partir de éstas aplicando el método de volumenes de
control. Este trabajo incluye una detallada caracterizacion del flujo a la salida de la turbina en
relacion al TSR, ademas de un notable desarrollo tedrico y una contrastacion experimental de
los resultados.

A continuacion, en el Capitulo 5 se recopilan y discuten los resultados obtenidos y los
principales descubrimientos realizados, se argumenta el grado de consecucion de los objetivos,
las principales implicaciones e impacto del trabajo realizado y se plantean posibles lineas de
investigacion y trabajos futuros.

Finalmente, se encuentran los Anexos [ y II. En el Anexo I se incluyen 3 comunicaciones en
Congresos relacionadas con la tesis. La primera, se centra en la fabricacion de prototipos
experimentales, donde se trata el desarrollo del prototipo de VAWT cuyos resultados se
presentan en los capitulos 3 y 4. La segunda, relacionada con las medidas aerodindmicas
preliminares que condujeron al posterior trabajo presentado en el capitulo 4. Y la tercera,
desarrollando la correccion de flujo 3D propuesta en el capitulo 2. En el Anexo II, se incluye
una breve descripcion de los trabajos en curso relacionados con esta tesis. Estos trabajos tratan
sobre el desarrollo de un sistema modular automatizado de posicionamiento de sondas
(MAPPS) de hilo caliente para la caracterizacion del flujo no estacionario aguas abajo de la
turbina, sobre la optimizacion del proceso de medida con la balanza aerodinamica validada en
el capitulo 2, y sobre la caracterizacion y optimizacion de un prototipo a escala real para
entornos urbanos.

Los capitulos 2, 3 y 4, que incluyen las publicaciones JCR que conforman el compendio,
siguen el siguiente esquema: en primer lugar, se presenta un resumen de la publicacién en
espafiol, después se incluye el articulo en su versioén publicada y finalmente se proveen las
métricas de la revista donde han sido publicados.
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2.1. Resumen

Como se ha mencionado anteriormente, las turbinas eolicas de eje vertical son una tecnologia
emergente y en desarrollo que se caracteriza por su complicada aerodindmica. Las condiciones
de flujo desprendido, que suelen aparecer en TSR operativas, exigen una caracterizacion
rigurosa de los perfiles aerodindmicos para una prediccion precisa del rendimiento de la turbina.
Ademas, en el desarrollo de nuevos perfiles o dispositivos de control de flujo, el estudio
individual de las geometrias constituye una etapa preliminar esencial. Para ello, el ensayo de
perfiles en tineles de viento es ampliamente utilizado. No obstante, los problemas de escala, la
gran diferencia entre la magnitud de las fuerzas de arrastre y sustentacion y la necesidad de
caracterizar las prestaciones en amplios rangos angulares donde hay condiciones de flujo
desprendido, hacen que ésta sea una tarea complicada y que requiera de equipamiento
especializado.

Recientemente, investigadores del Departamento de Energia de la Universidad de Oviedo
han propuesto un nuevo diseio de balanza externa multi-pieza de galgas extensométricas con
3 componentes, concebida inicialmente para el estudio de los fendmenos de galloping/fluttering
de placas solares con seguidores sometidas a cargas de viento. Debido a sus relevantes
caracteristicas, como los distintos rangos de carga en diferentes direcciones y la alta respuesta
en frecuencia, esta balanza ha sido identificada como potencialmente atractiva para ensayar
perfiles aerodindmicos de VAWT. Ademas, su reducido tamafio, escalabilidad y facilidad de
fabricacion, la hacen aun mads interesante. En esta investigacion se presenta una nueva
aplicacion de la mencionada balanza, incluyendo la comprobacion de sus capacidades, y la
validacion de su uso para la mencionada aplicacion.

En este trabajo se han ensayado en un tunel de viento placas planas 2D y 3D, asi como el
perfil aerodinamico DU06-W-200, obteniendo los coeficientes de sustentacion y arrastre y los
momentos de cabeceo para un amplio rango angular a Re = 200,000. Los resultados se han
comparado con los datos de la bibliografia y simulaciones CFD, realizadas con el modelo de
turbulencia GEKO (Generalized k-omega) recientemente desarrollado, logrando una notable
concordancia. También se han analizado las fuerzas instantdneas mediante técnicas
experimentales y CFD, proporcionando resultados interesantes sobre el flujo no estacionario.
Por tltimo, se han identificado los factores criticos que afectan a las medidas y se han propuesto
mejoras para trabajos futuros.
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Abstract: Vertical axis wind turbines are an emerging and in-development wind energy technology
which are characterized by their complicated aerodynamics. Detached flow conditions, which are
typically developed at operational tip speed ratios, demand a rigorous characterization of the air-
foils for an accurate prediction of the turbine performance. In this work, a custom-built, three-com-
ponent external strain gauge balance, specifically developed for airfoil testing, is validated. The
physical reasons responsible for discrepancies with reference data are also analyzed. Two- and
three-dimensional flat plates, as well as the DU06-W-200 airfoil, are tested in a wind tunnel. Lift and
drag coefficients and pitching moments are obtained for a wide angular range at Re = 200,000. The
results are compared with data from the bibliography and CFD simulations, performed with the
recently developed GEKO (generalized k-omega) turbulence model, achieving remarkable agree-
ment. Instantaneous forces are also analyzed with both experimental and CFD techniques, provid-
ing interesting results of the unsteady fluid dynamics. Finally, critical factors affecting the measure-
ments are identified and enhancements are proposed for future works. In summary, a thorough
evaluation of this new balance design is provided, showing its valuable potential for VAWT appli-
cations.

Keywords: airfoil testing; strain gauge balance; wind tunnel; GEKO turbulence model; vertical axis
wind turbine; VAWT

1. Introduction

At the present time, humanity is focused on the achievement of a reliable, affordable,
and decarbonized energy system. The accomplishment of this goal involves undoubtedly
the use of renewable energy, with wind energy harvested through horizontal axis wind
turbines (HAWTSs) leading the way due to their mature development.

However, such objectives start to require rapid actions and deeper strategies to fulfill
the established deadlines (such as a net-zero-emissions scenario by 2050 [1]). These may
even include the consideration of the real-time demand curves and on-site production for
self-consumption. In this regard, wind energy production in urban environments is gain-
ing much attention. In such restrictive placements, the lift-type vertical axis wind turbines
(VAWT) seem to be the best candidates for wind energy extraction [2,3] due to their om-
nidirectionality, avoiding the need for orientation mechanisms; their ability to work better
in variable wind conditions; and their lower noise emission [4].

Nevertheless, in contrast with the well-established HAWTSs, which present higher
efficiencies and superior rated power, the VAWT turbines are machines still requiring a
vast amount of research to overcome the crucial issues that prevent them from achieving
a profitable and efficient development status [5]. First of all, their aerodynamics are far
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more complicated than conventional turbines and there is no agreement yet on the best
reference rotor design [6]; additionally, the application on urban environments means fac-
ing very-poor-quality wind resources [2,7]. As a result, recent efforts in this field have
been directed towards increasing performance and overall energy production through the
development of both flow augmentation and control devices [8]; although, the latter are
even more attractive for higher-size turbines such as those for deep-water offshore envi-
ronments. Therefore, a necessary first stage comprises the study of new airfoil designs
(which include these characteristics) or existing airfoils in new set-ups, both requiring a
precise determination of the aerodynamic properties.

To that extent, CFD methods are a highly valuable tool to improve understanding of
the airflow around the turbine blades, the interactions with the flow control devices, and
the effect of power augmentation devices. Moreover, they allow the analysis of different
types of geometries at a lower cost. However, the accuracy of CFD simulations depends
significantly on the selection of the appropriate turbulence model, computational grid
construction, and numerical characteristics (temporal and spatial schemes). For that rea-
son, experimental validation is always required. Wind tunnel testing is widely employed,
although this technique faces some intrinsic problems such as prototype—tunnel interac-
tion (blockage) which usually forces downscaling. This in turn derives from other issues,
as an intensified relevance of surface roughness [9] and the increased difficulty of meas-
uring airfoil drag at low incidence angles [10]. Furthermore, unsteady phenomena may
arise due to complex aerodynamics in cases of highly loaded airfoils. This is especially
relevant for VAWT turbines where high angles of attack occur, even when flow control
devices are used [11]. During the regular operation of a VAWT, i.e., during a complete
rotor turn, the blade angle of attack varies continuously going from positive to negative
incidences of the relative incoming flow. Thus, in the pursuit of VAWT performance en-
hancement, or to properly design passive flow control devices, the understanding of air-
foil behavior at different angles of attack is essential. To this effect, the development of
accurate, reliable and affordable equipment, useful for this purpose, is inherently inter-
esting.

Aerodynamic performance can be estimated from the integration of the pressure dis-
tributions measured with pressure taps [12] or directly with an aerodynamic balance. The
first method provides more information but limits the number of geometries that can be
tested, as every prototype has to be complexly manufactured to include the pressure tabs
and tubes. On the other hand, while there are a wide variety of balance designs, external
balances (placed outside the test section) are the most common for airfoil testing. Within
external balances, two types are distinguished, single-piece (with multi-component load
cells) and multi-piece (with several load cells) [13]. Single-piece aerodynamic balances are
usually expensive and not commercial, as each application usually requires a specific
range distribution; thus, they are custom-manufactured [14]. Meanwhile, multi-piece bal-
ances typically need more space, although in external balances, that is not commonly
problematic and, thus, they are widely used [13,14].

Recently, a new design of a three-component external multi-part strain gauge bal-
ance, intended for studying the galloping of solar trackers, has been proposed [15,16]. Due
to its relevant characteristics, as different load ranges in different directions and high-fre-
quency response, this balance has been identified as potentially attractive to test airfoils.
Furthermore, its reduced size, scalability and ease of manufacturing make it even more
interesting for this application.

This work presents a brand-new application of the aforementioned balance, includ-
ing the testing of its capabilities, and the validation of its use for the evaluation of aerody-
namic performance of VAWT airfoils. For that purpose, several prototypes have been
tested in a wind tunnel using the balance, including a typical airfoil (DU06-W-200) devel-
oped for VAWT applications. Moreover, CFD simulations have been performed with re-
cently developed turbulence models for complementary analysis and comparison.
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The paper is structured as follows. Firstly, the experimental set-up used is presented
in Section 2, including the description of the wind tunnel, the aerodynamic balance, and
measurement procedures. Then, Section 3 describes the main characteristics of the CFD
numerical modeling. Afterwards, the validation procedure is presented in Section 4. Two-
and three-dimensional flat plates and the DU06-W-200 airfoil are used for comparison,
taking advantage of the available data in the open literature. In Section 5, the results are
provided: the validation of the balance against bibliographic results is firstly presented
for both the flat plates and the airfoil. In the following section, a deeper analysis is carried
out with the help of CFD modelling, including the unsteady phenomena with respect to
the pitching angle. Finally, after the presentation of the results, relevant conclusions and
future works are provided in Section 6.

2. Experimental Methodology
2.1. Set-Up

This research was conducted in the facilities of the Energy Department of the Uni-
versity of Oviedo (Viesques University Campus at Gijon, Spain). In particular, a subsonic
open-loop wind tunnel of 13.75 m in length and powered by a 30 kW axial fan with a
diameter of 1.2 m was used for this research. It has a nozzle with a 1:12 area ratio, which
provides a squared test section of 0.68 x 0.68 m? and allows wind velocities up to 35.5 m/s.
A characteristic turbulence intensity of 0.7% for an averaged integral length scale of 0.1 m
was obtained at the nozzle discharge. Although its typical configuration is arranged in an
atmospheric, fully opened test section, an additional enlargement of the nozzle sidewalls
was made to guarantee planar flow over the tested prototypes (discussed later in detail).
A sketch of the wind tunnel is shown in Figure 1la. The test wind velocity is measured
from the pressure difference in the nozzle, with a 1 in the H20 + 0.25% differential pressure
sensor. Note that, given the contraction ratio, velocities in the settling chamber were con-
sidered negligible.

B
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Figure 1. (a) Sketch of the wind tunnel (Courtesy of Angie L. Ramirez Celis). (b) Aerodynamic bal-
ance mounted on the mechanical orientation system. (¢) DU06-W-200 airfoil prototype in the test
section.
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The custom-built aerodynamic balance under study is a strain gauge force balance
with 3 components, which provides lift and drag forces and pitching moment. This bal-
ance was originally conceived to measure unsteady forces and torques on small-scale sin-
gle-axis solar trackers, and successfully employed for recent aeroelastic investigations in
our research group [15,16]. Precisely, the balance was designed to provide a larger range
in one direction with respect to the other, which is also a very useful feature for testing
airfoils where lift forces are much greater than drag forces. The balance, which rotates
with the prototype to be tested, is composed of a floating axis supported by two symmet-
rically placed load cells, which are attached to a frame supported by the third load cell.
The assembly is designed so that forces and moments outside of the measuring plane are
minimized. Two different balances were built for measuring ranges within 0.75 kg and 5
kg, respectively (ranges of the single load cell direction), although the design can be easily
scaled to any other quantity. Each load cell has two strain gages that are connected to the
same Wheatstone bridge circuit to provide an amplified output. The voltage from the
bridges is measured with a data acquisition card, which allows a measuring frequency up
to 20 kHz. Note that this is especially relevant when unsteady phenomena are to be stud-
ied with this kind of device. The rotation of the balance was performed with a mechanical
orientation system which granted the variation in the pitching angle using a worm gear
pair (Figure 1b). The system was manufactured by fused deposition modelling (FDM) and
allowed a minimum angular step of 0.5°. Finally, measurement data analysis and calcula-
tions were performed with custom MATLAB codes in a computer.

Three different prototypes were tested in the aerodynamic balance for this work: two
flat plates (of different dimensions) and the DU06-W-200 airfoil (Figure 1c). One of the flat
plates was designed to perform as a theoretical 3D plate, featuring an aspect ratio (L/c,
where L is the spanand c is the chord or width) of 3.2, which was proved to be sufficient
for the purpose. On the other hand, the 2D plate had a span as wide as the wind tunnel
test section (a clearance of tenths of a millimeter was left so that there is no contact with
the walls) and the same width of the 3D flat plate. Note that this allowed testing both at
the same wind velocity with an equal Reynolds number. Hence, the 2D flat plate had an
aspect ratio of 7.2. The airfoil prototype also had a span as wide as the wind tunnel, but
the chord was chosen so that, at the objective Reynolds, the obtained forces were coherent
with the range of the aerodynamic balance used. Thus, the resultant aspect ratio was 3.8,
which, given the results obtained, proved to be sufficient to obtain 2D airfoil coefficients
over this wall-to-wall prototype. The dimensions of the tested prototypes are included in
Table 1.

Table 1. Tested prototypes and dimensions.

Prototype Span [mm] Chord/Width [mm]  Aspect Ratio [-]
Flat plate 3D 300 95 3.2
Flat plate 2D 680 95 7.2
DU06-W-200 680 180 3.8

The three models were made of PLA and manufactured with FDM, requiring subse-
quent sanding and polishing to achieve an adequate final roughness. The prototypes have
in their core a steel rod to increase their stiffness. This rod has a fixed support connection
to the balance and cylindrical joint in the wall of the other end, avoiding movements in
the measurement plane and prototype bending. The balance calibration procedure al-
ready accounts for the effect of the second support.

2.2. Balance Calibration

In order to provide quality measurements, the aerodynamic balance was calibrated
before each experiment. The calibration routine employed for this work assumed a linear
response of the load cells, so a direct (exact solution) method was chosen to determine the
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correlation coefficients. The calibration, which implied a two-stage procedure to deter-
mine the calibration matrix, was completed under “no wind” conditions. In the first stage,
the prototype was just mounted in the balance and a measurement was performed at free
load, defining the zero-loading state. In the second stage, several measurements were per-
formed with the balance loaded with known weights. Specifically, 3 load cases (LC) were
carried out:

. Single load, F; > in the horizontal direction (LC1).

e Singleload, F,,, in the vertical direction (LC2).

e  Combined load, obtained through a vertical load, F,,, displaced a known distance b
from the axis (LC3).

From each load case, three outputs (one for each load cell) were obtained providing
a9 equation and 9 unknowns system to represent the direct correlation between loads and
measured components. Matrix algebra can be applied to streamline this process in the
following way.

First, a force matrix F; is defined with the three load cases, with one column for
each component and one row for each load case.

Fx1 0 0
Fic= 0 Fyz 0 (1)
0 Fy3 Fy3b

where F is the applied load, x and y are the horizontal and vertical directions, respec-
tively, in the balance coordinate system, and b is the horizontal distance to the axis in
load case 3.

With the output of the single load cell being associated with the measurements in the
horizontal direction in these experiments, referred to as “signal 1” (s;), and the other two,
associated with the measurements in the vertical direction, referred to as “signal 2” (s,)
and “signal 3” (s3), the output of the balance in the zero-loading state can be posed as a
vector S;¢, containing the values recorded in each load cell.

Sicy = (510 S20 S30) )

Following this, the matrix S, is defined with the load cells” output for the three load

cases, yielding:
S11 S12 S13
Sic =521 S22 S23 (3)
S31 S32 S33

Then, the calibration matrix K with the coefficients that relate the output of the three
load cells with the forces and moment is:

kixw kiz ki
K =|ky1 kiyz kys (4)
k31 ksp ks

Finally, applying the linear response assumption, the equation system is thus stated
as:

Fie= [SLC - SLCO] K )

where the no-load signals are discounted as the system offset. From this matrix system,
matrix K can be directly deduced as K =[S — Sy] ™" - F,,, thus obtaining the direct rela-
tion between load cell outputs and measured forces.

Once the calibration matrix is determined, it can be employed to obtain the forces
acting on the models from the signals measured during the operation of the wind tunnel
using a generalization of Equation (5) for a single-point measurement:

Feyz = [S—Sol - K (6)
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Fx'[kg]
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0.5

0.25

where F,,, and S are now row vectors with three columns.

As the calibration used is a linear, two-point method, the balance was additionally
tested before the aerodynamic measurements’ campaign to evaluate its accuracy. Figure
2 shows the response of the calibrated balance (y-axis) to 5 different known weights in the
lower part of the balance range (x-axis), where the linearity of these types of sensors is
mostly critical.

1 0.1
0.75 —.0.075
— 0.5 = 0.05
0.25 0.025
0 ) . 0 y L
'} e} v — (] 'e] v W — (e w w v —
N = o ol < ™ o ot iy o
S < S =) g = g
Fx [kg] Fy [kg] Mz [kg-m]

Figure 2. Balance response to a range of known weights using a two-point, linear calibration
method.

The figure shows that the calibration method used provides a sufficiently accurate
linear response, even for the lower part of the balance range. The response in this range is
better in the horizontal direction because its range is half than the others, so it is better
prepared to measure small forces. This is especially interesting to the case of airfoil testing,
as drag forces are much lower than lift ones.

During the aerodynamic measurements campaign, the balance was calibrated before
each experiment and tested after with known weights to validate the balance calibration.
This reduces the influence of random errors produced by differences in the testing envi-
ronment temperature, differences in the set-up assembly, etc. Up to 13 calibrations were
performed during the campaign, providing useful statistical data of the balance perfor-
mance. Table 2 shows the mean, standard deviation, maximum and median value of the
relative errors between the known weights and the measured weights those 13 calibra-
tions.

Table 2. Relative error statistics of 13 calibrations performed during the measurements campaign.

Component Fx Fy Mz
e [%] 1.31 0.83 1.11
s(e) [%] 1.13 0.86 1.41
emax [ %] 3.48 2.74 4.31

é [%] 0.81 0.40 0.29

The mean relative error obtained was around 1%, slightly higher in the horizontal
direction and slightly lower in the vertical direction. However, as the standard deviation
reveals, there was some variability in the quality of the calibrations; hence, the mean is
not very representative of the real performance of the balance. Note that although all 13
calibrations have been included in this analysis, a quality requirement was established in
1%. Thus, calibrations with errors above this, such as the one that achieved the maximum
error shown in Table 2, were discarded and repeated. Nevertheless, as the median indi-
cates, these discarded cases were not common and the typical balance calibration errors
were about 0.8% for the horizontal direction, 0.4% for the vertical direction, and 0.3% for
the moment. In these calibrations, the loads were adjusted to the expected measured
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forces; hence, in contrast with the previous figure, the vertical and moment errors are
lower. The higher error in the horizontal force is probably due to the higher difficulty to
produce a pure horizontal load, as opposed to the simplicity of vertical loading.

2.3. Aerodynamic Measurements

With the balance already calibrated, the procedure for the aerodynamic measure-
ments is as follows. The offset signals S, can be equal to S, or not, depending on the
chosen zero-load state of reference. This aspect is especially relevant when a given pitch-
ing angle «a is fixed for the prototype—balance assembly because S, must be measured
for every particular pitch. In addition, to obtain the forces Fp;, in the wind coordinate
system (drag and lift, see Figure 3), a base-change matrix, Mp., must be applied in the
following way:

cosa —sina 0

Mg = <sina cosa 0) )
0 0 1

Fpp, = F;cyz - Mg 8)

Figure 3. Diagram of the set-up with the variables and the different coordinate systems involved in
the measuring procedure.

The aerodynamic coefficients can be finally obtained if the measured forces are made
non-dimensional with the upstream dynamic pressure expressed as a force exerted on the
prototype:

1
F, = EpvfocL )
leading to:
1/F, 0 0
Coim = Fpr - ( 0 1/Fs 0 > (10)
0 0 1/F,c

where p is the air density, v,, the reference wind velocity, ¢ is the chord/width of the
prototype and L its span. The moment component must also be divided by the



Energies 2022, 15, 9351

8 of 19

chord/width again to produce the non-dimensional moment coefficient. Hence, from
Equation (10), the drag, lift and moment coefficients are retrieved directly.

The three aforementioned prototypes were tested following this procedure. Particu-
larly, both flat plates were tested at a Reynolds number (Re. = v,,c/v, where v is the air
kinematic viscosity) of 130,000 from 0° to 90° of the pitching angle using a constant angu-
lar step of 10°. Complementarily, the airfoil was tested at a Reynolds number of 200,000,
going from -20° to 20° with a variable angular step, for a better characterization of the
aerodynamic forces during the airfoil stall. The three gauge signals were recorded during
almost 15 s at a typical acquiring rate of 20 kHz, which assured a sufficient number of
points to guarantee correct repeatability and accuracy in the results.

3. Numerical Modelling

A 2D numerical model of the DU-06-W-200 airfoil was implemented in Ansys-FLU-
ENT® v2020 to obtain the aerodynamic coefficients numerically. The Reynolds-averaged
Navier-Stokes equations were resolved in an incompressible approach using eddy—vis-
cosity turbulence modelling. Both Spalart-Allmaras (5-A) and new generalized k-w
(GEKO) models were used. The one-equation S-A model [17] is widely used for external
aerodynamic applications. Although it is known to provide reasonable solutions for flows
with adverse pressure gradients and separation, its accuracy to predict separation is lower
than optimal two-equation models such as k-w omega SST and GEKO. In addition, all k-
w models in Ansys are implemented with a y+-insensitive wall treatment, avoiding the
discussion concerning the optimal selection of wall formulations in k-& models [18].

GEKO is a recent turbulence model framework (based on the w-equation) which in-
troduces free parameters into the equations. The main advantage is that relevant param-
eters can be decided and tuned by the user for given operative ranges, and without a neg-
ative impact on the basic model calibration. The main tuning parameter for the GEKO
model is the coefficient Cser, which controls the boundary layer separation, predicting a
more aggressive detachment if its value is increased. In the case of airfoils, it is highly
recommended to use a value between 2.0 and 2.5 [19]. Furthermore, the GEKO model has
been executed also with the option for scale-adaptive simulation (SAS) activated, which
deploys an improved URANS formulation for the resolution of the turbulent spectrum in
unstable flow conditions. The SAS concept is based on the introduction of the von Karman
length scale into the turbulence scale equation, allowing the model to dynamically adjust
to resolved structures in a URANS simulation, which results in an LES-like behavior in
unsteady regions of the flow field (those with flow separation).

An extended domain, with a distance to the inlet of 12.5¢ and a distance to the outlet
equal to 20c (domain size 32.5¢ x 25¢), in line with typical values found in the literature,
was considered accurate to avoid the effect of the boundaries on the development of the
flow inside the domain region (see Figure 4). A C-mesh distribution has been employed
around the airfoil, resulting in a [350 x 75] cell size for both pressure and suction sides of
the airfoil. An averaged value of y += 1.7 (at Rec = 200,000) has been achieved with the first
mesh point located at roughly 0.05 mm from the wall. At the wake region, a structured
mesh of [300 x 150] cells was also employed, resulting in 97,500 cells for the complete 2D
model. Furthermore, an additional refined mesh with [525 x 150] nodes on the airfoil walls
and 247,500 cells for the whole domain was also employed to check the solution sensitivity
to the grid resolution.
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Figure 4. CFD simulation mesh detail views and boundary conditions.

The boundary conditions of the simulation domain are given in Figure 4 which in-
cludes details of the adopted mesh. A velocity inlet condition of 16.4 m/s was set at the
domain inlet to match the Reynolds number (200,000) of the experimental measurements.
Furthermore, up to 21 different angles of attack (AoA) were simulated to complete a de-
tailed evolution of the aerodynamic coefficients, including negative and positive inci-
dences: £[0, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20]. According to previous measurements, a turbu-
lence intensity of 0.7% was fixed for a length scale one order of magnitude lower than the
characteristic size of the test section in the wind tunnel. Both steady and unsteady simu-
lations have been conducted, the latter necessary at high AoA for partially and fully de-
tached flow conditions. A time-step size of 3 x 10~ s was fixed in order to track the evolu-
tion of the vortex shedding with sufficient resolution. A time-averaged value of the airfoil
coefficients was finally computed after periodically fluctuating regimes were achieved
(typically, 50 times the airfoil chord flow-time).

The flow equations were discretized using the finite volume method with a second-
order scheme for momentum and turbulent variables. Second-order accuracy was also
selected in the transport equation for the pressure correction. The discretization of the
temporal terms (when necessary) corresponds to a bounded second-order implicit formu-
lation. The SIMPLE algorithm was used for the pressure-velocity coupling for all studied
cases. Spatial discretization regarding gradient terms was selected to be the least-squares
cell-based discretization. Finally, a convergence criterion of 10- was fixed for the velocity
components of the momentum equation, while a minimum threshold of 10> was at least
required for the rest of the equations. Simulations were performed using a four-node Intel
Core i7-52820K at 3.3 GHz and 64 Gb RAM, with characteristic CPU times of 75 min for
every execution (1 day of CPU time to complete the whole angular range) in the case of
the refined mesh.

4. Validation Data Sources
4.1. Flat Plate Data

The available data in the bibliography for the lift and drag coefficients in 2D and 3D
flat plates have been obtained from [20]. This reference shows how the force on a flat plate
can be calculated from the aerodynamic coefficients. The different data are provided for
Reynolds numbers greater than 10,000 with an estimated precision of +5%. Specifically,
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the aerodynamic coefficients on a flat plate of infinite span (2D) were obtained by apply-
ing the experimentally modified Kirchhoff and Rayleigh theory of discontinuous motion
shown in the works of [21] and [22]. The coefficients for flat plates in three dimensions,
presented in the equations shown by Blevins, were originally extracted from the experi-
mental measurements presented by [23].

4.2. DU06-W-200 Airfoil

This airfoil was specifically designed for vertical axis wind turbine applications, with
the objective of improving the self-starting abilities of this type of turbine. The available
aerodynamic data of the DU06-W-200 airfoil in the literature, used to contrast the obtained
results in the present database, are found in [24]. This source provides experimental work
performed in the Low Turbulence Tunnel (LTT) at the Technical University of Delft. This
wind tunnel has a 1.25 x 1.8 m test section and can achieve a maximum wind speed of 120
m/s. The tested model was made of solid aluminum with a 1.8 m span (the whole section
width) and a chord of 0.25 m, and the aerodynamic coefficients were obtained with a six-
component external balance. Two types of results are presented: “clean”, corresponding
to the bare airfoil in the wind tunnel with around 0.02% turbulence, and “dirty”, which is
the same testing conditions, but the airfoil features a zig-zag tape at 5% of the chord, sim-
ulating a much more turbulent test environment. From the available results, those corre-
sponding to a Reynolds number of 300,000 have been chosen as a reference, as they are
the closest to our experimental dataset.

5. Results

In this section, the results of the different tests are presented. Particularly, the results
have been divided depending on the type of prototype used in the test: flat plate or DU06-
W-200 airfoil.

5.1. Flat Plate

The aerodynamic coefficients (Cp, ;) obtained with the flat plates are shown in Fig-
ure 5, compared with the data from the bibliography. Experimental curves are plotted
with red discontinuous lines, using triangles for the 2D flat plate and squares for the 3D
flat plate. On the other hand, 2D and 3D flat plate data from the bibliography are plotted
with green and blue dotted lines, respectively.

The drag coefficient (top plot) exhibits a remarkable agreement for both flat plates in
the whole angular range, with a very slight drift at high pitching angles. Complemen-
tarily, the lift coefficients (bottom plot) also show a good overall agreement, although with
some overestimation for angles smaller than 20 degrees. This can be attributed to the lack
of a complete symmetry between both pressure and suction sides of the plates. In fact,
only the pressure sides are completely flat, because of a slight engrossment of the suction
side at the mid-chord to accommodate a sufficiently robust shaft. Thus, at low pitching
angles, when the flow is still attached, this geometrical defect raises the pressure differ-
ence between both sides leading to an increase in the lift force. However, at higher pitch-
ing angles, the flow in the suction side is completely detached and the experimental data
matches the reference data with especially accurate results for the 3D flat plate. Despite
the experimental lift coefficients for the 2D flat plate being slightly above the bibliography,
the global trend is perfectly reproduced. The overall result suggests an accurate and pre-
cise performance of the balance, thus postulating it as a good candidate for airfoil testing.
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Figure 5. Experimental drag and lift coefficients from 2D and 3D flat plates compared with data

from the bibliography.

5.2. DU06-W-200 Airfoil

Figure 6 shows the comparison of the experimental coefficients (Cp, C;,) of the airfoil
measured with the aerodynamic balance and the data from the bibliography. Experi-
mental data from this work are plotted with a red discontinuous line and triangle markers.
Up to six complete tests were repeated in an effort to properly characterize the hysteresis
zone related to the flow separation. Thus, in this figure, the markers and discontinuous
line show the averaged coefficients from all the tests, while the light-red area bounds the

maximum and minimum dispersion in the results.

Regarding the drag coefficient (left plot), the obtained results are significantly higher
than those from the “clean” dataset. This can be easily related to the big difference in the
mean turbulence level (about 35 times) between both wind tunnels. Nevertheless, the ob-
tained results match remarkably well for the “dirty” dataset, with the exception of the
range of low positive angles, in which the obtained coefficients are higher. The reason of
this discrepancy may probably lie in the presence of a light dimple in the airfoil shape,
close to the leading edge at the pressure side. This defect is a consequence of the deburring
of the seam scar produced in the layer shift as the airfoil is 3D-printed. That irregularity
may be triggering turbulence transition on the airfoil (precisely in the stagnation point)
and, thus, increasing the drag artificially. Furthermore, additional polishing of the area
has also slightly modified the local slope of the airfoil, leading to a mismatch with respect

to the original geometry.
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Figure 6. Experimental drag and lift coefficients from airfoil DU06-W-200 compared with data from
the bibliography.

Meanwhile, the lift coefficient curves (right plot) overlap perfectly for all the datasets
at low pitching angles (—6° to 6°), where the flow is completely attached, and the incoming
flow turbulence is not relevant. However, at higher angles (-6° to —11° and 6° to 10°), the
“clean” dataset bounds the maximum magnitude of the lift, with the obtained experi-
mental results slightly below and the “dirty” dataset starting to decay due to the early
flow separation. At negative angles of attack, both “clean” and “dirty” datasets maintain
a slow and progressive detachment when the pitching angle is increased, until they finally
drop at —20°. On the other hand, the experimental data from this work drops earlier at
-16°, after achieving the maximum magnitude of the negative lift. Although our experi-
ments have in fact not been performed to describe the hysteresis cycles, it is significant
that the dispersion of the results resemble that phenomenon to some extent. Hence, the
width of the hysteresis loop in the reference data is much higher than in the experiments,
which practically crosses through the middle, dividing the others in half. This also occurs
with the positive side of the curve. However, here, the difference between the lift drop of
the “clean” dataset and the two others is much higher with the first one dropping outside
the shown range (~22°) and the other two around 14°~15°. Furthermore, despite the ex-
perimental data achieving almost the same maximum lift coefficient as the “clean” da-
taset, the drop zone and hysteresis loop width match better the “dirty” dataset. The exist-
ence of a boundary layer on the side walls of the tunnel generating 3D effects at the ends
of the tested wing may affect the hysteresis of flow separation on the wing. This could be
the reason for the observed large differences between the experiment and CFD calcula-
tions at large angles of attack.

Considering the overall results, the aerodynamic balance used in this experiment
clearly exhibits a notable accuracy, being able to reproduce the reference dataset both in
drag and lift coefficients, and clearly characterizing the flow separation.

A further analysis of the experimental data obtained is discussed with the help of the
CFD simulations performed. In Figure 7, the experimental coefficients are compared with
the results from CFD simulations for different turbulence models and simulating condi-
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tions. Specifically, results from the simulation with the Spalart-Allmaras (S-A) model ex-
ecuted in a steady fashion are represented in dark gray, those computed steadily but for
a generalized k- (GEKO) model are shown in green, whereas the GEKO unsteady simu-
lations are shown in blue, distinguishing between the coarse mesh (light-blue discontinu-
ous line) and the extra refined mesh (dark-blue continuous line).

C

g [0] -1 S5
GEKO-UNS
— - - . — —
S-A Steady GEKO Steady GEKO-UNS (Refined) Exp.

Figure 7. Experimental drag and lift coefficients from airfoil DU06-W-200 compared with results
from CFD simulations for different turbulence models.

Despite the simplifications of the S-A steady simulation, it performs remarkably well
in reproducing the lift curve, with only a slight underestimation of the maximum. How-
ever, it is clearly unable to predict an accurate drag overshoot. On the other hand, the set
of GEKO simulations produce subtle different results among them. The GEKO steady
simulation significantly improves the results compared with the S-A, accurately charac-
terizing the drag overshoot as well as the lift curve. Nevertheless, it overestimates both
drag and lift magnitude at negative wide angles (—12° to —20°). The results from the GEKO
unsteady simulation and with the coarse mesh are enhanced, but show that the initial
mesh is not sufficiently accurate to reproduce the lift curve when flow separation starts to
be significant. In fact, it is still poorly predicting important flow features when the airfoil
stalls, such as the instabilities of the boundary layers and the shedding of trailing vortexes.
This is clearly improved with the extra-refined mesh, which produces the best results,
especially for negative angles of attack. Yet, it still fails to predict accurate lift drops in the
case of fully detached flow.

Since no data were found in the bibliography for the pitching moment, the experi-
mental results have been directly compared with the GEKO unsteady simulation for the
refined mesh in Figure 8. Furthermore, as a preliminary approach to evaluate unsteady
capabilities of the aerodynamic balance, the RMS value of the fluctuations in the moment
coefficient is also represented (dispersion bars) and compared in the figure. In this case,
instead of presenting the averaged statistics of the whole dataset as before, only a single
measurement has been used to ensure that these fluctuating results are consistent.
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Figure 8. Experimental moment coefficient and fluctuating moment coefficient from airfoil DU06-
W-200 compared with results from the best unsteady CFD model.

As expected, the moment coefficient for low pitching angles, which it is practically
zero, matches perfectly between experiments and numerical results (solid and dashed
lines). This is coherent with the hypothesis of the airfoil having the center of pressure
approximately at 25% of the chord (the same location for the origin of coordinates in the
CFD and for the center of the shaft in the experimental prototype). However, as pitching
angles increase (both in negative and positive directions), the CFD model predicts a
smooth, exponential-like rise in the coefficient magnitude, while the experimental results
show a more drastic drop at -16° and 13°, followed by a moderate, linear-slope increase.

In the case of the RMS values, a very low level can be appreciated in the experimental
data at low pitching angles. Likewise, the CFD model converges to a unique solution as
there is no unsteadiness in the simulations. The flow separation can be easily identified in
the figure by the sudden increase in the fluctuations in the experimental dataset, although
in the CFD, there is a more progressive increase. Precisely, it was necessary to activate
unsteady computations in the CFD model beyond +8° of AoA to account for the inherent
unsteadiness of the detached flow. This comparison also reveals that the dynamic sensi-
tivity of the balance is enough to perceive the amplitude of the fluctuating forces, despite
the structural damping of the wing model. Conversely, accurate frequency values are not
feasible due to the high stiffness of the set-up, thus avoiding a complete fast response of
the measurements.

For a deeper understanding of the unsteady phenomena involved in these fluctuat-
ing forces, the velocity field, pressure coefficient (defined as C, = 2(p — p)/ pvd), and
spectra of the fluctuating moment have been analyzed in detail for four positive pitching
angles (8°, 12°, 16° and 20°) using the data from the refined GEKO unsteady simulation.
The results are shown in Figure 9. The instantaneous velocity field at a particular instant
in the simulation is represented on the left part of the figure in non-dimensional terms
with respect to the upstream velocity. Meanwhile, on the upper-right plot, the pressure
coefficient along the airfoil chord is represented for both suction and pressure sides at that
same instant. In addition, shadowed areas have been introduced to illustrate how the co-
efficient is oscillating during a complete shedding cycle. Finally, on the right lower part,
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the amplitude and oscillating frequency of the moment coefficient are shown, identifying
the peak values.
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Figure 9. Velocity field, pressure coefficients and spectra of the fluctuating moment at AoA =8°,12°,
16° and 20°, obtained from the refined GEKO unsteady CFD simulation.

The maps with the representation of the velocity magnitude allow the identification
of the stagnation points in the lower part of the leading edge and show an evident trend
towards an early flow separation as the pitching angle is progressively increased, with a
remarkable thickening of the boundary layer. A counter-rotating pair of vortices is shed
from the airfoil, growing in size as the pitching angle is more pronounced. This vortex
shedding is coherent with the frequencies of the fluctuating moment, which show high
frequency but low size of the vortex shedding at the lower pitching angles. Conversely,
lower frequencies and higher sizes of the vortices are observed at higher angles, once the
flow is fully detached. As a consequence, the aerodynamic coefficients are intensively
fluctuating with amplitudes up to three times larger than those formed at the separation
onset. Regarding the pressure coefficient, there is also a notable increase in the oscillations
with the pitching angle, revealed as a progressive build-up of the Cp value in the pressure
side, and a shift towards the trailing edge of the airfoil in the suction side. Note that from
12° onwards, a wide fluctuation can be observed in the trailing edge due to an oscillatory
partial reattachment, which it is also responsible for the periodic variations on both drag
and lift coefficients.

Previous assertions are validated by means of the Strouhal number, St = fL/v,,,
which relates the vortex shedding of the large turbulent scales and the frequencies of the
fluctuating moment. The frequency values (f) correspond to the first (fundamental) har-
monic in the power spectrum of the fluctuations for the torque coefficient (see plot in the
bottom right in Figure 9). The characteristic length (L) has been adopted as the maximum
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value of the integral length scale on the airfoil suction side (see Figure 10 below). The
integral scale is estimated from the instantaneous values of the turbulent kinetic energy
(k) and the turbulent dissipation rate (¢) according to L = k3/?/& ([25]). Using the convec-
tive inlet velocity (v,=16.4 m/s), typical values around 0.2 are found (see Table 3) for all
the situations considered between 10 deg (partial detachment) and 20 deg (fully detached
flow), which is a characteristic value observed in separation of bluff-bodies at moderate-
to-high Reynolds numbers.

Table 3. Strouhal numbers of the detached flow for different angles of attack.

AoA f[Hz] L [m] St
e . .
10 deg 233 0.014 0.197
12 deg 173 0.019 0.199
14 deg 126 0.024 0.185
16 deg 93 0.032 0.180
18 deg 73 0.036 0.160
20 deg 60 0.039 0.143

0 4 8 12 16 20 24 28 32 [mm]

Figure 10. Integral length scales in the airfoil wake for positive AoA =10°, 12°, 14°, 16°, 18° and 20°.

Figure 10 shows the computed values of integral length scales in the waked regions
of the airfoil for different angles of attack. The figure reveals the vortical motion of the
largest vortices, identified in a dark-blue color for an instantaneous snapshot, which illus-
trates the typical turn-out time of the vortices. At a low AoA, the size of the vortices is
roughly in the order of magnitude of the airfoil thickness, with an intense vortex shedding
(high frequency) revealed through the advection transport of the vortices street. For a high
Ao0A, the vortices are progressively enlarged, now with a size in the order of magnitude
of the airfoil chord, but with a lower shedding frequency (the generation rate of these
large flow structures is significantly reduced as shown again in the convective transport
along the airfoil wake).

Further insight is now provided with a closer look to the detached regions of the
airfoil suction side during a complete oscillation cycle. For that purpose, the longitudinal
distribution of the mean pressure coefficients on the suction side of the airfoil is shown in
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a contour plot in Figure 11, for all the angles-of-attack simulated. A black dashed line
identifies the averaged position of the separation point, revealing the severe engrossment
of the detached region towards the leading edge for high pitching angles. Moreover, the
contour map is complemented by a comprehensive view of the averaged detached regions
over the airfoil, for AoA going from 6° to 20° (right plot), in order to illustrate the recircu-
lation zones (identified with negative streamwise velocities).

x/c

Detachment in the Suction Side

Figure 11. Pressure coefficient in the suction side, boundary layer and flow detachment point, for a
wide set of pitching angles simulated with the refined GEKO unsteady model.

As expected, the position of the detachment point (where the wall shear stress equals
zero) moves towards the leading edge, leaving a growing detached region. Note that at
20°, more than 80% of the suction face is exposed to fully detached flow. Although not
shown here for brevity, a similar contour map is obtained for the pressure side, but sym-
metrically flipped with respect to the zero AoA and with a small shift, as detachment oc-
curs at slightly higher angles for this side.

6. Conclusions

2D and 3D flat plates, in addition to the DU06-W-200 airfoil, have been tested in a
wind tunnel equipped with a new external balance, designed for the measurement of aer-
odynamic forces. The inherent features of the balance make it suitable for an accurate
characterization of VAWT airfoils, although specific validation has been required to en-
sure its performance. Furthermore, CFD simulations of the airfoil have been performed
with different turbulence models and flow conditions, complementing the experimental
results, and illustrating vividly the unsteady phenomena involved.

The experimental drag and lift coefficients obtained for both the flat plates and DU
airfoil match the data available in the literature remarkably well, even at large angles of
attack, when unsteady flow is rather relevant. The studied balance has proved its ability
to capture fluctuating forces, although noise-filtering procedures must be implemented to
obtain more reliable instantaneous data.

The new GEKO turbulence model used for this work offers accurate predictions of
forces and moment, providing the best results when running unsteadily in the case of
detached conditions, although the mesh requirements are significantly higher with re-
spect to the steady simulations.
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Finally, in light of the obtained results, the balance design as well as the CFD models
have been successfully validated, and their integrated use has proved to be a highly rec-
ommendable and useful approach to test new airfoil geometries or airfoils featuring flow
augmentation devices for VAWT applications.
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3.1. Resumen

La caracterizacion de prestaciones de VAWT en tinel de viento es una parte crucial para su
desarrollo. Normalmente, la escala de las turbinas tiene que reducirse considerablemente para
mantener una elevada relacion de tamafio entre el tiinel y el prototipo. Esto conlleva reducciones
sustanciales de las variables fisicas que deben medirse (es decir, la potencia y el par), asi como
altas velocidades de rotacion para mantener similitud dindmica. Las pérdidas mecénicas y los
efectos inerciales dejan de ser marginales, por lo que el funcionamiento del prototipo puede
verse comprometido y la medicion de la potencia aerodindmica se complica.

Las metodologias convencionales de caracterizacion de prestaciones utilizan elementos
pasivos, como frenos o generadores, para modificar el punto de funcionamiento de las turbinas.
Esta metodologia se denomina Modo de Conduccion Pasiva (PDM). Asimismo, el par se mide
con los propios frenos o de forma mas precisa con torquimetros (que afiaden pérdidas en la
transmision originadas por los acoplamientos). Ademas, para medir gradientes de par positivos
en la curva de relacion par-velocidad se necesitan sistemas adicionales de control del par, lo
que restringe aun mas el rango de funcionamiento de los ensayos.

En ensayos aerodindmicos, se suele utilizar el Modo de Conduccion Activa (ADM) para
superar estos problemas, accionando la turbina en condiciones cinematicas equivalentes
introduciendo un motor externo. Sin embargo, hasta ahora en la literatura no existe una
metodologia que permita caracterizar las prestaciones de forma mecanica utilizando ADM.

Este trabajo presenta el desarrollo y la aplicacion de una metodologia innovadora para el
ensayo de prototipos de VAWT mediante ADM, mostrando interesantes ventajas sobre la
determinacion convencional del rendimiento de la turbina mediante PDM. Asimismo, se ha
demostrado que se consigue un profundo nivel de caracterizacién y un alto control de los
ensayos con un sencillo montaje experimental. En este trabajo se han identificado y estudiado
en detalle los aspectos clave para la aplicacion de esta metodologia, como el aislamiento de las
pérdidas mecanicas del arrastre de las palas o la cuantificacion del arrastre parasito de los
soportes de la turbina. Se han extraido conclusiones relevantes como el efecto del factor de
induccién en el arrastre parasito, o la importancia de una correcta estimacion del arrastre del
alabe para el célculo de las pérdidas mecanicas. Por ultimo, la metodologia se ha aplicado en
un tinel de viento real, para la caracterizacion de una VAWT de 3 palas con un rotor H basado
en el perfil DU 06-W-200. Los resultados de rendimiento obtenidos experimentalmente se han
comparado con simulaciones CFD y modelos analiticos obteniendo una notable
correspondencia. Adicionalmente, se ha propuesto una correccion analitica de los modelos CFD
para incluir el efecto 3D y una correccion semi-empirica del bloqueo, basada en trabajos de la
bibliografia.
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ARTICLE INFO ABSTRACT

Keywords: Vertical axis wind turbines (VAWT) are called to have an important role in the definitive penetration of
Vertical axis wind turbine renewable energies in the near future. Although still under development, they are considered good candidates for
VAWT

urban environments and offshore generation in deep waters. For its experimental characterization, wind tunnel
testing of small-scaled VAWTs is usually employed. However, self-starting issues, reduced aerodynamic torques
-for reliable measurement- and high rotational speeds -imposed by similarity- emerge as inherent operative
problems. To overcome these issues, Active Driving Mode (ADM) is commonly used to drive the turbine under
equivalent kinematic conditions introducing an external motor. Up to now, an accurate characterization of the
turbine performance, in terms of retrievable aerodynamic power, is not available for this methodology in the
open literature.

This work presents the development and application of an innovative methodology for testing VAWT pro-
totypes through ADM. Interesting advantages over the conventional determination of the turbine performance
using Passive Driving Mode (PDM) are shown. It is demonstrated that a deep level of characterization and high-
test control is achieved with a simple experimental set-up. In addition, the key aspects for the application of this
methodology have been identified and studied in detail, like the isolation of the mechanical losses from the blade
drag or the quantification of the parasitic drag of the turbine struts. Relevant conclusions have been revealed
concerning the marginal effect of the induction factor on the parasitic drag, or the importance of a correct blade
drag estimation for the computation of the mechanical losses. Finally, the methodology has been applied to a real
wind tunnel set-up, for the characterization of a 3-bladed VAWT with a H-rotor based on the DU 06-W-200
profile. The performance results obtained experimentally have been accurately compared to CFD simulations.

Wind tunnel
Performance characterization
Active driving mode

1. Introduction

Nowadays, global energy models are increasingly focused on
renewable energy sources and decentralized energy generation. Over
the last two decades, wind energy has proven to be economical and
reliable, being Horizontal Axis Wind Turbines (HAWT) one of the pillars
of new energy policies due to its mature development. According to the
International Energy Agency (IEA), by 2050, wind power will account
for 19% (stated policies scenario STEPS) to 39% (net zero scenario NZE)
of total world energy supply [1]. However, as the energy mix is more
participated by renewable technologies, like solar PV or wind power, its
variable power supply requires the development of new methods to
adjust the production to the real-time demand curves. This issue is
promoting the rise of a new energy economy based on microgrids and
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energy storage systems like batteries, small hydro reservoirs [2], CAES
systems [3] or hydrogen, capable to provide distributed and variable
energy integration. With those solutions, the energy supply is decoupled
from the renewable sources, so local intermittencies, shortages due to
weather conditions or occasional failures are also minimized. The
adaptation of other types of variable renewable technologies, still under
development and currently penalized by their difficult integration to the
existing grid, can be even favored. Furthermore, in the current context,
self-consumption for individual and collective installations is a growing
approach in residential buildings, which has been proved profitable
even without subsidies [4].

Lift-based Vertical Axis Wind Turbines (VAWT) have attracted
renewed attention in recent times because they are particularly well-
suited for this new scenario. Although they were already developed in

Received 13 January 2022; Received in revised form 23 February 2022; Accepted 21 March 2022

Available online 31 March 2022

0196-8904/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:santamarialuis@uniovi.es
www.sciencedirect.com/science/journal/01968904
https://www.elsevier.com/locate/enconman
https://doi.org/10.1016/j.enconman.2022.115530
https://doi.org/10.1016/j.enconman.2022.115530
https://doi.org/10.1016/j.enconman.2022.115530
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enconman.2022.115530&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

L. Santamaria et al.

the 70 s and 80 s, they were progressively abandoned due to the higher
efficiencies and rated power provided by the HAWT family. Neverthe-
less, VAWTs characteristics make them better candidates than HAWTSs
for application in urban environments, due to their omnidirectionality,
avoiding the need for orientation mechanisms; their ability to work
better in variable wind conditions; and their lower noise emission [5]. In
the case of wind turbines for offshore generation in deep waters, VAWTSs
are also a considerable option and specifically tailored to floating de-
vices, due to their superior energy density for wind farming. In addition,
VAWTSs present a lower inclining moment, lower turbine mass and lower
center of gravity which leads to more economical supporting structures
[6]. Furthermore, they present their gearbox and generator at ground
level which makes the operation easier and safer [7]. This is very
important for offshore applications where deployment and maintenance
labors in a sea environment are extremely difficult.

However, despite the valuable potential of VAWTSs, their current
state of development is still limited [8], mainly due to their complex
aerodynamics. For its further study, wind tunnel testing is an essential
tool to obtain reliable data. It allows direct visualization of flow-turbine
interactions and provides experimental data for validation of both
analytical and computational fluid dynamics (CFD) models. From an
engineering point of view, wind tunnel data is also used to retrieve
performance curves which are further extrapolated to real scale
turbines.

Typically, the scale of the turbines has to be significantly downsized
in order to preserve high tunnel-to-prototype size ratios. This leads to
substantial reductions in the physical variables to be measured (i.e.,
power and torque), and high rotational speeds to match dynamic simi-
larity. The mechanical losses and inertial effects are no longer marginal,
so the prototype operation is compromised and the measurement of the
aerodynamic power complicated. Moreover, conventional methodolo-
gies for performance characterization use passive elements such as
brakes or generators to modify the operating point of the wind-driven
turbines. The torque is measured directly with torquemeters [9] or
other passive elements like Prony [10] or electromagnetic brakes [11]
which over-increase the mechanical resistance. Additional torque con-
trol systems are also required to measure positive torque gradients in the
torque-speed ratio curve, thus restricting the testable operating range
even more [12]. As a result, the experimental wind tunnel tests of small-
scale turbines in a passive driving mode (PDM) suffer from severe in-
conveniences and are not fully operational, being even aggravated with
the self-starting issues of these kinematic turbines.

As a feasible alternative, active driving mode (ADM) tests, also called
motor-driven, may be employed to avoid all these self-starting problems
and small-scale issues. This option emerges when the turbine is not able
to generate net power at the required rotating velocity, so the operating
point is artificially achieved with an external energy input. The aero-
dynamic performance can be retrieved from that deficit, assuming that
both situations are similar. Although this approach initially raised some
concerns about its validity, Araya and Dabiri concluded that turbine
wakes in the relevant operating range are independent from the driving
mode [13]. They compared wake measurements of turbines in both
motor-driven (ADM) and flow-driven (PDM) tests taken from several
references and conducted their own study using PIV in a water channel.
The limit of the application of this procedure was stablished at high TSRs
where aerodynamic equilibrium between drag and lift is achieved.
Recently, Dou et al. have also determined that unsteady flows and tur-
bulence measured with hot-wire anemometry in a HAWT are identical
using PDM or ADM [14]. So far, in the field of VAWT study, ADM has
been employed mainly to run experiments at small scale for flow studies.
Some examples can be found in the literature for the analysis of turbine
flow using PIV techniques [15-17]. However, in those situations, the
overall performance of the turbines is not provided, or, in best cases, it is
obtained from additional tests with different experimental set-ups.

Both PDM and ADM provide an indirect measurement of the aero-
dynamic variables. In the case of PDM, the use of segregating routines to
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isolate the aerodynamic torque is already a common practice in the
literature. However, up to the authors’ knowledge, no formal method
has been presented yet for ADM. Hence, the establishment of an accurate
methodology to obtain the performance curves of lab-scale turbines
under ADM would be really useful, allowing to finally circumvent all
those previous limitations. It will also provide a more comprehensive
way of analyzing flow visualization studies, relating them adequately
with complementary performance measurements.

This paper presents the development of a novel methodology to
characterize VAWT performance in active driving mode for wind tunnel
testing at small scales. Although some references can be found regarding
the employment of ADM for turbine characterization, a rigorous
description on the application of this methodology is not available yet. A
detailed process that may quantify the relevance of the different con-
tributions is thus required. Some previous studies [18] briefly mention
driving the turbine without flow to obtain a “tare” torque, but without
subtracting parasitic drags. Other authors [13] are even disregarding the
mechanical losses in the retrieval of the performance curves. This may
lead to an excessive overestimation of the net aerodynamic power. Only
using a well-posed method to decouple the different factors allows a
correct estimation of the real values. This is the basic contribution of this
research. In addition, it contributes to improve the practical study of
low-solidity, high-efficiency turbines, which are essential for the above-
mentioned applications. The methodology highlights for its moderate
infrastructure, low instrumentation costs, easy-implementation, and
reasonable degree of accuracy. This is particularly interesting for
industrial-commercial application, where large-scale wind tunnels or
high-cost instrumentation may not be accessible. This tool also allows a
fast and simple utility to complement CFD studies and contribute to the
ongoing growth of the VAWTs sector.

The methodology has been developed using an electric DC motor as
the active element for the turbine control. The aerodynamic perfor-
mance was obtained indirectly by the comparison of the supplied torque
for different test conditions. Precisely, a remarkable effort has been
made to isolate the aerodynamic torque from the mechanical losses and
the parasitic drag of the struts. Note that this makes the methodology
proposed here of special interest for the validation of analytical models
or CFD simulations, in which the effect of the turbine structure or the
blades struts is not usually considered. At the same time, a relevant part
of the work was devoted to identifying the most problematic stages of
the methodology, with special emphasis on those aspects requiring an
in-depth study.

This work is structured as follows. First, the experimental set-up used
is presented in Section 2, including the description of the measurement
procedures. Then, Section 3 describes the development of the novel
methodology, going from its theoretical basis to a practical approach.
Critical aspects requiring special attention are also identified. The
methodology is applied to the current set-up, and final results are
shown. Section 4 is devoted to further exploring a key aspect of the
methodology: the isolation of the aerodynamic drag from the mechan-
ical losses. Afterwards, the influence on the methodology of the drag
coming from the turbine struts is evaluated in Section 5. Greater detail is
provided to improve the initial considerations given in Section 3. In
Section 6 the results obtained are compared to numerical results from
CFD simulations and a correction for blockage, based on previous works
found in the literature, is proposed. Finally, relevant conclusions and
future works are provided in Section 7.

2. Experimental SET-UP

A small-scale prototype of a 3-bladed VAWT, with a H-rotor based on
the DU 06-W-200 profile, has been recently designed [19], developed
[20] and constructed [21] by the authors. These actions are within the
context of a National Research & Development Plan to promote the use
and implementation of renewable energies for an ecological transition
and a sustainable development.
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Preliminary flow measurements have been conducted in a medium-
size, 30 kW closed-loop wind tunnel, with a large blockage ratio in the
test section. They were mainly devoted to quantifying tunnel-turbine
interaction effects for the development of specific blockage correc-
tions. Though maximum blockage ratios of a 5-10% are desirable, it is a
common practice to employ higher values. This fact is due to the
extremely wide test sections required by that limitation in case of typical
VAWT prototypes [22]. Consequently, it is necessary to correct the
blockage effect in order to extrapolate the measured output power for
real-scale turbines operating under free-field conditions. Precisely, as a
crucial part of this procedure, the existing facility and retrieved data
have been used in the development of an ADM methodology to char-
acterize the performance of the scaled prototype for different tip speed
ratios.

The present experimental database corresponds to a high-blockage
set-up, used to apply the proposed methodology for the performance
characterization of VAWTSs. Hence, the results must be considered only
in the specific context of the research and may not be representative of
the turbine design for expected characteristics in an actual wind envi-
ronment. The reader is reminded to stay focused on the description and
applicability of the methodology, of general use for wind tunnel testing.
Hence the available data must be considered as a simple framework to
exemplify its use.

The experimental set-up available for the present investigation
includes:

Wind Tunnel. The experiments were conducted in the “XAWT”
(Xixon Aeroacustic Wind Tunnel) located in the facilities of the Fluid
Mechanics Area of the University of Oviedo. It is a closed-loop wind
tunnel, driven by a 30 kW axial fan in an impulsion layout, with a total
length of 24.6 m and 8.3 m high (arranged in a vertical position, see
Fig. 1, left). It has an aerodynamic test section of 1.05 x 1.25 m?
immersed in an anechoic chamber of 4.2 m long and cross-sectional area
of 4.45 x 2.80 m? A 9.5:1 contraction nozzle with a logarithmic de-
rivative profile accelerates the flow towards the test section. This wind
tunnel can achieve velocities up to 22 m/s, for a maximum Reynolds
number of 1.7-10° (based on the nozzle hydraulic diameter), with a
mean turbulence intensity around 0.7% [23].

For the current research under high-blockage conditions, a hybrid
modular enclosure has been used to fulfil a semi-confined environment
with no wake blockage (shown disassembled in Fig. 1, right). More
details can be found in [21].

Prototype. The turbine tested is a small-scale model of a 3-bladed
“H”-type VAWT, specifically developed for urban environments
(Kumar et al., 2018). “H”-VAWTs (Darrieus with straight blades) present
lower manufacturing costs than other VAWT architectures and achieve
good efficiencies. Nowadays, they are a trending choice for this kind of
applications. The prototype has a diameter of 0.8 m and features 3
blades with the DU 06-W-200 airfoil. The blade chord is 0.067 m, and
the blade length is 0.6 m, resulting in an aspect ratio H/D = 0.75 and a
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solidity o = 0.5. The main geometrical characteristics are summarized in
Table 1. This model has been built combining standard commercial el-
ements, like aluminium profiles and joints, with custom-made parts
manufactured by Fused Deposition Modelling (FDM). Special care was
taken in the layer direction to avoid fatigue failure and abrupt fracture
because of bending and centrifugal loads. The blades feature an epoxy
coating to improve surface roughness and increase blade strength. To
reduce the drag on the struts, a low-drag aerodynamic profile (EPPLER
863 Strut Airfoil) was introduced to cover the interior cylindrical rods.
Fig. 2 shows the turbine inside the test chamber of the wind tunnel.

For this measurement campaign, the prototype was operated in
motor-driven arrangement using a 1 kW, permanent magnet DC, electric
motor. It has been powered by a 30 V/10 A laboratory power supply,
which has a built-in measuring system. Previously, the motor was
experimentally characterized in an independent test bench to determine
its torque constant, k. This will allow to obtain the motor torque directly
from the electric current in the different turbine tests, avoiding the need
for an additional torquemeter and thus decreasing transmission me-
chanical losses.

Instrumentation. The flow velocity for the tests was controlled in
the wind tunnel nozzle (inlet-outlet) using a Kimo CP210-R differential
pressure transducer with an operative range of + 1000 Pa and temper-
ature compensation. The measurement of temperature allowed the
correction of the air density inside the wind tunnel, as a function of the
atmospheric pressure checked on an analogic barometer. The turbine
rotational speed was measured instantaneously using a digital tachom-
eter connected to a data acquisition card. In addition, the intensity of the
power supply was also measured and registered in the computer by
means of a specific software for its operation and recording. Ad-hoc
acquisition software was also employed for the signal of the tachom-
eter. Finally, a post-processing program was developed in MATLAB to
obtain the test results. A simplified diagram of the instrumented
experimental set-up is shown in Fig. 3. The measuring uncertainties of
the different sensors are listed in Table 2.

Experimental routines. The objective is to measure the electric
current supplied to the motor, for different rotating velocities of the
turbine, when the wind tunnel is operated at a constant flow velocity.

Table 1
Main characteristics of the prototype.
Airfoil profile DU 06-W-200
Blade number (N) 3
Chord (¢) [m] 0.067
Diameter (D) [m] 0.8
Blade length (H) [m] 0.6
s N-c 0.5
Solidity (a = Iﬂ)
Aspect ratio (H/D) 0.75

Fig. 1. XAWT wind tunnel (left). Aerodynamic test section with the turbine (right).
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o

Fig. 2. Three-bladed H-VAWT installed inside an hybrid modular enclosure for
the test chamber of the XAWT wind tunnel.

Test
section

Turbine

Optical
tachometer <

-y

DC
Motor Acquisition and
Calculation
software

Fig. 3. Sketch with the experimental set-up and instrumentation used.

Table 2
Instrumentation uncertainties.
Sensor Variable Uncertainty
measured
Differential pressure sensor Pressure usp = +£0.005AP +
Kimo CP210-R difference 2[Pd]
Optical tachometer Rotational 1y = £0.011 {@]
speed s

Laboratory power source Elektro Electric current

Automatik PS 8360-10 T

u = +0.01[A]

The flow velocity in the wind tunnel is fixed regulating the flow rate
delivered by the axial flow fan (opening/closing a set of louvers at the
fan discharge). To modify the rotational speed of the motor-turbine as-
sembly, the excitation of the DC motor is controlled by voltage

Energy Conversion and Management 258 (2022) 115530

regulation through the power supply, until the turbine reaches the
desired rotational speed. The electric motor demands higher or lower
current depending on the load, which varies with the rotational speed.
Finally, the measurement is performed and stored after the prototype
reaches a dynamic equilibrium.

The mechanical torque applied by the motor, Ty, is a function of the
torque constant of the electric motor, k;, the measured electric current, I,
and a detrimental friction torque in the motor, T, according to:

Top = kel — Ty (€D)]

The friction torque depends on the speed of rotation and can be
relevant at the wind tunnel scale, so it cannot be neglected. Neverthe-
less, the proposed methodology employs a sequence of different tests
whose combined balance, in terms of torque, cancels out its influence for
the final results. The complete procedure is detailed in the next section.

Note that for an accurate steady balance of the torques, the acquiring
time of the measurements has to be maintained for a sufficiently
extended period of time, so representative mean-time values can be
obtained. Additionally, it is remarkable that the methodology described
later is not dependent of the measuring instruments employed for the
present work. In particular, the applied torque for equation (1) can be
obtained directly from a torquemeter, thus suppressing the need for the
experimental determination of the constant k;. Alternatively, the electric
current could have been measured using a high precision amperemeter/
oscilloscope, instead of using the own utility of the power supply unit.

3. VAWT performance characterization in active driving mode
(ADM)

The aerodynamic torque of a VAWT can be obtained indirectly from
a motor-driven situation. To do so, similar fluid kinematic conditions to
the wind-driven case must be satisfied and a precise subtraction of the
system losses has to be performed. Precisely, a good estimation of the
losses is the key point for the ADM to be really helpful for performance
characterization. In the case of small-scale VAWTSs in wind tunnels, this
task can be quite challenging.

Two main sources of system losses can be identified in a conventional
wind tunnel testing of a VAWT rotor. Firstly, mechanical losses arise due
to bearing friction, transmission efficiencies in the couplings and even
structural vibrations associated to slight misalignments and mass im-
balances. Secondly, there are aerodynamic losses in the form of parasitic
drag in the rotor struts. Additional aerodynamic losses can be accounted
from blade-tip effects, although most authors consider them as a detri-
mental part of the aerodynamic efficiency of the rotor blades. Hence,
they have been considered as a secondary flow of the blades for the
present investigation, assuming that they are simply penalizing the rotor
aerodynamics, instead of introducing further parasitic aerodynamic
losses.

For the characterization of mechanical losses, two different ap-
proaches are suggested by the authors. The first approach is based on a
turbine test that employs a rotor without blades, replicating similar
conditions than a previous complete test with the blades mounted on the
turbine. Under this condition, no aerodynamic power is generated.
However, as the original bearing friction and mechanical resistance of
the turbine is affected by the mass distribution of the rotor blades, the
blade mass suppressed must be compensated with additional weights to
maintain an equivalent structural behavior. This is difficult to imple-
ment in a realistic way without adding elements which produce new
artificial aerodynamic losses. The second approach is based on a test
where the turbine is driven without wind, thus avoiding additional
disassembling operations. In this case, the main problem lays on how to
isolate the mechanical losses from the aerodynamic drag torque due to
the rotation of the blades. If that rotational drag is not discounted, it
would result in an overestimation of the mechanical losses and of the
aerodynamic torque. This second approach has been chosen by the au-
thors for the present work, although the alternative option is also a
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reliable possibility.

Regarding the second source for system losses, i.e. the parasitic losses
drag in the struts, some recent works have employed analytical ex-
pressions to correct CFD results [24] for a better numerical estimation of
VAWTSs performance. For this work, an inverse insight is attempted
through the isolation of the strut drag losses, leading to the retrieval of
the aerodynamic power alone. This estimation can be later compared to
CFD simulations. Note that due to the significant interaction of the blade
wakes with the strut drag, an experimental approach may take into
account this effect more easily. Therefore, two additional tests should be
performed over the bladeless rotor comparing no wind conditions with
respect to the inflow velocity situation. Its difference provides the esti-
mation of the strut parasitic drag. However, this estimation is not
considering the effect of the induction factor of the turbine when bladed,
which may require an extra correction of the inflow velocity for the
struts. Thus, the importance of this minor issue should be quantified.

Consequently, an effective procedure to evaluate the performance of
a small-scale turbine under ADM on a wind tunnel experiment would
require 2 main tests and 2 additional ones to account for strut parasitic
drag. Note that the parasitic drag is rather relevant, especially in the case
of typical prototype sizes. Hence, four tests were finally completed under
different configuration and components, including:

Test 1. Whole turbine without wind.

Test 2. Whole turbine under constant wind velocity.

Test 3. Bladeless turbine without wind.

Test 4. Bladeless turbine under constant wind velocity.

As aresult, Fig. 4 represents the evolution of the applied torque in the
motor as a function of the rotational speed for all the tests performed. An
inlet flow velocity of 7.5 m/s in the test section of the wind tunnel has
been employed for tests 2 and 4. The solid lines account for tests with the
complete turbine (1 and 2), while dashed lines correspond to the tests
without turbine blades (3 and 4). Similarly, blue curves indicate tests
with wind and black curves tests without wind. Tests 1, 3 and 4 (no
aerodynamic power available) are fitted using a second-order poly-
nomial (square markers) with a remarkable accuracy (RMSE less than
0.036, R? > 0.9997), as expected from the typical dependence of losses
with rotational speed.

The different trend observed in the curve for test 2 evidences the
effect of aerodynamic torque in the turbine performance. Firstly, with
the turbine under stalled conditions, the set-up demands higher motor
torque than in the no-wind situation. This corresponds to the velocity
range between 100 and 250 rpm. Then, as the rotational speed is
increased, the operating point of the turbine shifts to the positive torque

1.5 1
—_ ] Test II:I:I
= 1
&1 =
2 7 Test41] .
S a”
§ | /Un/zr/
A 7 AT 57
3 A
5 0.5
g - a Test 3
- E'E‘Ef
i 0
0 T I T I T I T 1 T I T I T I 1

0 100 200 300 400 500 600 700
Rotational speed n [rpm]
Fig. 4. Applied motor torque as a funtion of the rotational speed of the turbine

for the different tests performed. Tests under wind conditions (2 and 4) were
performed at 7.5 m/s inlet velocity.
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generation zone, decreasing the demanded motor torque. In particular,
the range between 350 (the local maximum) and 550 rpm (sudden in-
crease of the slope) comprises that region. Finally, at high rotational
velocities (higher than 550 rpm), the motor torque demand is signifi-
cantly increased with a much stepper slope. At that final stage, the
turbine is moving away from its optimal operating point and progres-
sively declining its energy generation.

With that polynomial fits it is possible to evaluate the torques in the
tests 1, 3 and 4 at the speeds corresponding to test 2. Following, the
aerodynamic torque can be deduced with simple momentum equations
in the shaft for the different cases. Firstly, the torque equilibrium for the
complete turbine with no wind (test 1) yields:

Tnpp] = TDb + TD.S] + T[ax.sl (2)

where Ty, is the applied torque by the electric motor, Tpy, and Tps; are
drag torques from the blades and struts respectively, and Tjs; is the
friction torque associated to mechanical losses. Obviously, sub index 1
denotes the corresponding test. Similarly, for the second test the mo-
mentum equation leads to:

Tnpp: + Taem = TDSZ + Tlos.&l (3)

where Tg., represents the net aerodynamic torque provided by the
blades. Note that, in this case, the mechanical losses, T}, are identical
to those found in the first test (both tests present the same machine
configuration). On the contrary, the drag in the struts is not preserved
because of its dependency to the incident relative velocity, which is
function of the wind velocity and the rotational speed. Now, rearranging
equation (2) to isolate the mechanical losses and substituting in equation
(3), it is expressed as:

Toero = (Tapp| - Tappz) + (TDSZ - TDSI) —Tpy (4)

The term (Tps» — Tps;) in equation (4) can be easily obtained from the
results given by tests 3 and 4. Since these tests correspond to the set-up
with the bladeless turbine, the mechanical losses are different with
respect to test 1 and 2, but equal between them. On the other hand,
assuming that the struts drag is not modified between analogous tests of
aerodynamic resistance (1-3 and 2-4), it can be easily expressed that:

Tupps = Tos1 + Tioss3 (5)

Tapps = Tos2 + Tioss3 6
After subtracting equations (5) and (6), it gives:

TD.\2 - TD.\I = Tap - Tapp3 (7)

P4

And finally, combining (4) and (7), it leads to this compact equation
that includes all the torque data measured in the four tests:

Toero = (Tapp| - Tappz + Tapp4 - Tappj) —Tpy (8)

In this expression, all the terms required to deduce the aerodynamic
torque are known and represented in Fig. 4, expect for the last term, Tpp,
which corresponds to the drag on the blades when the complete turbine
is rotating under no wind conditions. Several possibilities can be
employed to estimate this term. In particular, a 2D CFD simulation of a
single rotating airfoil has been chosen as the best compromise between
reliability and computational costs for the present application. More
details and discussion are provided later in the next section.

The complete set of tests have been carried out for two different wind
velocities, 5.5 and 7.5 m/s, in order to evaluate the reliability and
functionality of this method. Higher velocities have not been employed
to avoid possible mechanical failures in the prototype: an increment of
the wind speed implies that the rotational speed must be increased
linearly to fulfill dynamic similarity. This results in excessively high
centrifugal forces compromising the structural integrity of the scaled
turbine (for the lab materials and manufacturing methods employed).
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Fig. 5. Aerodynamic torque as a function of the rotational speed for two
different wind velocities.

Fig. 5 shows the final results obtained of aerodynamic torque, as a
function of the rotational speed of the turbine, for the two wind veloc-
ities tested.

Fig. 5 demonstrates that the developed methodology allows a thor-
ough characterization of the performance, even at rotational velocities
where the blades are stalled so the turbine does not produce positive
torque. It is clearly revealed that the aerodynamic torque at these scales
is not sufficient to exceed both mechanical losses and passive re-
sistances. Hence, its measurement would be extremely difficult using
conventional methods. Furthermore, it is manifested that the prototype
is not able to surpass the cut-in threshold using only the wind force
unless a motor-clutch driving system is provided. With the active driving
mode these difficulties are overcome, and an accurate performance
evaluation is obtained with a simple and cost-effective set-up. Moreover,
the good control provided by the electric motor over the rotational speed
of the turbine also allows to obtain a higher number of points than with
conventional methodologies, even reducing the time required for the
experimental tests.

To conclude this section, it is necessary to address the uncertainty of
the instrumentation and its impact on the measuring procedures. Table 2
declares an uncertainty of u; = +£0.01[A] for the measurement of the
electric current supplied by the power source. In addition, the torque
constant has been determined with a relative uncertainty of “kil‘ =

+0.4[%]. The combined uncertainty of the resulting aerodynamic torque
due to this instrumentation has been calculated following the procedure
described in [25], which estimates a value of uncertainty transmitted
through the measuring chain towards the desired variable. For the tor-
que, it can be calculated according to:

O uers\’ O uers\’
Ut (ki 1) = \/( ok > 'u§,+4~< ol ) uj 9
t

For the test of 7.5 m/s reference velocity, it provides an uncertainty
of + 0.005 Nm for the maximum torque value, which in relative terms
represents only a + 0.9%. Note that it is a remarkable result, since the
magnitude of the measured values is significantly small. Consequently,
the accuracy verified, in combination with the affordable cost of these
elements employed, dictates that the proposal is a rather interesting
choice for the instrumentation of ADM tests.

Finally, further research efforts have been made over two key aspects
of the methodology: a correct determination of the blades drag torque
(the term Tpyp); and a deep analysis of the influence of the wind velocity
on the parasitic drag of the struts (on the term Tqpp, —Tqpp,). These topics
are discussed in detail in Sections 4 and 5 respectively.
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4. Isolating drag losses from mechanical ones

Under no wind situation, the drag on the airfoils is generated due to
the circumferential velocity of the rotating blades. In the relative frame,
it means that the inflow velocity can be assumed to be equal to the blade
velocity with its direction tangential to the blade chord. Since the pro-
totype tested corresponds to a rotor designed with zero-pitched blades, a
0 deg Angle-of-Attack (AoA) has to be considered. Note that this
assumption is most accurate for low-solidity turbines, where the
tangential distance between consecutive blades is large. In the case of
high-solidities, the inflow velocity of every blade can be significantly
affected by the wake deficit of the preceding blade, thus compromising
the condition of uniform inlet flow.

In addition, if the radius of the turbine is at least one order of
magnitude higher than the blade chord, it is also reasonable to consider
that the aerodynamics of the blade are similar to that found in a linear
cascade. Due to the absence of wind flow, the relative AoA is maintained
during the whole turbine rotation, so drag coefficients can be taken
directly from typical airfoil databases (like NREL reports, UIUC data-
bases, etc.) or other published data for cascades. They can be also pro-
vided by low-order numerical programs like Xfoil, Javafoil or Rfoil
among others. In the case that the required Re numbers are not available
in the references, those programs allow easy extrapolation that can be
attempted to obtain the values at the corresponding Re of the
experiments.

However, in the case of small-scaled prototypes, the R/c ratio is
usually reduced, compromising very seriously the assumption of
equivalent flow to a linear cascade. Since the blades drag losses are very
relevant for the correct computation of the aerodynamic torque, this is
not a minor issue. In particular, for the present turbine with R/c = 6, it
has been observed that the influence of rotational forces cannot be
neglected, showing a severe impact on the evolution of the blade wakes
and thus conditioning the final value of the drag loss. This has been
observed through the simulation of the turbine airfoil, both in a linear
cascade (LC) and a rotating cascade (RC). A 2D steady RANS simulation
with a k-W SST turbulence modelling, recommended in the literature
[26], has been employed for the purpose. Special attention has been paid
to the spatial discretization of wall-adjacent mesh, with up to 450 nodes
in the streamwise direction of the airfoil and further refinement in the
normal direction to guarantee y+= 1 [27]. Since the flow at zero AoA is
not suffering from detached conditions, unsteady computations or SRS
turbulence modelling can be obviated. Conversely, additional options
for curvature corrections and fully-swirl terms have been accounted in
the resolution of the governing equations of the model with ANSYS
Fluent v.17.2.

At this point, it is noted that it could be tempting to carry out the full
2D simulation of the whole turbine for its performance characterization.
However, this implies extremely high computational costs, thus moving
away from the initial objective of a low-cost, easy to implement meth-
odology. A full simulation, even with a 2D model, of a typical VAWT
requires high demanding unsteady simulations, with long-run execu-
tions and small time step sizes. This is mandatory to obtain a final fully-
periodic simulation [26], as well as a high-order turbulence model to
take into account all the vortical structures. Consequently, as a good
compromise between economy and precision, a 2D simulation of a single
rotating airfoil is finally proposed.

In Fig. 6, the vorticity normalized with the apparent wind velocity to
chord ratio is shown in the vicinity of the airfoil for the two simulations.
A typical Re number (based on the blade chord) equal to 100,000 has
been selected for the analysis. In the upper map, the significant curva-
ture of the blade wakes reveals the impact of the rotating effects. A
comparison with the linear cascade map also shows how the turbulent
wake is more pronounced in the internal side of the blades. These dif-
ferences imply significant increments in the drag coefficients under
rotation. This reveals that an accurate treatment of the drag losses is
crucial for the estimation of the turbine performance.
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Case 1: Rotating cascade
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Case 2: Linear cascade

Fig. 6. Comparison of airfoil wakes obtained numerically with a rotating
cascade (top) and a linear cascade (down).

Fig. 7 shows drag coefficients of the DU 06-W-200 airfoil for different
Re numbers at 0 deg AoA, taken from various references in the literature
(Rfoil, Xfoil and [28]). As expected, the available data is out-of-range for
the small-scale experiments, so a power fit (black dashed line) was
employed to extrapolate the coefficients at the required Reynolds
numbers (2.3-10% to 1.2‘105, in the case of the 7.5 m/s test). In addition,
drag coefficient values from both static 2D linear cascade (blue squares)
and rotating cascade (red diamonds) simulations have been added to the
representation. Note that at high Reynolds numbers (Re > 3-10°), the
results from the bibliography are coincident with the values obtained
from the LC simulation.

At Reynolds numbers lower than 5-10%, the results from the different
curves diverge significantly, although they are placed in a region with
marginal impact in the estimation of the blades drag loss for the meth-
odology (due to the low value of the rotational velocities). On the con-
trary, in the range from 5:10* to 1.2:10%, the observed differences in
Fig. 7 are lower, but their final relevance is more important. For
example, at a tip-speed ratio of 2.6 (equivalent to Re = 9-10%) the power
coefficient calculated from CFD-RC estimations differs around an 8%
from those provided with the CFD-LC approach, and even a 12% using
the extrapolated values from the references. Furthermore, at a tip-speed
ratio of 3.5 (equivalent to Re = 1.2-10%), the differences increase up to
16% and 32% respectively.

Despite the significant disparities in the estimation of the drag co-
efficients, no alternative method with sufficient reliability has been
found in the literature. On the contrary, the mechanical losses are
frequently not considered or even grossly estimated. Therefore,

(Y . :
0.14 -|‘ Exr;aerrllrzent _ o= Xfoil
0.1241] E — - Rfoil
0.1 ] “§ : — A= Claessens(2006)
Tl : —®—LCCFD
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- —4—RCCFD
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Fig. 7. Comparison of DU 06-W-200 drag coefficients for different approaches.
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depending on the desired level of accuracy, it is the user responsibility to
decide the most convenient approximation to its particular set-up.

5. Parasitic strut drag

The parasitic drag of the turbine struts is the second key factor in the
characterization of VAWTs performance in ADM. It is an important
mechanism for resistant torque so it must be properly accounted to
obtain reliable results.

In previous section 3, it was already discussed that strut parasitic
drag can be easily isolated in ADM by performing the comparison be-
tween wind and no wind tests for the bladeless turbine (test 3 vs test 4).
However, a concern was raised about the difference in the wind velocity
perceived by the struts due to the induction factor when the turbine is
bladed against when it is not. To analyze this question, the applied
torque was measured for test 4 at three different wind velocities (v, =
5.5, 7.5 and 10 m/s), and compared to the results for no wind velocity
(Vo = 0) of test 3 (Fig. 8).

As a starting point, the figure demonstrates an evident quadratic
dependence on the rotational velocity for the resistant torque of the
struts in all the tests. Also, there is a linear evolution between the tests at
5.5, 7.5 and 10 m/s, showing the same vertical increment between the
curves. It is noticeable, in the case of no wind velocity for test 3 (Vinf =
0), that the difference of this curve with respect to the others is pro-
gressively deviating from linearity as rotational velocity increases.
However, this is a quite marginal effect, associated to the self-induced
blockage of the turbine structure for high rotational speed on the
cases with inflow velocity. More important is the difference in the struts
drag between test 3 at zero velocity and any other curve of test 4, really
significant at these small scales, even for the present prototype in which
the struts are streamlined with low drag airfoils of thickness around 2%
of the turbine span. Hence, this shows that accounting for parasitic strut
drag is critical at wind tunnel scales, especially in case of prototypes
with non-aerodynamic struts (although it is usually neglected, as re-
ported in [22]).

Furthermore, there is an additional consideration for the estimation
of this parasitic drag of the struts which needs further discussion. When
the struts are rotating isolated from the blades (i.e., tests 4), the
incoming velocity perceived by the struts is practically coincident to the
inflow velocity from the wind tunnel section. However, when the full
turbine is operated (test 2), the flow deceleration within the turbine
(generated by the aerodynamics of blades and typically quantified as an
induction factor) reduces the actual inlet velocity acting on the struts,
thus modifying the net aerodynamic torque.
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Fig. 8. Applied torque as a function of the rotating speed. Comparison between
results for test 3 and test 4 at three different wind velocities.



L. Santamaria et al.

In other words, to take into account the effect of the decelerated flow
induced by the blades over the parasitic drag of the struts, it would be
necessary to apply in equation (8) the torque of an equivalent test 4,

Teagp“, operated with a reduced, “apparent” incoming velocity. Depend-

ing on the tip-speed ratio, this induction factor (relating the apparent
and original inflow velocities) could represent a velocity reduction be-
tween 5 and 40% for a typical turbine design [19]. Unfortunately, this
value cannot be easily known a priori, and it is also dependent on the
particular characteristics of the turbine (geometry, struts design, solid-
ity, airfoil family, etc.).

To estimate the importance of this effect, the final aerodynamic
torque provided by this turbine (in the case of 7.5 m/s) is obtained
introducing different parasitic torques — 'Iﬁgp4 in equation (8) —, retrieved
from different apparent inflow velocities. The deviation from the result
obtained without considering any correction is provided in Table 3 for
nominal conditions (maximum available torque).

As expected, the higher the induction factor, the higher the differ-
ence in percentage. Significant discrepancies are observed for the
highest flow deceleration, reaching up to 8.7% in the case of an induc-
tion factor equivalent to 0.4. However, the impact of this effect is suf-
ficiently small (less than 3% at MTP and 5% at MVP) for low-to-
moderate induction factors (below 0.2), indicating that it can be obvi-
ated maintaining a reasonable accuracy. Only in case of high-blocked
turbines, with induction factors starting from 0.4, it is recommended
to introduce this correction in the methodology to update the values of
the resistant torque of the struts.

6. Comparison with CFD models

In this final section, the obtained performance results from the tur-
bine are compared with complementary results from numerical simu-
lations, as an example of real application and also for validation
purposes. In particular, the results corresponding to a wind velocity of
7.5 m/s have been used for the comparison.

Firstly, a complete 2D URANS model of the VAWT turbine positioned
on the extended casing of the wind tunnel nozzle (Fig. 9) has been
developed with the objective of replicate the performance curve. A mesh
density with the same requirements that the single-airfoil RC model was
employed, resulting in a [450 x 40] O-mesh distribution over the blades
and a total number of 350,000 cells for the whole domain. The sliding
mesh technique was employed to resolve the rotational motion of the
turbine, with a variable time-step size equivalent to 0.25 deg of angular
displacement for every tip-speed ratio. At least, five complete rotations
of the turbine were necessary to assure the periodic response of the
aerodynamic torque. Similar k-o SST turbulence modelling, discretiza-
tion schemes and resolution algorithms to the RC simulation were
employed.

In order to compare the results of this 2D CFD model with the real 3D
experimental curves, it is necessary to introduce some scaling factors to
take into account the vertical clearance of the turbine (H = 0.6 m) with
respect to the casing height (L = 1.05 m). Calculating the ratio of the
volumetric flow rates in both 2D and 3D situations (in 2D, the flow rate

Table 3
Discrepancies in the turbine aerodynamic torque due to the overestimation of
the resistant torque of the struts from uncorrected inflow velocities.

Flow deceleration 0.05 0.10 0.15 0.20 0.30 0.40
(Induction factor)

Aerodynamic torque -0.16 -1.03 -190 —-2.78 —453 —6.27
relative variation [%)]
(Maximum torque
point-MTP)

Aerodynamic torque —0.68 —-1.82 —-2.97 —4.11 —6.41 —-8.70
relative variation [%]
(Maximum variation
point-MVP)
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is per unit length; whereas in 3D it is considering the real transversal
section), and assuming that it must be similar, a scaling factor for the tip-
speed ratios between the 2D and 3D cases is obtained. On the other
hand, considering the cubic dependence of the power coefficient with
respect to the bulk velocities, a scaling factor for the power values can be
also derived, yielding to:

H
Asp = izuz 10)

3
Coan = Cpan G) an

A complete range of equivalent tip-speed ratios, going from 1.5 to
3.9, have been simulated for an inlet velocity of 7.5 m/s in order to
obtain the aerodynamic power curve of the turbine. As an illustration of
the results, distributions of vorticity are represented in Fig. 10 for three
different tip-speed ratios (2.1, 3.0 and 3.9) in a non-dimensional form
(relative to the turbine rotating speed). Typical vortex shedding is
identified in the development of the blade wakes, being more pro-
nounced for lower tip-speed ratios. Thus, at 2.1, the turbine wake is
more distorted, due to the downstream transport of the big vortices shed
from the turbine blades, especially in the leeward region. Note also the
relevant vortex shedding generated downstream of the turbine shaft. As
the tip-speed ratio is increased, the boundary layers are more attached to
the blades and the overall level of unsteadiness is reduced, including a
weakened Von Karman vortex street shed from the cylindrical shaft. The
lateral casing prevents the widening of the turbine wake in all the cases.
Moreover, an interaction between the vortices shed from the lateral
shear layers of the turbine wake and the shear stress of the lateral walls is
clearly established. As the turbine rotation is further increased (for TSR
values of 3 and 3.9), a lateral high-jet region is progressively observed
with a mitigation in the vortex shedding from the lateral casing but with
a higher fluctuation for the overall wake.

With the factors defined in eq. (10) and (11), the performance results
obtained from the 2D modelling (in terms of mean aerodynamic torque
as a function of the TSR value) are transformed into the equivalent curve
for a full 3D case. Hence, typical power coefficient, defined as Cp =
2Weero /pv3 HD, are represented in Fig. 11 as a function of the tip-speed
ratio, A = wD/2v,, for the present numerical simulations and compared
to the experimental values of the set-up shown previously in Fig. 5. In
particular, the corrected CFD results are shown as black squares in the
figure, while experimental results are represented as blue triangles, with
a remarkable level of agreement between them. Maximum aerodynamic
power coefficients around 0.25 are predicted for a tip-speed ratio close
to 3.0.

In addition, due to the high apparent blockage ratio of the experi-
mental set-up, a correction has been introduced to approximate the non-
dimensional performance of the turbine to real conditions (open-field).
In particular, the correlations proposed in [29], have been modified to
adapt some of their parameters for the studied VAWT turbine. Based on
previous studies by Maskell [30], these authors presented a quadratic
expression for the parameter m that it is typically used, in combination
with the blockage ratio (Bg) of the wind tunnel, to “correct” the
incoming flow velocity v.. These equations are given by:

Ve 1
c_ . 12
Voo 1 — mBg 12

where.
m = 6.92B% — 6.76Bg + c,, (13)

In equation (13), the independent term c,, is a function of the overall
aerodynamics of the prototype, having proposed the values 3.5 for a
square plate, 3.2 for a Savonius turbine and 2.8 for the straight-bladed
(SB) Darrieus turbine studied in [29] (solidity ¢ = 1.29). Assuming an
exponential-decay relationship between the parameter ¢, and the
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Fig. 10. Instantaneous vorticity distributions for different equivalent Tip-speed ratios.

apparent solidity of those bodies, a final value of ¢, = 1.72 has been
adopted for the VAWT of the present work (see Table 4).

Consequently, with the corrected value of the inlet velocity given by
equation (12), the final performance outcome is transformed into the
curve represented with the red markers in the Fig. 11. As a reference for
the expected performance in open-field conditions, an analytical model
of simple streamtube and actuator disc (SSTM), based on the work of
Paraschivoiu [31], has been developed in MATLAB. This model has
already been studied in [19] and good agreement was found with
experimental data in the general trends, matching the tip-speed ratio of
maximum power coefficient. The curve from this model has been
included in Fig. 11, represented with a solid, doted grey line.

Note that, despite of the high blockage ratio of the experimental set-
up, the correction introduced is really marginal due to the low solidity of
the studied turbine with respect to the one studied in [29]. The
maximum power coefficient is slightly reduced and displaced to a lower
tip-speed ratio, closer to the TSR predicted by the analytical model.
Although the SSTM model clearly overestimates the performance
(typical of these analytical models), it is advising that the ratio v, /v
may be still higher than the optimal for the adequate blockage correc-
tion. Nevertheless, the available experimental data for the corrections

used is very limited and further research is needed to evaluate the cor-
relation between the parameter b and the turbine solidity. The meth-
odology presented in this work can also contribute to this matter:
Different turbine solidities could be achieved by modifying the airfoil
chord, while only Test 2 (whole turbine with wind) would have to be
performed for each new configuration.

7. Conclusions

In this work, the development and application of an innovative
methodology for the performance characterization of small-scale VAWT
prototypes using active driving mode in wind tunnels has been pre-
sented. The proposal circumvents the typical limitations found for pro-
totypes of reduced size when conventional passive driving mode is
employed, like those related to self-starting issues, cut-in thresholds,
excessive frictional losses or narrow operative ranges. Furthermore, it
has been found to provide superior control of the tests with simpler and
cost-effective equipment, and with a better definition of the perfor-
mance curves. The ADM methodology can be easily used with comple-
mentary tests for the experimental study of the flow patterns (PIV, hot-
wire, visualization techniques, etc.).
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Fig. 11. Turbine performance in terms of power coefficient vs. tip-speed ratio.
Comparison of 2D CFD results (open-field and confined) with respect to
experimental values (original and blockage-corrected).

Table 4
Exponential fit of the parameter c,, for blockage correction.

Case Square plate Savonius SB Darrieus [29] SB Darrieus
(Present work)

Solidity © 2 1.29 0.5

Cm 3.5 3.2 2.8 1.72

A typical experimental set-up with a DC-motor as the primary driver of a

confined VAWT installed in a closed-loop wind tunnel has been employed
for the application of the methodology. Detailed uncertainty analysis
has been conducted to assure the validity of the results. Four different
tests were finally carried out to obtain the aerodynamic per-formance
of the turbine from the balance of the torque outputs. Ac-cording to
the methodology, additional evaluation of the blades drag is required
to complete the procedure.

The isolation of the blades drag from the overall mechanical losses
has been identified as the most difficult challenge of the methodology.
For that purpose, a 2D CFD simulation of one single rotating blade has
been finally proposed as the most convenient method to estimate its
contribution in terms of economy and reasonable accuracy. In
addition, it has been confirmed that the influence of the strut parasitic
drag must be accounted for in wind tunnel testing of small-scale
prototypes for a precise determination of the aerodynamic torque.
Although this para-sitic drag may be affected by the flow deceleration
of the turbine, it has been demonstrated that the influence of a
corrected strut drag with an apparent inflow velocity is minimal. In
fact, it can be neglected in the case of low-to-moderate induction
factors.

To conclude, final experimental results obtained with the proposed
methodology have been presented for a typical H-type VAWT turbine
with three DU 06-W-200 airfoil blades. To take into account blockage
effects in the wind tunnel, specific correlations for VAWT turbines
have been adopted and customized for the solidity of the present
design. Complementarily, a 2D URANS simulation of a similar
confined layout of the turbine has been developed for validation
purposes. After scaling, the numerical performance curve has been
compared to the full 3D experimental results, obtaining a
remarkable agreement. The final aerodynamic power coefficient of
the turbine predicted by the different methodologies indicates that the
experimental procedure developed for this investigation is a reliable
and valuable tool for other researchers in the field.
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4.1. Resumen

Como se ha mencionado anteriormente, los ensayos en tinel aerodinamico son una de las
herramientas mas importantes para el estudio de VAWT, pero presentan una complicada
problematica dificil de superar. Este trabajo presenta el desarrollo formal y la aplicacion de una
metodologia alternativa para la caracterizacion sin contacto de las fuerzas de empuje y el
rendimiento de la turbina, utilizando datos procedentes de mediciones de flujo. Realizando un
nimero muy asequible de mediciones experimentales del flujo, se obtienen datos suficientes
que permiten la aplicacion de la teoria de Volumenes de Control (VC), superando los tipicos
problemas mecanicos derivados de los prototipos a pequefia escala. Esta metodologia
alternativa es de especial interés en montajes que presentan configuraciéon confinada o
dispositivos de aceleracion de flujo (FADs), asi como para estudios centrados en técnicas de
visualizacién del flujo como PIV o ensayos sobre varias maquinas a la vez.

En este trabajo se han realizado medidas completas de la presion de entrada y el perfil de
velocidades de la estela, para varios TSR distintos. Ademas, se ha medido también el perfil de
velocidades en el centro del hueco inferior entre la turbina y el tinel. Estas medidas por si solas
proporcionan informacién interesante sobre la naturaleza del flujo. No obstante, lo mas
relevante es que a partir de estas mediciones, se han estimado el empuje, el par y el rendimiento
de la turbina estudiada mediante la teoria de VC, obteniendo una buena concordancia con los
datos experimentales anteriores. La metodologia descrita revela como un nimero moderado de
medidas experimentales es suficiente para obtener la curva de rendimiento con una precision
razonable. Ademds, se ha realizado un andlisis detallado sobre la incertidumbre, para
comprobar la validez del método y prever variables criticas que requieren una precision
especial.
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ARTICLE INFO ABSTRACT

Keywords: Renewable technologies are the focus of today’s energetic scenario. In this context, vertical axis wind turbines
Vertical axis wind turbine (VAWT) have been attracting interest in the last decade as they emerge as good candidates for urban applications
VAWT

and deep-water, multi-megawatt, offshore projects. Nevertheless, their current development state is still limited.
Wind tunnel testing is one of the most important tools for their study, but involves high infrastructure costs,
which lead to an important downscaling of the prototypes and the consequent problems associated. This work
presents the formal development and use of an alternative methodology for characterization of turbine thrust,
torque and performance without contact, using data from flow measurements. This is achieved by applying
Control Volume (CV) theory which overcomes the typical mechanical issues derived from small-scale prototypes.
Complete inlet pressure and wake velocity measurements have been performed and are presented here. From
these measurements, turbine thrust, torque and performance have been obtained through CV theory, revealing
good agreement with previous experimental data.

Wind tunnel
Performance characterization
Control volume theory

their aerodynamics are far complicated and there is still a lack of
agreement in a best reference rotor design [3]. Hence, despite their
interesting advantages, there is an important lack of real-scale projects,
especially in the offshore setting [4]. In the urban application, were
there is a small, but stablished, market for these turbines, the biggest
setback is the low quality of the wind resource [5]. Thus, one of the
latest trends in this field is flow augmentation, achieved either with
devices as deflectors or wind lens, or taking advantage of architectural
features [6]. Nevertheless, these devices, as well as the turbines are still
in development and more research is needed to obtain competitive
products.

Wind tunnel testing is vital for the study of this technology, both for
the validation of models and simulations and for enhancing the under-
standing of the flow interactions, which ultimately produce the power
output. However, there are some intrinsic problems derived from
downscaling that conventional testing methodologies strive to over-
come. Mainly, the torque measurement with torquemeters [7] or pas-
sive/resistant devices (Prony or electromagnetic brakes [8,9]) increases
the mechanical resistance, thus compromising the testable operative
ranges. Though sophisticated control systems have been proposed to
measure positive torque gradients for the torque-speed ratio curve [10],
important restrictions still arise at low power regimes. Therefore, the

Introduction

The global awareness for the 17 Sustainable Development Goals
(SDG), where climate action and demographic sustainability are basic
pillars, is driving international governments to strongly support
renewable energies, economically, legislatively, and politically. How-
ever, to meet the ambitious objectives being raised, as achieving net zero
emissions by 2050, a massive effort is still needed. Conventional wind
power and solar photovoltaic are the technologies currently leading the
renewable scenario, with the focus on upscaling. However, with the
incoming addition of hydrogen and other grid stabilization and/or en-
ergy storage technologies, alternative power generation technologies
may still have a role in decarbonization. Furthermore, poly-generation
and integrated technology approaches are becoming more common
every day, not only in the industrial sector [1] but also in the residential
one [2]. Therefore, in this framework, these alternative power genera-
tion technologies can find synergies and provide interesting and cost-
effective solutions.

In this context vertical axis wind turbines (VAWT) have been
receiving increased attention in the last decade, with deep water
offshore and urban environments as their main applications. However,
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Nomenclature

ADM Active driving mode

b Wind tunnel test section width

c Turbine blade airfoil cord

Cp Power coefficient (%)

Ccv Control Volume

D Turbine diameter

F Acting forces on the fluid

Fy Frictional shear forces on the tunnel sidewalls (wall)

Fy Thrust force
Wind tunnel test section height

H Turbine blade Span

L, Turbulent intensity for the streamwise component, in
position i

k Turbulent kinetic energy

m Mass flow rate

w Normal vector of control surface

N Number of blades

pi Static pressure in position i

D; Fluctuating term of the static pressure in position i

P; Averaged term of static pressure in position i

PDM Passive driving mode

Qi Volumetric flow rate in position i

R Turbine radius

S Control surface

t Instant of time

T Time vector associated to a variable in position i

T Time period

Taero Aerodynamic torque

u; Streamwise component of total (averaged plus fluctuating)
velocity in position i

u; Fluctuating term of the streamwise component of the velocity
U; Streamwise component of averaged velocity in position i
Vi Transversal component of total (averaged plus fluctuating)

velocity in position i

V; Fluctuating term of the transversal component of the
velocity

Vi Averaged wind velocity measured in position i

Voo Reference wind velocity (V1)

Vi Transversal component of averaged velocity in position i

Wois Viscous drag energy losses in the walls

Wihear Shear losses in the walls

Wr Mechanical energy of the turbine

x Streamwise direction

y Transversal direction

Z Vertical coordinate of measurement positions

az Averaged wind velocity angle in a point of the turbine
section outlet (near wake)

AP;_; Pressure difference between different i positions

yl Tip-speed ratio (%)

p Air density

o Turbine solidity (Z)

Ti Shear stress in position i

@ Turbine rotational speed

0 Position 0, wind tunnel settling chamber

1 Position 1, wind tunnel nozzle outlet

1 Position 1/, turbine section inlet

2 Position 2, turbine section outlet

—mid Referred to a variable measured in the midplane (Z = 0)

—gap  Referred to a variable measured in the center of the gap
between the turbine and the floor of the test section (Z = —
0.75H)

development of alternative methodologies which are able to avoid these
difficulties is inherently interesting.

This work presents an alternative methodology based on perfor-
mance assessment without contact, obtained from the study of the flow.
This alternative methodology is of special interest in set-ups which have
a confined configuration or the previously mentioned flow augmenta-
tion devices, as well as for studies which are centered in flow visuali-
zation techniques as PIV [11]. In both cases, active driving mode (ADM)
tests can be applied, producing an equivalent flow behavior to the
conventional passive driving mode (PDM) [12,13]. This has the
advantage of avoiding cut-in problems and other issues derived from the
low available torque with respect to the set-up mechanical losses. Then,
carrying out a very affordable number of experimental flow measure-
ments, sufficient data is obtained allowing the application of Control
Volume (CV) theory.

Although specifically developed for research environments at the
laboratory, the methodology can be applied for real-scale turbines.
However, significant difficulties, like the proper definition of control
volume or the cost-effective extension of the measurement rakes, dis-
courages its application in favor of a direct mechanical characterization
of the turbine performance.

Up to the authors’ knowledge on open literature, this is the first time
that CV theory is used to provide valuable results for the experimental
characterization of VAWTs performance at lab scale. When small-scale
prototypes have to be tested in research facilities, the direct determi-
nation of mechanical variables for performance measurement can be an
issue. Alternatively, aerodynamic variables can be better measured and
CV theory employed as a feasible option to complete the mechanical and

power balance of the turbine at a convenient cost. In this paper, the
methodology described reveals how a moderate number of experimental
measurements is sufficient to obtain the performance curve with a
reasonable precision. Moreover, a detailed analysis is performed on
uncertainty control to check the validity of the method and foresee
critical variables requiring especial accuracy.

This work presents a successful application of this methodology to a
VAWT wind tunnel set-up described in section 2 and includes the formal
development of the control volume theory analysis (section 3). The re-
sults from the experimental flow measurements, which serve as basis for
its application, are shown in section 4, whereas results from the appli-
cation of CV theory are exposed and discussed in section 5. Finally,
conclusions are drawn, and future works are proposed in section 6.

Experimental set-up and measurements

For this investigation, a specific set-up was designed and arranged in
the facilities of the Fluid Mechanics Area of the University of Oviedo.
The experiments were performed in the “XAWT” (Xixén Aeroacustic
Wind Tunnel), which is a medium size, closed-loop wind tunnel powered
by a 30 kW axial fan. The test chamber is anechoic with a cross-section
area of 4.45x2.80 m? and 4.2 m in length. Fig. 1a), displays a general
view of the facility. Velocities up to 22 m/s can be achieved for a mean
turbulence intensity around 0.7 % in the test section of 1.15x1 m%
additional data can be found in [14]. A semi-confined environment is
used to enclose the vertical axis turbine, so the dimensions of the test
section are preserved towards the exit (extension of 1.7 m). A detailed
diagram of the layout of the test chamber with the turbine enclosure is
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found later in Fig. 2.

For this research, preliminary aerodynamic measurements of an H-
rotor VAWT, performed for a previous work [15], are used in combi-
nation with some additional data. To evaluate the performance of the
turbine, the authors have recently developed and presented a novel
methodology based on active driving mode tests (ADM). This method-
ology is able to overcome the intrinsic problems from downscaling in a
lab environment, assuring good results with remarkable agreement to
equivalent CFD simulations. More details can be found in [16]. Pre-
cisely, those results are used now as a reference to analyze the outcome
of the present work.

The studied turbine was designed for urban environments [17] and it
is composed of 3 straight blades (N) with airfoil profile DU 06-W-200,
each of them supported by two airfoil-shaped struts with the EPPLER
863 profile (for minimum drag). The dimensions of the scaled prototype
are: 0.8 m of diameter (D), 0.6 m of span (H) and 0.067 m of airfoil cord
(c), corresponding to a solidity (¢ = 2Nc/D) of 0.5 and aspect ratio (H/
D) of 0.75. Fig. 1b), shows the turbine prototype inside the test section of
the wind tunnel.

Regarding instrumentation, several pressure transducers were used
in combination with pressure tabs to measure static pressures and/or
with probes to measure wind velocity. In particular, a digital, differen-
tial pressure manometer has been used to measure the inlet velocity,

Original test chamber

3H-Probe
Z=0; Z=-0.75H;
52 (Y):Q'g (.V)

Turbine

Modular test chamber
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(b)

Fig. 1. a) Picture of general overview of the wind tunnel. b) Turbine prototype inside the test section of the wind tunnel.

from the pressure difference between the settling chamber and the
nozzle outlet. Due to the contraction ratio of 16:1 in the nozzle, the wind
velocity in the settling chamber is assumed negligible. For all the
experimental dataset, a nominal test velocity of 7.5 m/s has been fixed.
Two additional digital manometers were used to measure mean static
pressure differences between position 1 and 1’ and between position 1
and 2 (see Fig. 2). A pitot tube was used in the center of the test section at
position 1’ to obtain the streamwise velocity upstream of the turbine.
Finally, a tailor-made 3-hole pressure probe (“Cobra” type) was used in
position 2 to measure in-plane velocity components of the horizontal
wake. This pressure probe has been previously developed and tested by
members of the research team in precedent works [18,19] and provides
a wide angular range of + 80 deg. This significant feature, and the
inherent characteristics of the probe, make it an exceptional tool for this
kind of measurements. The Cobra probe is mounted in a positioning
system which allows an easy and precise transversal displacement to
measure accurately the wake velocity profile. A figure featuring the
positioning system and the Cobra probe can be found in the supple-
mentary material accompanying this article.

The measurements were performed in 3 stages. Firstly, the upstream
velocity was measured with the pitot tube for 5 different tip-speed ratios
1= % , where 1 is the tip-speed ratio,  is the rotational speed of the
turbine, R is the radius and v, is the reference wind velocity v;). To

heights:
7Z=0 14—

2Z=—0.75H

Fig. 2. Three-bladed H-VAWT installed inside an hybrid modular enclosure for the test chamber of the XAWT wind tunnel.
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avoid any downstream interferences, these single measurements were
completed independently, removing the pitot afterwards. Secondly, in
order to obtain a detailed insight on the performance and aerodynamic
behavior of the turbine, intensive measurements were performed for 9
different tip-speed ratios at both inlet and outlet midspan sections of the
enclosure. The inlet wind velocity (v;) was kept constant, while the
rotational velocity was modified using active driving mode by means of
a DC motor. For each tip-speed ratio, meantime wake velocities and
incidence angles were measured transversally in the mid-plane at 39
positions (3 cm resolution approximately). While these measurements
were obtained, both pressure differences AP, ;; and AP;_, as well as
the inlet velocity, have been also recorded, and time-averaged later.
Finally, the procedure is repeated placing the cobra probe in the middle
of the lower gap between the turbine tip and the enclosure end-wall,
which corresponds to a height of Z = — 0.75H below the mid-plane.
A complete diagram of the set-up layout and the measurement posi-
tions is included in Fig. 2. The uncertainties of the instrumentation used
in this work have been detailed in a table included in the supplementary
material accompanying this article.

The complete set-up used allows the application of Control Volume
(CV) theory in the dashed-red volume defined in Fig. 2. The next section
presents in detail the formal development and analysis of this procedure.

Control volume theory

Integral relations obtained from control volume theory can be
applied over a turbomachine to evaluate its performance in terms of
torque, power consumption and exerting forces. Using the Reynolds
transport theorem, balances of mass flow, linear and angular mo-
mentum, and energy can be established in multirow environments over
integral flow quantities for that purpose. Alternatively, the direct inte-
gration of differential balances within the rotor domain provides
equivalent formulations for the estimation of the machine performance
[20].

Despite it is usually considered as a preliminary approach for the
analysis of the internal flow in turbomachinery, CV has been used suc-
cessfully by several authors to obtain valuable results for both axial and
centrifugal geometries [21-24]. Note that a precise analysis requires the
inclusion of centrifugal, Coriolis, viscous and blade forces acting in an
unsteady fashion, though unsteady components are usually not included
in the framework. This has been quite controversial since the demon-
stration of the necessity of unsteady flow in turbomachines [25], but
generally circumvented using CV surfaces outside the blades’ vicinity.
Time-averaging can also be employed to retrieve the mean-time per-
formance of the turbomachinery, thus introducing additional terms that
must be addressed conveniently.

Mass conservation

In the case of the VAWT under study, the control volume depicted in
Fig. 2 has been defined for further consideration. Inlet and outlet sec-
tions are denoted as (1) and (2) in the figure, with the CV encapsulating
all the adjacent blade walls and other solid boundaries. Note that the
vertical axis responsible for the turbine rotation corresponds to the axial
direction (z-coordinate).

Despite of the cylindrical geometry of the turbine, Cartesian co-
ordinates have been preserved in the following analysis. This is more
convenient because the velocity distributions at both inlet and outlet
sections are expressed according to the streamwise (u) and transversal
(v) directions more easily. After some algebra, the mass conservation
equation can be rearranged and expressed as follows:

0
—/ pdV+/—pu1dS+/pu2dS:0 6]
ot)cy 1 2

All the flow variables can be split into average and fluctuating terms
due to total unsteadiness (turbulence and periodic wake shedding). In a
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2D fashion at the midspan section of the turbine, it is expressed as:
u=U+u,,v:V+v, (2)

where the mean quantities are defined as time averaged variables over a
sufficient amount of time.

+T =T

1 1
U:T/u(t)dt;V:T/V(l)dt ®

t t

The time-averaged value of the axial torque can be obtained applying
the averaging operator over equation (1). The temporal term is
cancelled and taking advantage of the averaging properties, this final
expression for incompressible flow is easily found:

/U]dS = /UzdS = /UZ.gap dS+/U2.mid ds (C))
1 2 2 2

where the outlet section (2) has been split in two different zones (see
Fig. 2): the inner region corresponding to midspan locations of the
turbine (mid) and the outer region for the vertical clearance with the
ducted tunnel (gap).

Linear momentum

In general, the temporal variation of the linear momentum is a
consequence of the momentum exchange in the inlet and outlet sections
of the control volume, as well as the contribution of both static pressure
and shear stress acting on the surfaces of the control volume. A partic-
ular form can be retrieved to isolate the force acting on the surfaces of
the turbomachinery, resulting in the following classical expression (a
nice derivation can be found in [20]):

S F= 73/ p7dV+/dm71f/drthJr/(fﬁ’lpldS)
ot)cy 1 2 1

+ /( - szzds) + /( - ?mds> + /( - ?mds> (5)
2 1 2

where dm = p dS -V represents the differential mass flow rate and 1,
2 are identified as inlet and outlet sections respectively. All the terms in
the equation are fully unsteady and stand for the accumulated (integral)
contributions of the momentum of static pressures and shear stresses at
flow boundaries, as well as the impulse of both incoming and outgoing
momentum flow rates. The temporal variation of enclosed kinetic im-

pulse in the CV is also considered. The left-hand side term, ?, includes
volumetric forces (i.e. gravitational forces), frictional shear forces on the
tunnel sidewalls (wall) and the overall force exerted by the VAWT. Of
particular interest is the streamwise component, F,, acting on the tur-
bomachine since it provides the expression to obtain the axial thrust:

]
FotFy=—o | pudv+ /(pl + pui) dS — /(p2 + pu3) dS (6)
cv 1 2

where the shear stresses on both inlet and outlet sections are vanished.
Finally, the time-averaged expression for the linear momentum equation
can be obtained considering second-order statistics for the x-velocity
component (u? = w2 + U?) and first-order decomposition for the static
pressure (p = P + p'), resulting:

F = 47+/[P1 +p(U2 +12)] de/[Perp(U%Jru_%)] s
1 2

In the present analysis, the inlet section (1) is located far upstream

(at x = — 1.85D) to avoid interference effects of the turbine blockage,

thus being relevant the longitudinal wall friction in the tunnel. Simple

considerations, based on the D’Arcy-Weisbach equation, can be

employed to express the tangential force as a function of the pressure
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loss in the duct, giving to: F,, = AP, , hb, where h and b represent the
height and width of the enclosure respectively.

Finally, equation (7) requires the evaluation of the turbulent quan-
tities. It is a common practice to define the turbulent intensity for the
streamwise component, I, as the ratio between the fluctuating velocities

and its mean value according to: I, = vu'2/U. Consequently, the final
equation to retrieve the time-averaged thrust on the turbine yields:

F. = 7FHrhb+/l[P1 +pU,2(l+If7l)]d57/2[P2+pU§(l+va2>] ds
(€)]

Though not expressed in eq. (8) for compactness, the outlet integral
(2) is also split into the midspan (mid) section and the outer region of
vertical clearance (gap) for further evaluation.

Energy equation
The general expression for the exchange of mechanical energy with

the turbine (neglecting heat transfer and variations of internal energy
and elevation) is expressed as:

0 1 P 1
-2 /C V(fv)dw /1 {Fl+§7"7‘} pdST T
P 1
+/|:72+§7272:| pd57272+/<—?mds71>
2 1

+ /( - 7212dS72)
2
9

The triadic tensor terms derived from the time-averaged transport of
kinetic energy in the inlet and outlet sections complicates the evaluation
of eq. (9). After some manipulation, this contribution (in vectorial form)
can be arranged as follows [26]:

- WT - Ww's =

(17?)771 {(U2+V2)U+(u ) U+ -+ +2(U+ ViV
2 2LV VAV (4P VA (2 )V +2(+Uuv + V)
(10

Following, with the time-averaging operator applied over eq. (9), a
reordering of all the terms leads to:

Sustainable Energy Technologies and Assessments 54 (2022) 102811

experimental observation that the stress-intensity ratio v/ /k can be
approximated to 0.3 in the log layer of thin shear layer flows [27], being
k the turbulent kinetic energy, and assuming isotropic turbulence sou? =
2k/3, the turbulent quantities involved in [II] can be expressed as a
function of the mean values. Thus, also using the definition of turbulent
intensity, it is straightforward to obtain:

.— 1 1
W»,-:/{Pl +§p(U12+V12)}U,dS7/[P2+Ep(U§+V22) U,dS
1 2

+/[2 U, +a2v1]pU121§1dS—/[2 U, +a* V3] pUsL2,dS — P,/ Q
1 2
12)

where a? = 0.45 and the third term [III] has been assumed to be
negligible [26]. In addition, the energy loss due to the shear stresses at
the entrance and exit cross sections of the flow channel in [IV] must
usually be ignored in practical applications.

This final equation (12) allows to compute the aerodynamic power of
the VAWT as a function of the mean time values of the flow field
measured at both inlet and outlet sections. A rough estimation of the
turbulent intensity for the streamwise component must also be provided
in order to analyze the averaged impact of the flow fluctuations in the
aerodynamic power. Moreover, assuming uniform pressure distributions
at both sections (at the inlet it is fulfill due to symmetric kinematic
conditions at the nozzle discharge, whereas there are atmospheric
conditions at the flow discharge), the pressure work can be easily
evaluated. Note that only in-plane components have been considered
relevant: local variations of out-plane components related to departure
from 2D flow in the axial direction (at midspan) and streamwise mixing-
out within the turbine enclosure are considered marginal for the eval-
uation of the turbine power. As before, the integral in section (2) has
been divided in the inner (mid) and outer (gap) zones for the evaluation
of the velocity distributions measured experimentally.

Measurement results
Upstream velocity and inlet pressure drop

The evolution of the upstream velocity at the turbine inlet, normal-
ized by the incoming velocity, is shown in Fig. 3a). At low tip-speed

— 1 1
w,:/[P1 +§p(U12+V12)U1dS—/{P2+§p(U22+V22)U2d5}]-i—
1 2

Ul
1

2 )

— ) ) o 1 5 ) ) o
/7 {(u% +v}) Uy +2(Uni + Vyuyvy) pdS — /7 [(183 +v3)Us + 2(Uai3 + Vaupvy) }/)dS} +
|

1)

1

—— 1 = - | —5——— -
/l|:plul ""5/7(”% + vy ]ds - /2 {Pz”z + Eﬂ(“g + V%)“z}ds = Wnear —

m

In eq. (11), the first term [I] stands for the energy transport of the
mean-time mechanical energy of the flow. The second term [II] is
associated with the transport of turbulent fluctuations, while the third
term [III] is a pure fluctuating term. The final contribution in [IV] ac-
counts for the shear stresses at the flow boundaries and the frictional
force at the inlet duct.

Further considerations can be made for the second term in order to
reduce the number of variables concerned. In particular, introducing the

Wi

ratios (from 0.0 to 1.6), streamwise velocity in position 1’ is practi-
cally identical to the inlet velocity. Between tip-speed ratios from 1.6 to
2.5 there is a remarkable decrease of roughly 10 % in the velocity value.
Note that this result is coherent with previous experimental data
evidencing that positive net torque generation starts around a tip-speed
ratio of 2 for this rotor design [16]. From 2.5 to 3.5, the velocity drop is
slowed down, although a total reduction of almost a 15 % is perceived.
This evidence justifies the extension of the inlet section for the control
volume and the need for considering the influence of section 1-1’ in the
analysis.
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Fig. 3. a) Dimensionless mean velocity in the upstream section (mid-plane height) for 5 different tip speed ratios. b) Manometric pressure at 1 and 1’ and pressure

difference for 9 different tip-speed ratios.
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Fig. 4. Transversal distributions of velocity magnitude and flow angle as a function of the tip-speed ratio a) measured in the mid-plane of the near wake area. b)

measured in the axial gap of the near wake area.

Figure 3b), shows the evolution of the static pressure measured at the
turbine inlet for the whole range of tip-speed ratios tested. It is expressed
in relative terms (gauge) since the manometric pressure in position 2
(P2) is atmospheric (0 Pa). The pressure loss between sections 1 and 1’
increases almost linearly with the tip speed ratio, exhibiting a quite
small difference that ranges from 6 to 12 Pa (blue dashed line). The
pressure drop across the turbine is quite similar, ranging from 0 to 15 Pa
(green dashed line), although its increasing trend somewhat resembles
the behavior of the turbine performance curve. Note that the total
pressure difference between the inlet and outlet sections of the CV is

significant, ranging from 8 to 28 Pa (red dashed line).

Wake velocity profiles

A complete characterization of the wake velocities and in-plane flow
angles has been performed transversally in position 2 for the whole
range of tip-speed ratios. Fig. 4a) shows the results of the measurements

, made

conducted in the mid-plane (Z = 0). The velocity magnitude ‘?2

dimensionless with the inlet velocity, is plotted along the transversal
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position over the turbine diameter, in the left graph. Vertical dashed
lines indicate the turbine width. The light blue area of the graph cor-
responds to the zone in which the turbine blade is moving leeward,
while the light red area corresponds the windward zone. The velocity
distribution for each tip-speed ratio has been colored according to the
color-bar scale. There is a progressive increase in the velocity magnitude
at the lateral sides, especially in the leeward area. Likewise, in the wake
of the turbine there is a remarkable decrease in the velocity magnitude,
particularly in the windward area in which a 50 % reduction with
respect to the inlet velocity is observed at the highest tip-speed ratio.
Regarding the flow angle (right plot), there is a significant increment
across the whole range of tip-speed ratios, indicating a progressive
enlargement of the transversal component of the velocity that matches
the direction of rotation of the turbine. This angle increase is mostly
appreciated in the windward area.

In Fig. 4b), similar velocity and angle profiles are presented, but now
corresponding to the central line of the gap (axial clearance, Z = — 0.75)
between the turbine and the wind tunnel.

The overall magnitude of the velocity in this section is quite constant,
except for the central part, which is probably affected by the shaft
shadow. On the sides, the shear layer produced by the wind tunnel walls
is easily identifiable. As it can be noted, there is a remarkable increase of
the gap velocity, achieving almost 140 % of the inlet velocity. Also, there
is a noticeable increase in the magnitude of the angle, especially in the
windward area, indicating a widening of the stream.

Control volume theory results

Steady measurements shown in previous section have been
employed to evaluate the integral relationships derived from CV theory
for the present set-up (equations (4), (8) and (12)). Unsteady contribu-
tions due to turbulence have been introduced assuming characteristic
turbulent intensity levels for both mid-span and gap zones. These values
were roughly estimated based on auxiliary hot-wire measurements and
results from CFD simulations. In particular, an averaged turbulence level
of 0.7 % has been assumed at the control volume inlet, while an
increased turbulent intensity of a 12 % was employed at the turbine exit,
and a 2 % in the gap section. Although unsteady effects can be relevant
and should not be omitted, it is demonstrated that a precise quantifi-
cation of the turbulence level is marginal for a correct application of the
method. In following section 5.4, other factors are shown to have a
critical impact for a sufficient characterization of the turbine
performance.

Mass conservation

Two approaches have been compared to assess the minimum number
of measurements required for a representative application of the control
volume theory. Firstly, applying mass conservation (eq. (4)), the flow
rate in the gap region of the outlet section can be derived from the

Table 1
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measurements at the mid-plane. Following, this result is compared with
the flow rate computed directly from the measurements in the center of
the gap clearance (considered representative for the hole gap). Table 1a)
shows the flow rates for the different tip-speed ratios measured and the
flow rate obtained indirectly from mass balance for the gap area. Like-
wise, Table 1b) shows the resultant flow rate in section 2 obtained from
the use of the gap measurements. Also, the absolute and relative dif-
ferences in the computed flow rate at the outlet are provided. Note that
the maximum flow rate difference is only a 3 %, in the case of the highest
tip-speed ratio. Moreover, characteristic discrepancy can be established
around 1 % which it is remarkably low to validate the assumption of
planar flow.

Linear momentum

Linear momentum equation has been applied to obtain the axial
thrust of the turbine. Typically, the direct measurement of aerodynamic
forces is a complex task, involving elaborate set-ups where the turbine is
installed on a multiple component balance. Moreover, at a lab scale
these forces are significantly small, which usually compromises the
obtention of a reliable value. Complementary methods for an indirect
estimation of the forces in VAWTSs prototypes are thus interesting and
demanded.

Consequently, both approaches (applying continuity or measuring
the gap flow) have been compared for the estimation of the axial thrust
using equation (8). The obtained results are shown in Table 2. Thrust
forces range from almost 0 to 11 or 14 N (depending on the approach)
which are coherent values for this kind of turbine rotor. In addition, the
greatest difference in the estimation of the reaction force at the outlet
gap is only a 10 % at the highest tip-speed ratio, which it is a quite
remarkable result considering the small values of those forces. In this
worst case, maximum differences between approaches represent only a
couple of N for the overall thrust of the turbine.

Energy equation

Finally, the measured data is employed to evaluate the integral terms
of the energy equation to obtain the performance curve of the turbine.
Equation (12) provides the aerodynamic power directly, which can be
further divided by the rotational velocity to retrieve the aerodynamic
torque. The results are compared with the experimental measurements
obtained from the application of the ADM methodology in the same set-
up [16].

Fig. 5 shows the power coefficient (Cp = 2wTgero/pDHV2,) versus tip-
speed ratio in a non-dimensional form. The same figure in terms of
aerodynamic torque versus rotational velocity can be found in the sup-
plementary material accompanying this article. Results derived from the
application of mass conservation are plotted with red circles and dotted
lines. Likewise, results using the gap measurements are plotted with
green squares and dotted lines. The experimental results are represented

a) Computed volume flow rates using mid-plane measurements and continuity equation. b) Computed volume flow rates using mid-plane measurements and gap
measurements. Absolute and relative differences in computed flow rate at the outlet (position 2).

(a) )

A Q1 =Q2 Q2mid Q2gap (Continuity) Q2gap (meas.) Q2 Eabs E;

[-] [m®/s] [m®/s] [m®/s] [m®/s] [m®/s] [m®/s] [%]
0.65 8.77 5.33 3.44 3.56 8.89 -0.12 —-1.33
0.87 8.76 5.19 3.57 3.60 8.80 —0.03 —-0.39
1.27 8.75 5.13 3.62 3.68 8.82 —0.06 —-0.71
1.65 8.74 4.89 3.85 3.78 8.68 0.07 0.75
2.06 8.85 5.09 3.76 3.90 8.99 -0.14 —-1.57
2.45 8.84 4.81 4.03 4.03 8.84 0.00 —0.02
2.76 8.82 4.53 4.29 4.14 8.67 0.15 1.74
3.23 8.81 4.24 4.57 4.37 8.61 0.19 2.18
3.55 8.79 3.99 4.80 4.53 8.52 0.27 3.03
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Table 2
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a) Computed thrust forces using mid-plane measurements and continuity equation. b) Computed thrust forces using mid-plane measurements and gap measurements.

Absolute and relative differences in computed flow rate at the outlet (position 2).

@ (b)

A Fa Fy wall Fy2-mid Fx2-gap (Continuity) Fyx (Continuity) Fx2-gap (Measured) Fx (Measured) Eabs (Fx2) Erel (Fx2)
[-] [N] [N] [N] [N] [N] [N] [N] [N] [%]
0.65 47.07 —6.86 —24.74 —15.59 —0.12 —16.80 -1.33 -1.21 7.76
0.87 47.65 —7.41 -23.58 —16.74 —0.08 -17.21 —0.55 —0.47 2.81
1.27 49.94 —-7.69 -23.25 —-17.22 1.78 —-17.97 1.02 -0.76 4.36
1.65 52.35 -8.59 —21.58 —19.46 2.72 —18.94 3.24 0.52 —-2.67
2.06 56.26 —-9.15 -23.70 —18.61 4.79 —20.14 3.27 —-1.53 8.22
2.45 60.85 —-10.14 —-21.79 —21.33 7.59 —21.49 7.44 -0.15 0.75
2.76 65.15 -10.86 —19.81 —24.22 10.27 -22.65 11.84 1.57 —6.48
3.23 68.31 —-12.11 —-17.91 —27.38 10.91 —25.29 13.00 2.08 -7.63
3.55 70.61 —12.99 —16.29 —-30.23 11.10 —27.18 14.15 3.05 —10.09

“ CV (continuity) = = =Combined CV approach
= CV (meas.) —&— FExp. (Santamaria, 2022)
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Fig. 5. Computed aerodynamic performance as a function of the tip-speed
ratio. Comparison of results from the application of CV theory with experi-
mental measurements.

with blue triangles and continuous lines in the figure.

For low tip-speed ratios (below 1.27, corresponding to 230 rpm), the
results obtained with the CV theory are not consistent with the experi-
mental values. Power coefficient and torque values drop severely to high
negative values ([-0.1, —0.23] and [-1, —2.2] Nm for the continuity and
the gap measurement approaches respectively), revealing that the
measured values are excessively small to obtain reliable estimations
from the integral relationships. For moderate tip-speed ratios, between
1.27 and 2.76 (505 rpm), the results of the CV theory with the continuity
approach perfectly reproduce the experimental curve for both torque
and performance coefficient. Alternatively, the CV results using gap
measurements present important discrepancies, exhibiting significant
oscillations. Finally, in the case of high tip-speed ratios (above 2.76), the
results of CV theory using the gap measurements predict the experi-
mental curve beyond the maximum point with high accuracy, while CV
results using continuity suffer from a sudden, overestimated drop.

The deviation of the continuity-based CV theory at high tip-speed
ratios is produced by the blockage effect of the turbine, which in-
tensifies the relative importance of the gap flow. The moderate-to-low
solidity of the turbine prevents this effect to be relevant at low tip-
speed ratios. However, when the rotational speed is progressively
increased, the apparent flow area in the turbine zone is reduced and a
remarkable enlargement in the gap velocity is produced. Because of the
limited gap, the increased velocity reduces the flow homogeneity in the
spanwise direction. Thus, the mid-plane measurements are not sufficient
to describe the outlet flow of the whole turbine span and, hence, the
application of the continuity balance is no longer valid.

The fact that the results of the CV approach using gap measurements

approximate better the experimental curve at high-tip speed ratios evi-
dences the considerable influence of the gap over the turbine perfor-
mance. However, this approach is also susceptible of introducing errors,
especially at moderate tip-speed ratios, as observed in the points of tip-
speed ratio 2.06 and 2.76, clearly out of range. This feature indicates the
need for a concise assessment of the relevant variables introducing
major uncertainties in the estimation of the turbine performance. A
thorough analysis is presented in section 5.4.

To conclude, a performance curve based on CV theory is finally
provided using the combined results of both approaches (plotted in
Fig. 5 as a dashed, black line). A sum of sine waveforms has been used to
blend the different datasets. In general, flow velocities at the gap can be
derived from mass conservation to determine the torque and power
coefficient curves when positive torque gradients are guaranteed (cor-
responding to low-to-moderate tip-speed ratios). On the contrary, the
gap velocity and flow angle should be measured in case of high tip-speed
ratios. The coherence of the results corresponding to very low tip-speed
ratios requires further evaluation and ultimately it could be replaced by
placing a first point in the origin.

Error transmission and influence

This paper is concluded presenting a detailed assessment of the most
critical variables showing a major impact on the CV results. In partic-
ular, a thorough empirical analysis has been performed on error trans-
mission and influence over the final performance figures. For that
purpose, 1 % and 5 % deviations were applied to the measured variables
independently, to evaluate the effect of these deviations in the final
results. Special attention is devoted to the pressure and velocity com-
ponents at both inlet and outlet sections of the control volume. Negative
deviations were also applied, obtaining an almost fully symmetrical
response, so they are not shown here for simplicity. The errors of the
performance coefficients have been reduced to a single value by
applying the Euclidean norm, in the following way:

oo VE(G )
[ e

where Cp contains the values of the power coefficient for every tip-speed
ratio in the original curve and Cj are the deviated curves for each
deviated variable. This is performed both for the continuity equation
approach and the approach using gap measurements. The results for
both approaches have been included in Fig. 6.

As expected, small errors in the measurements of the pressure and in
the streamwise component of the velocity can cause large errors in the
final performance coefficient, thus indicating that these variables are the
most critical to the procedure. In the case of the continuity approach, it
is shown that errors in the power coefficient estimation can be as high as
a 60 % if pressure and velocity measurements are deviated roughly a 5 %

E,(CP) = (13)
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Fig. 6. Relative errors in the estimation of the turbine performance as a function of 1% and 5% errors in the input variables. Comparison between continuity

equation and gap measurement approaches.

from its true value. Moreover, the worst situations are observed when
the gap velocity is taken from the measurements, though the influence of
the pressure is less important in that case. On the other hand, the
transversal component of the velocity and the turbulence intensity in the
gap have very small relevance, with deviations smaller than 3.1 % and
0.7 % respectively, for the 5 % input deviation and continuity equation
approach and even lower in the approach based on gap measurements
(1.3 % and 0.03 %). Turbulence intensity in the turbine region has a
slightly higher relevance, with lower output than input deviations in the
gap-measurements approach, being duplicated in the case of the conti-
nuity equation approach. In general, a maximum uncertainty below 1 %
in the measured variables is recommended to preserve inaccuracies in
the range of a 10 % in the estimation of the performance curve.

Conclusions

In this work, control volume theory has been presented as a useful
tool for performance and thrust assessment of vertical axis wind turbines
using flow measurements. The methodology has been formally devel-
oped from the theory and applied to a real set-up.

This methodology is of particular interest for the characterization of
lab-scale prototypes, where the direct measurement of mechanical var-
iables can be problematic at low power regimes. With a detailed mea-
surement and analysis of the evolution of inlet pressures and outlet wake
velocities, quality data has been provided and shown valid for the
application of control volume theory.

The range of application of this methodology is found to be limited to
the positive torque generation region, i.e. from A = 2.06 on in the present
turbine set-up, due to the quite low magnitude of the measured values at
very low tip-speed ratios. From low to moderate tip-speed ratios an
approach based on the continuity equation provides the best results.
From moderate to high tip-speed ratios, the assumption of planar flow
decays due to the increased blockage. Hence, additional measurements

are needed to obtain a more representative characterization of the outlet
flow, which allows a more precise evaluation of the torque and perfor-
mance in this range.

To conclude, remarkable agreement has been found between the
control volume theory results and experimental torque and performance
measurements, validating the procedure. Likewise, thrust results are
found coherent and in range. Nevertheless, high precision is needed in
the measurement of the velocities, as they have been identified as the
most critical variables to the application of the methodology. In
particular, deviations of a 5 % in the velocity measurements may lead to
a 60 % error in the correct estimation of the power coefficient. Thus,
overall measurement uncertainty should be kept below 1 % to preserve
maximum inaccuracies in the range of a 10 % for the performance curve.

Finally, as future works, the use of control volume theory in set-ups
different to the one studied here is proposed, being particularly inter-
esting the application of the procedure to wind turbine array testing.
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Appendix A. Supplementary data
The following are the Supplementary data to this article:

Cobra probe

Figure. Cobra probe diagram and probe positioning system.

Download : Download high-res image (161KB) Download : Download full-size image

Supplementary figure 1.

""" ® - CV (continuity) = = = - Combined CV approach
B CV (meas.) —&— Exp. (Santamaria, 2022)

0.8 - . . e
0.6 L

0.4 r

[Nm]

aero

LT

T

o
o

-0.2 it Lad 1
100 200 300 400 500 600 700

Rotational speed n [rpm|
Figure. Computed aerodynamic torque as a function of the
rotational speed. Comparison of results from the
application of CV  theory with experimental
measurements.

Download : Download high-res image (472KB) Download : Download full-size image

Supplementary figure 2.

Table. Instrumentation uncertainties.

Sensor Vanable measured Uncertainty
X ., = 0,
Differential pressure sensors APy-y, APy, APy, upp = +0.63 [Pa)
Ve Uy u, = +0.15 [m/s]
lin H0
Cobra probe (calibrated before . i 5, = +03 [m/s]
measurement) 2z Ug, = 06[]
rad
Optical tachometer ] U, = 10.011 I—l
5
Download : Download high-res image (157KB) Download : Download full-size image

Supplementary figure 3.



78

Capitulo 4

4.3. Métricas de la revista

2 Clarivate
Analytics

Journal Citation Reports

—\

Sustainable Energy
Technologies and
Assessments

2213-1388
2213-1396
SUSTAIN ENERGY TECHN

Sustain. Energy Technol. Assess.

2021 JOURNAL IMPACT FACTOR

7.632

View calculation

Journal Impact Factor Trend 2021

8.000
= 6.000
e
=
[
w
-g -
S 4,000
E
=
£
<]
7 2.000
0.000
2017 2018

Journal Impact Factor

@ GREEN & SUSTAINABLE SCIENCE & TECHNOLOGY - SCIE

12 Clarivate

Web of Science”

Journal information

Science Citation Index Expanded (SCIE)

GREEN & SUSTAINABLE SCIENCE &
TECHNOLOGY - SCIE

ENERGY & FUELS - SCIE

English USA 2018

Publisher information

ELSEVIER RADARWEG 29, 1043 NX

AMSTERDAM, NETHERLANDS

6 issues/year

JOURNAL IMPACT FACTOR WITHOUT SELF CITATIONS

6.184

View calculation

* Export

100%
75% o
o
)
2
* I
=
® 50% @
=
T
I
]
a
8% =

0%

2019 2020 2021
JCR Years

ENERGY & FUELS - SCIE

L. Santamaria Bertolin



Caracterizacion de prestaciones a partir de medidas aerodinamicas 79

SJR

Scopus
ELSEVIER

Scimago Journal & Country Rank

Sustainable Energy Technologies and Assessments

Scopus coverage years: from 2013 to 2023 CiteScore SIR SNIP
2021 2021 2021

H-INDEX
Publisher: Elsevier

ISSN: 2213-1388 6.5 1.356 1.703 48

Su bject area: (Energy: Energy Engineering and Power Technology) (Energy: Renewable Energy, Sustainability and the Environmem)

CiteScore 2021
CiteScore trend

7925 Citations 2018 - 2021

- 8 100
6.5 - o

1218 Documents 2018 - 2021

Calculated on 05 May, 2022

CiteScore rank 2021 ©
Category Rank Percentile
Energy
L Energy Engineering and Power #9235 Pth
Technology
0

2017 2018 2019 2020 2021
#62/215  w— 7]st M CiteScore value

(=

=N

CiteScore value

]

A108a3ed uj 3|13udu3g

=N W v v N Do
°cERR 883838 383

Energy

L Renewable Energy, Sustainability

and the Environment o
-e- Percentile in category

2023






CAPITULO 5

DISCUSION GENERAL Y CONCLUSIONES






Discusion general y conclusiones 83

5.1. Discusion de los resultados y principales descubrimientos

El foco de este trabajo han sido los ensayos experimentales en el ambito del estudio de VAWT
a escala de laboratorio.

En el apartado relacionado con el ensayo de perfiles en tinel de viento, se estudiaron las
fuerzas aerodinamicas y momentos de cabeceo en prototipos de placa plana y del perfil
aerodindmico DU06-W-200 con un nuevo disefio de balanza aerodinamica. Los resultados
sobre placa plana demuestran que prototipos de longitud 0.44 veces el ancho del tinel con un
factor de aspecto de 3.2 reproducen perfectamente los resultados de flujo 3D, mientras que con
longitud igual al ancho del tinel y factor de aspecto de 7.2 se consiguen resultados 2D con
minimo efecto de las paredes. Asimismo, los resultados del perfil aerodindmico demuestran que
el factor de aspecto puede ser aun menor en formas aerodinamicas. Adicionalmente, la buena
correspondencia encontrada en todo el rango angular (incluso en las zonas de flujo desprendido)
entre los resultados experimentales y los datos de la bibliografia, indica que el nuevo disefio de
balanza probado y la metodologia desarrollada son apropiados para este tipo de medidas. Los
trabajos en curso relacionados con la implementacion de un sistema de orientacion robotizado
y la ampliacion del rango efectivo de calibracion de la balanza ayudardn a conseguir una mejor
caracterizacion, particularmente en las zonas de histéresis. También se han obtenido resultados
del flujo sobre el perfil aerodinamico obtenidos gracias a simulaciones no estacionarias
utilizando el modelo de turbulencia GEKO. En estos resultados se ha encontrado
correspondencia entre la fluctuacion de las fuerzas aerodinamicas y la generacion de vortices
alternativos derivados del desprendimiento, tanto en frecuencia como en magnitud, fendmenos
relacionados con la variacion del punto de desprendimiento respecto al d&ngulo de ataque.

En el trabajo relacionado con la caracterizacion de prestaciones mediante el enfoque
mecanico, se desarrollé una metodologia innovadora para ensayar prototipos a escala en tinel
de viento basada en el método de conduccion activa (ADM). Se aplicd la metodologia a un
prototipo real y se compararon los resultados con simulaciones CFD obteniendo una notable
concordancia. La metodologia desarrollada demostro ser capaz de superar los problemas tipicos
de los ensayos de estas turbinas a pequefia escala, proporcionando un control superior de los
ensayos, con un equipamiento mas sencillo y economico que las metodologias convencionales
basadas en conduccion pasiva (PDM), y obteniendo una completa definicion de la curva de
rendimiento en todo el rango. Dentro de la problematica propia de la metodologia propuesta, la
diferenciacion entre las pérdidas mecdnicas y el arrastre de las palas en ensayos sin viento
resulta el mayor desafio. A partir de los resultados, y como solucién de compromiso en términos
econdmicos y de precision, se ha propuesto el uso complementario de una simulaciéon CFD de
un perfil en rotacion. Ademas, en este trabajo se ha demostrado la alta relevancia de las pérdidas
parésitas de los soportes de las palas y la inherente necesidad de tenerlas en cuenta a la hora de
obtener la curva de prestaciones. Asimismo, se propuso una correccion para el bloqueo de este
tipo de turbinas, basado en una adaptacion de una correccion de la bibliografia, obteniendo
resultados razonables. Dicha adaptacion relaciona el nivel de bloqueo con la solidez de la
maquina, permitiendo su aplicacion a cualquier disefio de rotor. Adicionalmente, también se
propuso una correccion para simulaciones CFD 2D, que permite corregir los efectos de la
diferencia de bloqueo al flujo en direccion vertical y horizontal, ajustando perfectamente los
resultados a entornos 3D como el ensayado.

Finalmente, en el trabajo que aborda la caracterizacion de prestaciones a partir de medidas
aerodinamicas, se realiz6 una completa caracterizacion de las presiones a la entrada y el perfil
de velocidades de la salida para multiples TSR obteniendo resultados de las fuerzas de empuje
y el rendimiento de la turbina mediante la aplicacion del método de voliumenes de control. Se
ha demostrado que esta metodologia es de especial interés para la caracterizacion de prototipos
a escala de laboratorio, donde la medicion directa de variables mecanicas puede ser
problematica. Asimismo, se ha determinado que el rango de aplicacion de esta metodologia se
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encuentra limitado a la region de generacion de par positivo, debido a la pequeiia magnitud de
los valores medidos a muy bajos TSR. Con TSR de bajos a moderados, un enfoque basado en
la ecuacion de continuidad proporciona los mejores resultados. Por el contrario, con TSR de
moderados a altos la hipotesis de flujo plano se deteriora, debido al aumento del bloqueo
(similarmente a lo que sucedia con la correccion de flujo 3D para modelos CFD 2D). Por lo
tanto, se necesitan mediciones adicionales para obtener una caracterizacion mas representativa
del flujo de salida. Al comparar los resultados con los obtenidos utilizando el enfoque mecanico
se ha encontrado una notable concordancia, validando el procedimiento. Asimismo, los
resultados de empuje son coherentes y dentro de un rango razonable. Adicionalmente, mediante
el andlisis de la incertidumbre se ha demostrado que es necesaria una gran precision en la
medida de las velocidades, ya que se han identificado como las variables mas criticas para la
aplicacion de la metodologia. En particular, desviaciones de un 5% en las medidas de velocidad
pueden conducir a un 60% de error en la estimacion del coeficiente de potencia. De esta manera,
la incertidumbre global de las mediciones debe mantenerse por debajo del 1% para preservar
imprecisiones maximas en el rango de un 10% para la curva de rendimiento.

El resultado general de la investigacion se puede resumir en que se han generado las
metodologias necesarias para el estudio de VAWT a escala de laboratorio y que permiten
superar la problematica tipica de este ambito. Esto, sumado al desarrollo de equipamiento
realizado, proporciona las herramientas necesarias para realizar ambiciosas investigaciones en
este campo. Adicionalmente, la base de conocimiento generada y la calidad de los resultados
pueden servir de referencia para otros trabajos y contribuir también al propio desarrollo de estas
maquinas.

5.2. Cumplimiento de los objetivos de la investigacion

El objetivo principal de esta tesis es el desarrollo y aplicacion de metodologias efectivas para
el ensayo experimental de turbinas VAWT en tlneles de viento. Tras una extensa revision
bibliografica y un completo trabajo de laboratorio, se ha identificado la problematica concreta
de esta disciplina y se han desarrollado las herramientas necesarias para abordarla dando
respuesta a los objetivos especificos planteados.

En primer lugar, atendiendo al objetivo especifico niimero 1, en el marco de esta tesis se ha
diseniado y construido un montaje experimental para el ensayo de un modelo a escala de VAWT
en tinel de viento. Para reducir los costes de infraestructura se han utilizado técnicas de
prototipado rapido y especificamente fabricacion aditiva. Para el ensayo del prototipo y la
caracterizacion de sus prestaciones se han desarrollaron dos metodologias diferentes que
permiten superar las dificultades de los ensayos a escala. La primera metodologia (Capitulo 3)
utiliza un enfoque mecanico y estd basada en la realizacion de varios ensayos con diferentes
configuraciones de maquina, utilizando el principio de conduccion activa (ADM).
Adicionalmente, para reducir los costes de instrumentacion y simplificar el montaje, se elabord
un procedimiento que permitia obtener el par con fiabilidad a partir de la corriente suministrada
a un motor DC, medida con una fuente de alimentacidén de laboratorio. De esta manera se
elimina la necesidad de anadir un torquimetro al montaje. La segunda metodologia (Capitulo
4) utiliza medidas aerodinamicas de la estela de la turbina para proporcionar una estimacion de
las prestaciones sin necesidad de contacto con la méaquina, aplicando el método de volimenes
de control. Para validar esta metodologia se han utilizado medidas de una sonda de presion
desarrollada en el propio grupo de investigacion, confirmando la utilidad de esta herramienta
para su aplicacion en este tipo de estudios.

En cuanto al objetivo especifico 2, relacionado con la correccion por bloqueo, en el Capitulo
3 se ha propuesto una mejora sobre una de las correcciones disponibles en la bibliografia que
permite tener en cuenta las caracteristicas de la méaquina para establecer la intensidad del
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bloqueo que genera. Ademas, a partir de las medidas aerodinamicas se ha estudiado la
relevancia de la desigualdad de bloqueo producida en las zonas superior ¢ inferior y en los
laterales de la turbina. Sobre esta base, se identificd la necesidad de corregir las ecuaciones de
la segunda metodologia desarrollada utilizando medidas del flujo en un hueco (superior o
inferior) cuando el bloqueo es alto, obteniendo mejores resultados que con la metodologia de
base (Capitulo 4). Asimismo, a partir de este conocimiento se ha propuesto una correccion del
flujo 3D para modelos CFD 2D relacionada con el bloqueo (Capitulo 3 y Seccion 6.3 del Anexo
D).

Respecto al objetivo especifico 3, mediante el trabajo presentado en el Capitulo 2 se han
sentado las bases necesarias para el estudio de perfiles tipicos de VAWT en tinel de viento. Se
han fabricado prototipos tanto de perfiles aerodindmicos como de otras secciones
aerodinamicas utilizando fabricacion aditiva. Se ha identificado equipamiento adecuado y
especialmente interesante para este tipo de ensayos, y se ha validado su uso mediante
contrastacion de medidas con la bibliografia. Asimismo, se han identificado los diferentes
factores fisicos que influyen en este tipo de ensayos y determinadas areas de mejora. Estas areas
de mejora ya estan siendo abordadas con trabajos en curso, brevemente recogidos en el Anexo
II, Seccién 7.2.

El objetivo especifico 4 ha sido parcialmente abordado mediante las simulaciones CFD no
estacionarias cuyos resultados se han descrito en el Capitulo 3. Ademas, a partir de la base del
montaje utilizado en las medidas aerodindmicas estacionarias (Capitulo 4 y Seccion 6.2 del
Anexo I), se ha concebido un sistema modular automatizado de posicionamiento de sondas
(MAPPS), dirigido a la utilizacion de sondas de hilo caliente para la caracterizacion del flujo
no estacionario. Aunque el grueso de este trabajo queda fuera del alcance de esta investigacion
y por ello se ha subcontratado, se ha participado activamente en la elaboracion del disefio y el
sistema de control. Este trabajo en curso se encuentra brevemente recogido en el Anexo I,
Seccion 7.1.

Finalmente, como se muestra en los resultados presentados en el Capitulo 3, se ha podido
evaluar la fiabilidad de modelos analiticos y CFD desarrollados por el equipo investigador,
cumpliendo el objetivo especifico 5.

Por tanto, basandose en lo anterior se consideran ampliamente cumplidos los objetivos de
esta tesis. Ademas, durante y a través de la complecion de estos objetivos se han producido
descubrimientos y conclusiones relevantes que han dado lugar a las publicaciones presentadas
en este trabajo.

5.3. Impacto e implicaciones

En primer lugar, los conocimientos y experiencia adquiridos durante el proceso de desarrollo
de los montajes experimentales permitieron la elaboracion de un programa de formacion sobre
fabricacion de prototipos experimentales, que fue presentado en el congreso internacional
MESIC9 y fue publicado en una revista indexada en SJR (Seccion 6.1 del Anexo II). Ademas,
en el plano laboral estas competencias han permitido al autor de esta tesis emprender su
actividad por cuenta propia en torno al campo de la impresion 3D, suministrando equipos y
proveyendo servicios de formacidon, mantenimiento y reparacion. Esta actividad permiti6 paliar
parcialmente la falta de financiacion en el ultimo afio de realizacion de esta tesis.

Asimismo, en el contexto de la investigacion sobre VAWT, tanto el equipamiento como las
metodologias desarrolladas han dotado al Area de Mecénica de Fluidos de la Universidad de
Oviedo con la capacidad para realizar ambiciosas investigaciones experimentales en este
campo. De esta manera se ha afianzado la linea de investigacion en la que se enmarca esta tesis,
completando los objetivos del Proyecto de Plan Nacional: “Desarrollo y construccion de
turbinas eodlicas de eje vertical para entornos urbanos (DEVTURB)” (ref. ENE2017-89965-P).
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Asi como se ha facilitado la obtencion de financiacion para su continuacion, asegurada
mediante la concesion de otro proyecto de Plan Nacional: “Optimizacién mediante técnicas de
control de flujo de una turbina eolica de eje vertical para entornos urbanos” (ref. TED2021-
131307B-100).

Este trabajo ha obtenido reconocimiento internacional mediante la aceptacion de las
publicaciones presentadas en los Capitulos 2, 3 y 4, y las comunicaciones en congresos del
Anexo I. Destaca sobre todo la publicacion del Capitulo 3, en una revista con un altisimo factor
de impacto (11.5) y posicion 3 de 138 en la categoria “Mechanics” del JCR. Ademas, esta
publicacion cuenta ya (notese que se publicod este mismo afio) con 2 citas de trabajos ajenos en
revistas indexadas. Asimismo, destaca también la publicacion del capitulo 4, en una revista con
un alto factor de impacto (7.6) y claramente creciente, encontrandose en 2019 en el percentil
52 y en 2021 en el 74 de la categoria “Energy and Fuels” del JCR.

Tabla 5.1. Publicaciones JCR.

Publicacién Capitulo Revista Fecha Cuartil  Cuartil Citas
Tesis publicacion  JCR SJR  (31/12/2022)
[1] 2 Energies 10/12/2022 Q3 Ql 0
Energy
[2] 3 Convers. 31/03/2022 Q1 Q1 3
Manag.
Sustain. Energy
[3] 4 Technol. 07/10/2022 Q2 Ql 0
Assess.
Tabla 5.2. Comunicaciones en congresos internacionales.
L, Anexo Congreso .
Publicacion . . . Lugar Fechas Revista
Tesis internacional
Gijon, Jun. 23-25 IOP Conf. Ser.:
[4] L MESIC9 Espafia 2021 Mater. Sci. Eng.
Yokohama, Sept. 13-15 )
[5] LI AICFM16 Japon 2001 J. Phys.: Conf. Ser.
Cadiz, Jun. 19-22 SFMC1-Book of
[6] LI SEMCI Espaina 2022 Abstracts

Finalmente, en lo que se refiere a transferencia de conocimiento, los trabajos realizados por
el equipo investigador en el marco de esta tesis han sido difundidos en Webinarios
internacionales. Ademas, se espera que trabajos en curso como el de la Seccion 7.3 del Anexo
II capten la atencidon de empresas regionales o nacionales, promoviendo el desarrollo comercial
de esta tecnologia.

L. Santamaria Bertolin



Discusion general y conclusiones 87

Tabla 5.3. Webinarios internacionales.

Webinario Organizador Fechas Portada

Webinar sobre
tecnologias disruptivas

«T looi Plataforma en el sector edlico :EQLTE:C
disrfif;(i)vzglc?:l Tecnologicadel  Feb. 23
214 Turbinas de eje
sector edlico” Sector Edlico 2022 VERTICAL (VAW
(REOLTEC)
Miércoles, 23 de febrero 2022
i Taller de Trabajo
Red de Energia REGEDIS - CYTED
Eblica para la
Jornadas G pat , Oct.
REGEDIS- _oeneracion 24-28 Avances en el Disefio
ATE Distribuida en el 2022 Aerodinamico de Turbinas
Cl Q Entorno Urbano de Eje Vertical (VAWT)
(REGEDIS) Viernes, 28 de octubre 2022

5.4. Posibles lineas de investigacion futuras

La mejora de la eficiencia de las turbinas VAWT desde el punto de vista aerodindmico es una
linea de investigacion bastante madura actualmente debido al gran interés que han recibido
estas turbinas en los tltimos afos. Como se explico en la introduccion, los parametros 6ptimos
de la maquina estdn mayormente acotados, asi como los mejores perfiles aerodindmicos
disponibles. El desarrollo de dispositivos de control de flujo estd alcanzando también un alto
grado de conocimiento generado y aunque continuamente aparecen nuevos disefios, su
complejidad dificilmente justifica la sutil mejora que supone su implementacion. Lo mismo
sucede con los mecanismos de aceleracion de flujo.

No obstante, hasta ahora el enfoque empleado en el estudio de las turbinas ha estado
principalmente centrado en las palas, analizandolas ademas como un elemento homogéneo en
toda su envergadura. Sin embargo, apenas existen estudios sobre elementos intrinsecamente
necesarios en estas maquinas, como son los soportes de las palas y que tienen una notable
relevancia en las prestaciones reales. Ademas, tanto la union de los soportes con las palas como
los propios extremos de las palas causan que el flujo real no sea homogéneo en toda la
envergadura. Por ello, una posible linea de investigacion futura podria ser la caracterizacion del
flujo 3D en las zonas de pala cercanas a los extremos y a los soportes y el desarrollo de
soluciones especificas para el control del flujo.

Adicionalmente, al igual que sucede actualmente con las turbinas HAWT, si se quieren
alcanzar las grandes escalas a las que las VAWT pueden ser competitivas, es necesario plantear
su estudio mediante modelos acoplados mecénicos y aerodindmicos (FEM-CFD) y estudios de
aeroelasticidad. Dado que las turbinas VAWT han sido principalmente desarrolladas en la
pequefia escala, este tipo de estudios no ha sido todavia abordado. Aunque es un campo
complejo y exigente, el desarrollo de estudios de este tipo puede suponer un paso notable en la
implementacidn de estas turbinas a escala comercial.

2023
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Por ultimo, en el camino para conseguir el desarrollo comercial de esta tecnologia, resulta
necesario superar el enfoque parcial centrado solo en la parte acrodinamica de control del flujo
y las prestaciones, y pasar a analizar qué tipo de soluciones pueden beneficiar tanto a la parte
eléctrica y de control como a la parte mecénica, o incluso a la fabricacion o al mantenimiento.
Es decir, tener en cuenta todo el proceso para generar desarrollos aerodinamicos que tengan un
impacto relevante en el coste de la energia (LCOE).

L. Santamaria Bertolin
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Abstract: Experimental testing is one of the pillars in Fluids Engineering research. The arrival
of rapid prototyping, and especially, Additive Manufacturing (AM), has revolutionized this field,
allowing fast and flexible prototype manufacturing. Among these technologies, Fused
Deposition Modelling (FDM) allows to fabricate complex parts using light, resistant, composite
materials at a very affordable cost. To harness the full potential of this technology, the fluid
dynamics engineering research group (GIFD) of the University of Oviedo started a training
program for researchers in this area. This rich and complete program is presented herein,
emphasizing its elaborate methodology and highlighting the successful case-studies derived from
its application. Knowledge and integration of this technology has granted the capability of self-
manufacturing customizable, low-cost experimental prototypes with adequate mechanical
properties and accuracy, which produce high-quality results. Additionally, it has widened
remarkably the possibilities of experimental research, resulting in a significant increase of
experimental publications.

Keywords: Experimental prototypes, Additive manufacturing, Fused deposition modelling,
Training techniques, Design for manufacturing and assembly.

1. Introduction

Experimental tests are considered one of the most important study methods in Fluids Engineering
research as they provide valuable, reliable data, which is often used for the validation of analytical and
computational models. Within the experimental testing phase, dimensional analysis is one of the most
common methodologies, which allows testing scaled prototypes at conditions equivalent to those of the
real-scale prototype and extrapolate the results. In this context, prototype manufacturing entails a
tremendous challenge, as they are on-demand single parts, subjected to design changes and usually
feature complex geometries. These characteristics make conventional prototype manufacturing an
extremely expensive and time-consuming process.

In the past, experimental prototypes in fluids engineering were frequently handmade by skilled
craftsman in materials as balsa wood, with its limitations in manufacturable geometries, shape accuracy
and material properties (the last often improved adding composites as fiber glass) [1]. On the other hand,
when metal parts were required, they were manufactured by means of conventional processes as forging,
Cont‘ent from this Wohrk n‘lay bg use{d under the terms of the Cre.ative Commons Attributign 3:0 licence. Any further distribution

BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
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casting, welding, and folding, usually demanding customized tooling equipment. These are methods
which require machining and post-processing after fabrication through different operations (drilling,
turning, milling and grinding) to achieve the desired geometries with an adequate surface finish.
Furthermore, these processes involve high initial cost and require professional operators; frequently
being profitable only for mass production, not for a limited number of parts. Additionally, they do not
allow easy implementation of design changes, which is a key aspect at prototype stage.

Nevertheless, with the arrival of rapid prototyping, and especially Additive Manufacturing (AM), the
scenario has changed radically, allowing quick physical model production directly from Computer
Aided Design (CAD) data files. These extremely flexible technologies can adapt to design changes
without need of customized tooling or cost increase, and have a wide range of materials [2].

Within AM, Fused Deposition Modelling (FDM) has become an extraordinarily useful tool for
experimental testing, allowing affordable fabrication of complex parts with light, resistant, composite
materials [2]. Furthermore, there is Computer Aided Manufacturing (CAM) software available which
reduces the need of technical knowledge needed to use the technology.

With the aim of harnessing the full potential of this technology, the fluid dynamics engineering
research group (GIFD) of the University of Oviedo started in 2018 a training program for their
researchers in this field. The main objective of this work is to show the benefits and applications of
incorporating AM and more specifically FDM, as a resource for experimental research in Fluids
Engineering, sharing the methodology used to address this task, as well as the results and experience
obtained.

2. Methodology

After the expiration of Stratasys’ patent describing the basics of FDM in 2009, there was a massive and
continuous price drop in commercial 3D printers. Hence, in 2015, with 3D printing at user reach, a PhD
student at the University of Oviedo, acquired a BQ WitBox to try the technology in the field of OWC
turbines. In his thesis and subsequent papers, he reported very good agreement between experimental
and numerical tests, validating the technology for its use in this field [3]. Based on these works the GIFD
decided to incorporate its first 3D printer in 2016.The first machine purchased was “The Beast v1.2”
from Cultivate3D, a large DIY kit printer (figure 1(a)) whose main specifications, and those from the
following machines, are detailed in table 1. Given the good preliminary results with this technology, the
GIFD decided to set up a 3D printing cluster in 2017, starting with the purchase of a BCN3D SIGMAX
dual extruder printer (figure 1 (b)).

Figure 1. (a) The Beast v1.2 from Cultivate3D. (b) BCN3D SIGMAX. (¢) HTA3D P3Steel.

Once the technology was established, the next step was to open it up for all GIFD researchers to use
in their fields. For this purpose, two intensive courses of 30 and 14 hours respectively were taught. A
summary diagram of the contents and methodology used in the training program is shown in figure 2.
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Figure 2. Summary diagram of the contents and methodology used in the training program.

First one was a one-week 3D printing course, which was given in collaboration with Prodintec
foundation (now part of Idonial) and MediaLab. Prodintec technicians were in charge of providing the
theoretical part of the course. They gave a seminar in their facilities and a guided tour, showing the
students the different existing technologies, their practical applications, and their industrial machines at
work. The rest of the course took place in the university, with an introduction to FDM by MediaLab
covering: the fundamentals and working principles, available materials, 3D model databases and
different machine types and components. Finally, researchers were tasked with assembling and
operating a series of DIY kits of Prusa i3-type printers from the brand HTA3D (figure 1 (c)), to achieve
first-hand knowledge of the technology. In addition, after the course, they were added to the GIFD 3D
printing cluster.

Table 1. Equipment specifications and characteristics.

3D printer Build Volume (mm) Hot End #hot ends Extrusion type Architecture
The Beast v1.2 470%x435%690 E3D v6 1-4 bowden cartesian
BCN3D SIGMAX 420x297%x210 BCN3D 2 bowden cartesian
HTA3D P3Steel 200x200x210 E3D v6 1 direct cartesian

The second course was intended to deepen in FDM, but it also kept a brief introduction to additive
manufacturing for researchers who did not take the first course. This course focused on teaching a
systematic proceeding to the researchers and building a solid base from which they could grow by
themselves. The course was divided in three modules:

The first module covered a brief summary of what was taught in the first course. After, researchers
were assigned projects to work in during the course.

The second module faced in depth the topic of design for manufacturing and assembly (DFMA),
which is one of the keys to exploiting the full potential of FDM technology [4]. First, some general rules
DFMA applied to FDM technology were given, as for example: rounding edges when possible in the
XY plane, to avoid mechanical and thermal stress concentrators [4]. Then, a strong emphasis was laid
in designing 3D parts for a specific part orientation, taking into consideration surface finish requirements
or mechanical properties [5]. DFMA of problematic part features was also revised, as how to make
overhangs or “bridges” printable or designing strong durable joints [6]. A strong effort was put in
exemplifying every theoretical principle with its practical application to a technical part. Furthermore,
as a practical exercise, attendants were tasked with redesigning some of their project part features to
improve manufacturing and assembly.
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The third module started covering the operation, calibration, and basic maintenance of the machines.
Then, the topic shifted to material properties and appropriate material selection for each application,
focusing specially on experimental prototypes for fluid engineering. Next, process parameter selection
was addressed from a systematic approach, identifying part features which drive certain process
parameters, as for example: details in the Z direction which require lower layer height [7]. To minimize
process parameter setting adjustments, a series of predefined profiles were created for part families
based on those characteristics. Additionally, a complete, methodical guide on problem diagnostics and
solving based on part inspection was taught, including several practical exercises in which possible
causes for the defects found in real parts had to be identified. Finally, the basic post-processing
techniques and treatments were explained, and the course ended with the researchers fabricating their
projects. As a tool for continuous improvement and targeting future courses, a feedback loop was
implemented by means of an anonymous quality survey, whose results indicated a high level of
satisfaction with the course (9.8/10).

3. Successful case-studies

After taking the courses, researchers were able to apply the new resource to their investigations. This
section shows a diverse selection of successful case-studies in which FDM was applied by the
researchers not only for manufacturing experimental prototypes, as airfoils or even complete turbines,
but also for a great number of auxiliary systems.

3.1. Auxiliary systems

3.1.1. Aerodynamic balance orientation system. Experimental characterization of airfoil profiles is one
of the active research lines of the GIFD research group. For this purpose, lift and drag coefficients are
measured with an aerodynamic balance for a range of attack angles and at different Reynolds numbers.
Achieving the correct positioning of the airfoil at different attack angles is a difficult and tedious task,
which researchers of the group were able to overcome with the design and FDM manufacturing of a
worm drive orientation system (figure 3(a)).

3.1.2. Probe positioning system. One of the most common aerodynamic measurements are wake
velocity profiles, which usually require a high number of measurement positions. The probes must keep
the same calibration angle and measurements are usually performed in two or three dimensions. The
acquired knowledge allowed the design and FDM fabricating of a simple, yet efficient, mechanical probe
positioning system (figure 3(b)). By means of a crank-pulley-wire-slider system, the desired linear
displacement is achieved by a revolution of the pulley, which has the adequate diameter. This system
allows correct probe positioning and quick and comfortable displacement, with the implicit precision
enhancement and test time optimization.

3.1.3. Epicyclic gear train. A planetary gearing system with gear ratio of 10:1 was designed and FDM
fabricated (figure 3(c)) to be used in wind tunnel experiments. It is coupled with a small vertical axis
turbine (shown further on) to reduce the starting torque required and make the turbine model rotate
easily. In fact, fabricating this gear train system using FDM added more flexibility, allowing the use of
the same arrangement to multiply the velocity in another application (gear ratio of 1:10) by only printing
one additional part, which was able to change the positions of both the drive and driven gears.

3.1.4. Venturi tube. The Venturi tube is one of the most widely used devices for measuring the flow
rate through a pipe and is present in most experimental tests involving this kind of flow. For this reason,
a Venturi has been built (figure 3(d)), measuring 1200mm in length and 350mm in diameter at its widest
part and consisting of 17 glued parts. For it to perform accurately, it has been designed in accordance
with the UNE-EN ISO 5167-4 standard and calibrated based on the velocity profile at the outlet to
calculate the real flow rate, giving a discharge coefficient of 0.99.
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(d)

Figure 3. (a) Worm drive orientation system. (b) Probe positioning system. (c¢) Planetary gear box.
(d) Standardized venturi tube.

3.2. Airfoil profile fabrication

3.2.1. Aerodynamic studies. As it was previously mentioned in sub-subsection 3.1.1. experimental
airfoil characterization is an active research line. The new knowledge and availability of FDM
technology has allowed an important cost reduction in airfoil profile prototype fabrication. For example,
a methacrylate airfoil prototype which was bought some years before, cost 20 times more than an
equivalent in-house FDM fabricated airfoil (figure 4(a)). Also, it has increased the research possibilities
since, more complex geometries can be fabricated, and design changes can be easily and quickly
implemented because the researchers control the whole process. Furthermore, results show that the
technology is valid for this application, as obtained data matches the bibliography one. An example is
shown in figure 4(b) comparing experimental data from an experimental FDM flat plate prototype and
the theoretical results obtained by analytical methods available in [8].

60

0

15 30 45

Angle
= Experimental Data  ===== Theorical Data

(b)

Figure 4. (a) FDM Airfoil prototype. (b) Comparison between experimental obtained in a FDM
prototype and theoretical data of a flat plate (Drag coefficient vs. Attack angle).

75 90

3.2.2. Vertical Axis Turbine prototypes. FDM fabricated airfoils have also been applied to the
manufacturing of vertical axis turbine prototypes, for wind energy (VAWTs), as well as for tidal currents
(VATTS).

In the first field, an existing scaled VAWT prototype for wind tunnel testing, which had broken due
to extreme centrifugal forces, was redesigned and FDM technology was used for the airfoils and several
of its components. Knowledge from part orientation was applied in the manufacturing of the blades,
achieving an increase of 43.4% in bending resistance and a 61.5% in strain and shifting fragile behaviour
to ductile at fracture. The results were obtained from the 3-point bending test of 2 blade section
specimens, manufactured with the same process parameters, but different layer orientation (figure 5 (a)).
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Also, a well optimized topology of the critical features such as joints allowed the new prototype to be
tested at the required rotational velocities. Furthermore, the cost of the new blades was astonishingly
lower, only 2% of the original ones. After 2 years of being used in demanding experiments with high
rotational velocities the prototype (figure 5 (b)) has proven to be a great application of this technology.
The results and experience gained by its testing have led to start the manufacturing a real-scale prototype
for field experiments.
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Figure 5. (a) 3-point bending test of 2 blade section specimens with same
manufacturing parameters but different layer orientation. (b) FDM turbine prototype.
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In the other field, several prototypes of Vertical Axis Tidal Turbine (VATT) have been manufactured
and tested successfully inside a water channel [9] (figure 6 (a), (b)).

(b)

Figure 6. (a) VATT prototype tested in water channel. (b) Close-up of other of
the designs manufactured.

The proposed models worked properly under the continuous hydrodynamic loading, without any
change in the design nor the properties during months of experiments. In addition, one of the
experimental requirements was to change the turbine position along a vertical axis, thanks to the FDM,
a slotted collet (collet chuck) mechanism was fabricated and equipped with the VATT to achieve more
than one vertical position. Also, other accessories were fabricated to complete the turbine support
system, including bearing beds and shaft holders. In fact, testing these kinds of turbines inside channel
was not limited only for straight blade type, but also it was extended to helical blade models. The
flexibility and ability of generating complex shapes of FDM allowed the fabrication of helical turbine
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models with different helix angles (30°, 45°, 60°, 90 ° and 120°) to be tested and evaluated inside the
water channel.

3.3. OWC turbine prototypes

One of the GIFD's lines of research focuses on turbines for harnessing wave energy. Within this line, an
axial turbine has been designed and built, completely inside the laboratory and without external help.
Constructive design copies real gas turbines and was based in a previous work found in the bibliography
[10]. Figure 7(a), (b) shows the exploded view, as well as the real turbine.

Pos. Danamination Pos enomination
1 Nose 6 Blade
’ 2 Bearing 7 Shroud
3| Support |8

4 9

5

Stator (6p.)
Hub part 1

(a) (b)
Figure 7. (a) Exploded view of the turbine. (b) FDM axial turbine prototype.
A research work has been published on this turbine [11] in which the experimental-numerical

validation can be seen, a sample of this data is shown in figure 8. As it can be seen, FDM technology
gives great results in the field of fluid mechanics.
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Figure 8. Numerical model validation through experimental testing of FDM
prototype (Torque coefficient vs. Flow coefficient).

4. Conclusions and Future Works

A rich and complete training program in AM, and more specifically FDM for researchers in the field of
fluids engineering, has been shared in this work, emphasizing its elaborate methodology and
highlighting the successful case-studies derived from its application. Researchers which were new to
this technology have now become experienced users with great skill.
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Integrating this technology and knowledge in this research area has granted the capability of self-
manufacturing customizable, low-cost experimental prototypes with adequate mechanical properties
and accuracy, and which produce high-quality results. Additionally, FDM is being used to improve the
experimental procedures and even to produce ad hoc equipment. The possibilities of experimental
research have been widened remarkably and it is expected that this will result in a significant increase
in number and quality of the experimental publications in the near future.

Given the success of integrating FDM and the expected academic outcome, betting on this
technology can be taken as an investment for the future. This opens the door for investing in other AM
technologies, as Stereolithography (SLA) or Selective Laser Sintering (SLS), whose interest for this
application has yet to be analyzed.

Additionally, the evaluation system implemented in the courses indicated that the training methods
were adequate, and it will enable the continuous improvement of the training program, which given its
success will continue in the following years.
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Abstract. The development of competitive lift vertical axis wind turbines (VAWTSs) is yet a
challenge in wind power research. New designs typically require wind tunnel testing before in
site implementation. One of the major problems at the laboratory stage is the appearance of a
significant flow blockage for small scale models, which affects the performance of the tested
wind turbines and prevents the direct extrapolation of results to open field conditions without
previous correction. Unfortunately, a suitable blockage correction for lift VAWTs has not been
achieved yet, so more studies are needed in this research field to fill the gap. As part of
preliminary work with this aim, a small scale VAWT prototype has been designed, constructed,
and tested in a 1.15x1 m? test section wind tunnel with a semi-closed chamber, featuring a
blockage ratio of 0.37. Preliminary aerodynamic measurements were performed for different tip
speed ratios on the downstream near wake using a special 3-hole pressure probe. Results show
that the wake velocity profiles present a velocity increase around the prototype with a low
velocity region in the windward quadrant of the turbine, indicating an important influence of the
tunnel boundaries. These preliminary measurements have given an initial insight on the
aerodynamic relationships between turbine performance and flow patterns. Additionally, they
will help to devise an appropriate strategy for the following experiments, with the final objective
of developing a blockage correction for small scaled VAWTs.

1. Introduction
Nowadays, renewable energy projects are experimenting an exponential growth, with wind energy and
solar photovoltaic in the lead. As wind energy projects increase worldwide, interest is rising in
challenging fields, such as urban environments and deep-water, offshore sites. After receiving an
important research effort in the last two decades, especially by the academic community, lift-type,
vertical axis wind turbines (VAWT) are presented as good candidates for this kind of applications [1,2].
However, these turbines are still in a developing phase, and there is still a great research gap to fill and
technical barriers to study and overcome.

Wind tunnel testing provides a necessary starting point in the experimental research of this kind of
turbines. However, one of the main problems in wind tunnel testing is the prototype-tunnel interaction,
which affects the characteristic turbine performance and flow, and is usually addressed as blockage. To

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
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avoid this kind of interactions, prototypes are usually forced to be scaled down, hindering reliable torque
measurements, and enhancing mechanical losses and self-starting issues. Furthermore, with the down-
scaling, test conditions get harder, as small prototypes must withstand high rotational velocities.
Consequently, most of the wind tunnel campaigns conducted on VAWTs feature a relevant level of
blockage [3]. Hence, understanding turbine-tunnel flow relations is crucial to perform an objective
analysis of experimental results, especially if their aim is to predict real-scale prototype behaviors.

2. Previous works in VAWT blockage

A first approach for wind tunnel testing of bluff objects, airfoils, propellers and airscrews was developed
by Glauert [4] and later by Maskell [5] and Pope and Harper [6], laying the basis of blockage research.
Savonius turbines blockage correction was addressed by Alexander and Holownia [7] first, and later by
Ross and Altman [8]. Mikkelsen and Serensen [9] developed a wall correction model for HAWT wind
tunnel testing, based on the work by Glauert. Battisti et al. Dossena et al., studied Darrieus turbine
blockage, basing their corrections on experimental thrust measurements [10,11]. Finally, the most recent
contributions to Darrieus VAWT blockage was provided by Jeong et al. [12] and [13].

Nevertheless, despite the works mentioned, there is still limited knowledge about the fluid behavior
and its effects in tests with relevant blockage levels.

With the aim of obtaining more information about wind tunnel-turbine interactions and improving
the existing correction methods, the authors have started an experimental research campaign in this
topic. As part of this campaign preliminary aerodynamic measurements have been performed and are
presented in this work.

3. Experimental Set-up

3.1. Turbine.

The turbine used in this research is small-scale prototype of a straight bladed or H-Type VAWT, with 3
fixed blades with no pitch, featuring the airfoil “DU06-W-200" developed by Delft University [14]. It
has a diameter (D) of 0.8 m, an effective blade span (H) of 0.52 m and a blade chord (c) of 0.065 m.
These dimensions provide a solidity () of 0.5 and an aspect ratio (H/D) of 0.65. The turbine was
manufactured combining conventional materials such as: aluminum profiles, bearings, a steel shaft; with
Fused Deposition Modeling (FDM) PLA parts where complex geometries were needed, as in the blades
and the struts. The assembly of the turbine includes a 1kW DC motor, which allows great rotational
speed control and a digital optical tachometer to measure axis rotational speed. A realistic sketch of the
turbine assembly is shown in figure 1 a.).

3.2. Wind-Tunnel.

The turbine was tested in the Xixon Aero-acoustic Wind Tunnel (XAWT) which is a closed-circuit wind
tunnel. This wind tunnel can achieve velocities up to 22 m/s featuring a mean turbulence intensity around
0.7%; additional data can be found in [15]. The original test chamber is 4.2 m long and has a cross-
section of 4.45x2.80 m?, while the test section is 1.15x1 m?. This combination of turbine and test section
dimensions gives a blockage ratio (projected turbine area over test section area) of 37%, which is a high-
blockage condition, chosen so that blockage effects are noticeable. Usually, to avoid blockage effects in
measurements, blockage ratio is kept under 10%.

To research blockage effects in a confined environment, a special modular test chamber was built
with the same dimensions of the test section, formed by an empty duct module of 1 m (1.25D) and a
module of 0.77 m (0.96D) in which the turbine is placed. The first module is devised to avoid
disturbances in the inlet velocity, which is a known effect of solid blockage. As it is shown in [12] as
the blockage ratio increases, the perturbation of inlet velocity is also greater, but occurs closer to the
turbine. Thus, it is expected that the chosen duct length will be suitable, given the test wind velocity,
blockage ratio, turbine dimensions and solidity. A characterization of the velocity distribution in the
outlet of modular test chamber without the turbine was carried out to verify its suitability and make sure



16th Asian International Conference on Fluid Machinery IOP Publishing
Journal of Physics: Conference Series 2217(2022) 012039  doi:10.1088/1742-6596/2217/1/012039

that the boundary layer thickness was not relevant to the overall dimensions. The outlet of the modular
test chamber is open to the original chamber, so the wake can expand freely and only wall and inlet
section blockage is studied. In figure 1 b.) a realistic sketch of the modular test chamber is shown.

a) b) c)
Figure 1. a) VAWT model assembly, b) special test chamber, ¢) 3-hole probe and positioning system.

3.3. Instrumentation.

Regarding the instrumentation, inlet velocity is measured with a differential pressure sensor (CP210-R)
with pressure tabs at the inlet and outlet of the nozzle. Additional pressure sensors were used to evaluate
the pressure at several positions along the test chamber, but these are not relevant to the aerodynamic
measurements presented in this work. At the outlet, the velocity profiles were measured using a special
3-Hole pressure probe called “Cobra-probe” designed and manufactured in earlier works by some of the
authors. This type of probe is used to measure mean wind velocity and mean incidence angle, since its
frequency response is too low to perform instantaneous measurements. More information can be found
in [16,17]. The new calibration method devised and presented in [16] extends the angular range of this
probe up to +£80 ° which makes it suitable for its use in the vicinity of the turbine. Each probe tube is
connected to a Validyne DP15-26 pressure transducer, each transducer to a voltage amplifier and finally
each amplifier to a data acquisition card. The data acquisition card also receives the signals from the
other pressure sensors and the tachometer. Equipment uncertainties are detailed in table 1.

Differential Pressure transducers Positioning

. Cobra probe Tachometer
pressure sensor & amplifiers system
Inlet pressure Hole pressure Angle: Probe Rotational speed:
difference: measurement: Y 100 = displacement un _
uldPy_4 ub; ub;/P; step n
— 2% — +5.989 —L = +0.259 . _
2, = £598% p, — £025% = 0.6[]* L +6.6% +[0.09 - 0.16]%
X
Temperature for density Dynamic
correction: pressure:
ul uPa _ 0] *
- = +3.18% up, = £0.95[%]

*(relative to the sensor uncertainty)
**(increased to account for possible random wire slip)

Table 1. Equipment uncertainties.
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In order to measure several velocity profiles with precision and optimizing test times, a positioning
system was designed and manufactured using FDM (figure 1 c.)). The system transforms the circular
motion of a manual crank joined to a pulley, to linear displacement of a slider which carries the probe,
by means of a non-elastic wire. The pulley has been designed so the that its perimeter is multiple of the
test section width. In this way, different steps-sizes can be chosen as a function of the pulley’s rotation.
A general view of the wind tunnel and a diagram of the experimental set-up is shown in figure 2.

Original test chamber {
Patm
Modular test chamber
===
3H-Probe
Vas(¥)
as(Y)
Turbine

Figure 2. XAWT wind tunnel general view and experimental set-up diagram.

4. Measurements

Using the 3-hole cobra probe, downstream velocity profiles in a near wake position (0.59D) have been
measured for 9 different tip-speed ratios (blade velocity over reference wind velocity) ranging from 1 =
0.87 to A = 3.55. The reference wind velocity was kept constant at approximately 7.5 m/s which is the
velocity at the nozzle outlet. The different tip-speed ratios are achieved by spinning the turbine at
different rotational speeds. The turbine is continuously driven by the DC motor which is controlled
through voltage regulation. This procedure allows great rotational speed control. A lateral displacement
step of approximately 3 cm (half crank turn) was chosen for the cobra probe, producing a total of 39
measurement positions. For each measurement, the chosen acquisition frequency and time were 1000
Hz and 5 s respectively, which was found to be sufficient to produce accurate averages. Figure 3, shows
a picture taken during a measurement.

Figure 3. Picture taken during a measurement.
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5. Results and discussion

A selection of 4 velocity profiles corresponding to tip-speed ratios: 1 = (0.87,2.06,2.76,3.55) is
presented in figure 4. The selected tip-speed ratios correspond to: a negative performance coefficient
(Cp), a low positive Cp in the high slope zone, a high Cp where the slope is decreasing to approach the
maximum and a Cppast the maximum with increasing slope, respectively. Vector representation was
chosen for downstream velocity, normalized with the velocity at the inlet, to enhance visual
interpretation of the data and downstream velocity angle is also shown independently in each sub-figure.
The dotted blue lines indicate the position of the turbine; it rotates in the counterclockwise direction, so
in the graphs, the leeward half corresponds to the negative normalized positions and the windward half
to the positive ones.

b) A =10.87 €) A =2.06

e R
1 T D

L 1 L
-0.7 -0.5 -0.3 0.1 0 0.1 0.3 0.5 0.7 -0.7 -0.5 -0.3 0.1 0 0.1 0.3 0.5 0.7
Position y/D Position y/D

Figure 4. Selection of 4 downstream velocity profiles, showing the normalized downstream velocity in
vector form and the velocity angle, over the normalized position.

e The velocity profile at A = 0.87 shows a very light influence of the turbine rotation, with mean
downstream velocities very close to the reference velocity. Incidence angles have the typical
shape of an opening jet with a slight offset to the negative due to the effect of the turbine rotation.

e In the velocity profile at A = 2.06 a marked increase in the velocity around the turbine can be
appreciated, especially in the leeward zone, while the wake shadow starts to be noticeable.
Incidence angle is not very different from the previous velocity profile, except from the zone
corresponding to the gap between the turbine and wall in the windward side. There, the
important increase in streamwise velocity, possibly because of the strong solid blockage in the
area, produces a strong decrease in the absolute magnitude of the incidence angle.

e The velocity profile at A = 2.76 exhibits the same trend as the previous ones, with minimum
and maximum velocities greater than +0.25 times the reference velocity. Regarding the
incidence angle, there is an overall increase in the absolute value towards the negative direction.

e Finally, the velocity profile at A = 3.55 shows a clear wake shadow region, revealing an
important increase in the absolute value of the incidence angle towards the negative direction.
This noticeable increase is the result from the combination of strong solid blockage with its
consequent decrease in streamwise velocity, and the increase in turbine rotational speed.
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For a more general approach, downstream streamwise velocity and incidence angle measurements
from every tip-speed ratio are shown in a contour plot in figure 5. Turbine position is indicated with
black dashed lines.
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Figure 5. Contour plot of the downstream streamwise normalized velocity and the incidence angle.

A general common trend can be observed among all the measurements. There is a progressive
increase of the streamwise component of the downstream velocity, around the turbine, in the leeward
half, as tip speed ratio increases. On the other hand, in the same zone of the windward half, the opposite
effect is appreciated, with a strong decrease in the streamwise component of the downstream velocity.
A clear shadow of the wake can be observed as a decrease of the streamwise component of the
downstream velocity, both in the leeward and windward halves, though stronger in this last one.

The incidence angle of the leeward side experiences a slight decrease in the absolute value,
responding to a greater increase in streamwise velocity than that of the spanwise component, throughout
the tip-speed ratio range. However, in the windward side, there is a strong increase in the incidence
angle towards the negative direction, due to both the stronger relevance of the spanwise component
induced by the turbine rotation, and the high blockage zone and its consequential decrease in streamwise
velocity component.

Although the observed behavior matches the expected, the difference between the streamwise
velocity from the reference velocity, and the magnitude of the incidence angle are really notable,
indicating a strong influence of the wind tunnel-prototype interaction in the flow field.

6. Conclusions
Preliminary aerodynamic measurements were performed on a small-scale H-VAWT prototype in a
confined environment featuring high solid blockage level, but free wake expansion, for a wide range of
tip-speed ratios.

These preliminary measurements have given an initial insight on the aerodynamic relationships
between turbine performance and flow patterns. Those measurements will be a starting point to
complement ongoing investigations on blockage correction.

The 3-hole pressure probe developed in earlier works turned out to be a great tool to measure mean
velocity profiles close to the turbine, due to its wide range, its simplicity, and the relatively low
uncertainties of the measurements.
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Likewise, the modular test chamber devised offers and interesting approach, permitting the study of
solid blockage detached from wake blockage.

In future works, downstream velocity profiles will be measured with the same methodology and
equipment at different heights, focusing specially on the lower and upper gaps. Additionally, the
combination of these measurements and those from the other pressure sensors in the test chamber will
allow an estimation of the turbine performance through the control volume theory. Moreover, the
modular test chamber allows easy wall removal, which will be useful to perform future measurements
in an unconfined environment and obtain and interesting comparison.

Further tests for different blockage conditions will shed more light on how the wind tunnel conditions
are affecting turbine performance and, therefore, allow a deeper understanding of the obtained results.
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INTRODUCTION

The world energetic framework is
continuously evolving, motivated by global
policies and increasingly promotes the use of
sustainable energy. In this context, vertical axis
wind turbines (VAWT) are called to have an
important role, as they are good candidates for
urban environments, microgeneration, and deep-
water offshore installations. The development of
such turbines is still a research topic, using the
Computational fluid dynamics (CFD) and also in
experimental set-ups. Adequately modeling the
flow in a realistic way would require 3D CFD
simulations. However, this would entail massive
mesh sizes for achieving reliable results,
translating to an unaffordable computational
cost. Hence, the development of a methodology
to correct 2D CFD simulations to compensate for
3D flow effects is inherently interesting.
Experimentally, as progress is made in the study
of the fluid-machine interactions, the turbines
are tested in wind tunnels, as the one presented
in this work, which is a high-blockage, semi-
confined set-up.

This work presents a methodology to achieve
the 3D flow compensation using 2D CFD
simulations of VAWT in confined environments
with high blockage. This methodology has been
applied to a real set-up results and good
agreement has been finally achieved.

CFD MODELING AND SCALING

To replicate the experimental set-up results, a
full 2D URANS model of the VAWT turbine
positioned on the extended casing of the wind
tunnel nozzle has been developed, more details
about the experimental set-up can be found in [1].
As recommended in the literature [2], the k-w SST
turbulence modelling has been used. Special care
has been paid to the spatial discretization of wall-
adjacent mesh, with up to 450 nodes in the
streamwise direction of the airfoil and further
refinement in the normal direction to guarantee
y'= 1, according to [3]. The resulting mesh is a
[450%x40] O-mesh distribution over the blades
and a total number of 350,000 cells for the whole
domain (Fig. 1). The two main dimensions of the
set-up are H = 0.6 m and L = 1 m. The sliding

mesh technique was employed to resolve the
rotational motion of the turbine, with a variable
time-step size equivalent to 0.25° of angular
displacement for every tip-speed ratio. At least,
five complete rotations of the turbine were
necessary to assure the periodic response of the
aerodynamic torque.

Velocity Inlet

B e TERITILIT]

NP m———— A § e
Pressure outlet

Sidewalls

FIG 1. Numerical 2D model of the rotating
turbine.

The experimental set-up is shown in Figure 2.
Above and below the turbine there is a
considerable gap (0.33H). Thus, at high tip-speed
ratios, the flow is prone to avoid the turbine. This
is shown in Fig. 2, by the mean velocity vectors
measured in the mid-plane and the center of the
gap, with a 3-hole pressure probe. The tip-speed
ratio corresponds to the maximum power
coefficient point.

To account for this effect, some scaling factors
are introduced. Calculating the ratio of the
volumetric flow rates in both 2D and 3D
situations (in 2D, the flow rate is per unit length;
whereas in 3D it is considering the real
transversal section), and assuming that it must
be similar, a scaling factor for the tip-speed ratios
between the 2D and 3D cases is obtained. On the
other hand, considering the cubic dependence of
the power coefficient with respect to the bulk
velocities, a scaling factor for the power values
can be also derived, yielding to the following
equations:

H H\?
Asp = AZDI €] Cp,3D = Cp,ZD (Z) (2)
24
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FIG 2. Experimental set-up and normalized mean velocity profiles in the

mid plan and gap center, measured with a 3-hole pressure probe.

A complete range of equivalent tip-speed
ratios, going from 1.5 to 3.9, have been simulated
for an inlet velocity of 7.5 m/s, to obtain the
aerodynamic power curve of the turbine.

RESULTS

Some examples of the normalized mean
streamwise velocity contours obtained in the CFD
simulations are shown in Fig. 3. As expected, as
the tip speed ratio increases, the flow differs
from the reality, exhibiting a major velocity
increase in the sides.

FIG 3. Normalized mean streamwise velocity
contours from CFD simulations at 3 equivalent
tip-speed ratios.

The raw and corrected CFD performance
curves, considering Egs. (1) and (2), are plotted in
Fig. 4 and compared with the experimental
results. It is clear that the raw CFD magnitude of
tip-speed ratio and performance is far off from
the reality. However, after the scaling is
performed, following the method proposed, the
corrected CFD curve matches remarkably well the
experimental performance curve. This confirms
the wvalidity of the suggested 3D flow
compensation procedure, allowing the
achievement of realistic results without the huge
computational costs of a complete 3D simulation.

' a Raw 2D-CID
s Comrected 2D-CFD
4 Experimental
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FIG 4. Raw and corrected CFD performance
curves against experimental results.

CONCLUSIONS

In the present article, a numerical approach to
modify the 2D CFD simulations for a VAWT, trying
to account for the 3D effects, is presented. The
turbine has also been experimentally tested in a
confined environment, with high blockage, which
is resembled by the numerical model. Velocity
profiles of both CFD and experimental results
have been compared, justifying the need of the
procedure. Finally, after considering the
proposed method, good agreement has been
found between the corrected CFD and the
experimental performance curve.

*aviados@uniovi.es
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Anexo Il.I. Desarrollo, ensayo y validacion de un sistema modular
automatizado de posicionamiento de sondas (MAPPS) de hilo
caliente (HW) para ensayos en tunel de viento.

Los ensayos experimentales en tunel de viento son una parte muy importante del desarrollo de
todo tipo de productos, como vehiculos, turbomaquinas o construcciones civiles e industriales.
Dentro de este tipo de ensayos, se encuentran los que se centran en caracterizar el flujo, con
tecnologias como la velocimetria con hilo caliente (HW). Sin embargo, este tipo de medidas
suelen ser tediosas y dificiles de ejecutar, ya que requieren gran precision en el posicionamiento
de las sondas y gran cantidad de puntos de medida. Esto limita enormemente su aplicacion, y
generalmente se opta por realizar inicamente medidas en dos dimensiones y con mallas de
puntos con poca resolucion espacial.

Para dar respuesta a este problema, en el marco de esta tesis y de la linea de investigacion
sobre VAWT, se ha planteado un disefio conceptual de un sistema modular automatizado de
posicionamiento de sondas (MAPPS) para el Area de Mecanica de Fluidos de la Universidad
de Oviedo, que permitira realizar medidas automatizadas en 3 dimensiones y que cuenta con
un gran espacio de trabajo.

Para la ejecucion del proyecto se ha emprendido una colaboracion con el Area de Ingenieria
de Fabricacion de la Universidad de Oviedo. Gracias a esta colaboracion, el disefio conceptual
ha evolucionado al actual disefio, ya construido y que se encuentra en pruebas (Figura ILI).

Figura ILI. Sistema modular automatizado de posicionamiento de sondas (MAPPS) en 3
dimensiones.

El primer trabajo previsto es la realizacion de un Trabajo Fin de Grado, cuyo objetivo sera
caracterizar el flujo 3D en la estela de un cilindro. Este trabajo permitird probar, mejorar y
validar el sistema gracias a la sencillez de la forma estudiada y al alto grado de caracterizacion
disponible en la bibliografia.

Una vez validado el equipo, estd previsto utilizarlo para caracterizar el flujo no estacionario
en la estela de prototipo de VAWT estudiado en este trabajo.

2023



112 Capitulo 5

Anexo ILII. Optimizacién y reduccién de la incertidumbre de una
balanza aerodinamica para ensayos en tinel de viento
Tras la campana experimental que dio lugar a la publicacion del Capitulo 2, se identificaron

ciertas areas de mejora, tanto en la metodologia como en el equipamiento experimental. Como
resultado, el montaje ha experimentado una importante evolucion.

En primer lugar, se ha implementado un sistema de orientacion de la balanza con motor paso
a paso (BOSS) (Figura ILII, (a)). Este sistema esta basado en la articulacion inferior de un
brazo robdtico industrial de pequeiio tamafio, y permite variar la posicion angular con gran
precision y repetibilidad. Ademas, incluye un sensor Hall de posicidon que asegura una posicion
de referencia comun en todos los ensayos. El control del sistema se ha elaborado utilizando un
controlador de impresora 3D basado en Arduino Mega y el firmware Open-Source Marlin.

Figura ILII. (a) Sistema de orientacion de la balanza mediante motor paso a paso (BOSS). (b)
Sistema de cargas de calibracion con pesos, calibrados y utillajes de calibracion.

Adicionalmente, se ha redisefiado el sistema de cargas de calibracion para minimizar la
incertidumbre asociada a este proceso. Se han adquirido pesos calibrados de laboratorio y se
han fabricado utillajes especificos para combinar varios pesos y cubrir el rango de las balanzas
disponibles en el laboratorio (Figura ILIIL, (b)).

Finalmente, se estdn estudiando las metodologias de calibracion disponibles para
implementar una solucion que permita realizar una calibracion de amplio rango con un numero
reducido de cargas. Esto es del maximo interés, porque las fuerzas de arrastre y sustentacion
varian sustancialmente con el angulo de ataque, por lo que obtener una caracterizacion precisa
en todo el rango es una tarea compleja. A partir de las mejoras planteadas y, sobre todo, del
trabajo sobre metodologias de calibracion, se esta preparando una publicacion.

L. Santamaria Bertolin
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Anexo ILIIl. Ensayos a escala real y optimizacién de un prototipo de
VAWT para entornos urbanos

Partiendo de la base de conocimiento generada durante los afios de realizacion de esta tesis,
actualmente se esta preparando una campafa experimental sobre un prototipo a escala real. El
prototipo, de 2 kW de potencia nominal, tiene un didmetro de 2.2 m, una altura del rotor de 3.2
m y una altura de torre de 5 m aproximadamente (Figura ILIII).

En una primera fase de los experimentos se evaluard el rendimiento y la produccion de
energia del rotor de referencia comercial provisto por el fabricante. Asimismo, también se
realizaran ensayos aero-acusticos, ya que este tema es de gran importancia en esta aplicacion.
Posteriormente se modificara el rotor aplicando la experiencia y conocimientos adquiridos en
la tesis, buscando obtener una mejora significativa de las prestaciones de la turbina. Una vez
modificado el rotor, se repetirdn los ensayos y se elaborardn las conclusiones pertinentes.
Aunque este trabajo va dirigido hacia la parte de transferencia de conocimiento, también se
prevé generar una publicacion.

(a) (b)

Figura IL.III. (a) Prototipo a escala real de VAWT recién recibido. (b) Prototipo montado sobre
una seccion de tuberia y probado frente a un tinel de viento abierto.
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