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English abstract

Over the past decade, there has been a renewed interest in vertical-axis
wind turbines (VAWTs). One important driver for this revival has been
the discovery that a pair of closely spaced counter-rotating VAWTs perform
better than two isolated VAWTs. To date, most studies on the subject have
been either computational or experimental in open-field. We introduce a
new perspective to the study of paired VAWTs through a series of controlled
wind tunnel experiments

In this study, isolated VAWTs and paired VAWTs were tested in four
European wind tunnel facilities. To do so, we developed and built a dedi-
cated experimental setup with H-type Darrieus VAWT scale models. The
performance and wake structures were compared for an isolated configura-
tion and three paired configurations with varied inter-turbine distance and
direction of rotation. Particular caution was required for the interpretation
of aerodynamic torque measurements as they were contaminated by the
structural dynamics of the setup and modal vibrations of the rotors. These
contaminations were identified through spectral and modal analysis. The
wake was measured using hot-wire anemometry and multi-hole pressure
probes at locations from one to twenty-one diameters downwind.

The pairing of VAWTs causes the streamlines of the incoming flow to
converge between the two VAWTs. This convergence leads to an improved
incoming flow angle and an increased velocity. In our experiments, this
translates to a power increase of up to 16 %. The direction of rotation of
paired VAWTs has an important effect on the wake structures. The wake
of pairs with inner-downwind moving blades is quite similar to the wake
of an isolated VAWT. However, paired VAWTs with inner-upwind moving
blades induce a remarkably narrow wake. Thus, thanks to a substantial
power increase and a narrow wake, paired VAWTs present advantages for
specific applications, e.g. for offshore floating platforms.
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Nederlandse samenvatting

De verticale-as windturbine (VAWT) kende recent een vernieuwde belang-
stelling. Een belangrijke bijdrage hiervoor is de ontdekking dat tegengesteld-
draaiende VAWTs in elkaars nabijheid beter presteren dan in afzondering.
Tot op heden werd dit voornamelijk numeriek en in de buitenomgeving
bestudeerd. Met dit werk introduceren we een vernieuwend perspectief op
het onderwerp door een reeks gecontroleerde windtunneltesten.

In deze studie werden afzonderlijke en gepaarde VAWTs getest in vier
Europese wind tunnels. Hiervoor ontwikkelden we een opstelling specifiek
voor het testen van H-type Darrieus VAWT-modellen. De VAWT-prestaties
en zogstructuren werden vergeleken voor een afzonderlijke VAWT en drie
gepaarde configuraties waarvoor zowel de rotatierichting als de scheidingsaf-
stand gevarieerd werden. De interpretatie van het aerodynamische koppel
vergde bijzondere voorzichtigheid omdat de structurele dynamica van de
opstelling en de modale trillingen van de rotoren zulke metingen beïnvloed-
den. Dergelijke invloeden werden geïdentificeerd door spectrale en modale
analyses. Het zog werd gemeten door hete draad anemometrie en drukson-
des tussen afstanden van één tot eenentwintig diameters stroomafwaarts.

Indien VAWTs in paren geplaatst worden, zorgen ze voor een conver-
gentie van de stroomlijnen tussenin de VAWTs. De convergentie induceert
optimalere instroomhoeken en verhoogde stroomsnelheden. In onze experi-
menten vertaalt dit zich tot een prestatieverhoging van 16 %. De draairicht-
ing van de VAWTs heeft een sterke invloed op de zogstructuren. Het zog
van gepaarde VAWTs waarbij de binnenste bladen windafwaarts bewegen is
gelijkaardig aan het zog van afzonderlijke VAWTs. Daarentegen is het zog
van gepaarde VAWTs waarbij de binnenste bladen windopwaarts bewegen
opvallend nauwer. Dit betekent dat dankzij een substantiële prestatiever-
hoging en een nauw zog gepaarde VAWTs voordelen bieden voor specifieke
applicaties, zoals bijvoorbeeld drijvende offshore wind turbines.
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Résumé français

Au cours de la dernière décennie, les éoliennes à axe vertical (EAV) ont
connu un essor renouvelé en popularité. Un facteur important de cet intérêt
provient de la découverte que deux EAV, placées à proximité l’une de l’autre
et tournant en sens contraire, sont plus performantes qu’isolées. Jusqu’à
présent, la majorité des études sur le sujet sont numériques ou sur base
de tests en extérieur. Nous introduisons une nouvelle approche au sujet, à
savoir des tests en soufflerie sous conditions contrôlées.

Dans cette étude, des EAV en configuration isolée et en configuration
jumelées ont été testées dans quatre souffleries européennes. A cette fin,
nous avons développé et construit une installation pour des modèles d’EAV
de type H Darrieus. Nous avons comparé la performance et les structures
du sillage pour une configuration isolée et plusieurs configurations jumelées.
Ces dernières diffèrent selon la distance entre les turbines et la direction de
rotation. La contamination des mesures du couple aérodynamique par la
dynamique structurelle et les vibrations modales du rotor nécessite une
compréhension approfondie. Ces contaminations ont été identifiées à l’aide
d’une décomposition spectrale des données complémentées d’une analyse
modale. Le sillage a été caractérisé jusqu’à vingt-et-un diamètres en aval à
l’aide d’un anémomètre à fil chaud et de multiples sondes à pression.

Le jumelage d’EAV influence le flux d’air et force une convergence
de celui-ci entre les deux éoliennes. Cette convergence induit un angle
d’incidence différent et crée une accélération de l’écoulement d’air. Pour
nos tests, ceci se traduit en un gain de performance jusqu’à 16 %. De plus,
la direction de rotation des éoliennes affecte fortement la structure du sil-
lage. Le sillage d’EAV jumelées dont les pales adjacentes avancent en aval
est similaire au sillage d’une telle éolienne isolée. Lorsque les pales adja-
centes d’une paire avancent en amont, le sillage induit est remarquablement
étroit. En d’autres termes, grâce à une amélioration de performance sub-
stantielle et un sillage étroit, les EAV jumelées se montrent avantageuses
pour certaines applications, tel que l’offshore flottant.
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Preface

Clive Turton is President and Chief Executive Officer Asia Pacific at Vestas.
In an interview, Turton shared the following anecdote:

I sat on a panel the other day and one person sitting next to me
referred to renewable energy with the terms alternative energy.
I rudely interrupted him and said: “No, no, it’s not alternative.
It was alternative maybe 10 years ago, but wind and solar are
mainstream now. We’ve already disrupted the energy industry.”
(DNV GL Talks Energy, Transitioning to a wind-powered world,
09/01/2020)

Indeed, nowadays wind energy covers an increasing share of our electricity
demands. In Belgium, the wind farms correspond to a cumulative installed
capacity of 2278 MW. In 2019, the newly installed power capacity corre-
sponded to 207 MW onshore and 370 MW offshore. Moreover, the installed
capacity is likely to increase in the near future as is the size of the turbines
that will be installed. Multiple energy outlook reports based on the cur-
rent developments predict offshore wind exploitation to continue to expand
substantially (e.g. DNV GL (2019)).

Currently, most offshore turbines in the North Sea have a rated power of
3 MW, but 6 MW turbines are envisaged for near-future projects, and tur-
bines with a rated power of up to 10 MW and more are under development.
Unfortunately, this upscaling is reaching its limits, because of technical
reasons (the blades are too flexible) and economic reasons (the cost of the
logistics related to installing 10 MW turbines becomes prohibitive). For
offshore wind energy to become more competitive, we need to look for in-
novative solutions today to complement future offshore wind farms, not in
wind turbine design, but through innovation of wind turbine exploitation.

The problem definition then becomes, how can we decrease the cost of
energy of future offshore wind farms through the smarter use of existing
technologies. In this project, we shall focus on the use of vertical-axis wind
turbines (VAWTs) to provide an answer to this problem.

xvi
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VAWTs exhibit several appealing characteristics for floating applica-
tions. Studies on the subject point out advantages of VAWTs such as the
positioning of the machinery, a lower centre-of-gravity and the possibility
for higher wind farm densities. Furthermore, a relatively novel discovery
points out that the interaction between VAWTs in close proximity of each
other allows them to perform substantially better than spaced far apart. By
exploiting such interactions, paired VAWTs are being considered for high
power density wind farms. In offshore applications, it would make sense to
place two counter-rotating VAWTs on the same floating platform. Apart
from the positive effects of a pair on energy production, such a setup would
also benefit from a zero-net total torque on the platform and a means (by
varying the individual torque of each turbine) to steer the orientation of
the platform.

The study of closely-spaced counter-rotating VAWTs has become in-
creasingly popular. Numerical models have been used to further the un-
derstanding of the aerodynamics of paired VAWTs. They have repeatedly
been used to analyse parameters influencing the performance increase in
paired VAWTs. The development of efficient clusters of paired VAWTs has
also been the subject of several numerical studies.

Furthermore, open-field tests have significantly contributed to the study
of the potential of paired VAWTs. In most cases, such open-field tests aim
to understand the flow towards the development of high efficiency arrays.
Although they present an undeniable contribution to the study of paired
VAWTs, open-field measurements are rarely used for detailed aerodynamic
studies because of the uncontrolled conditions, i.e. flow velocity and flow
direction are changing continuously.

Reliable and repeatable controlled wind tunnel experiments are essential
for the study of paired VAWTs. Moreover, conclusions of the few studies
that have been reported remain inconsistent. Numerical models also exhibit
inconsistent conclusions. Different studies predict different performance
increases. Another example is the uncertainty of best performing paired
configurations with respect to the direction of rotation.

This project starts from one concrete research hypothesis, to demon-
strate, in a lab environment, the feasibility of improving the power of
VAWTs in a wind farm context without altering the turbine design itself.

In this project, we focus on the potential of using closely spaced counter-
rotating VAWTs. We show how the interaction between the turbines in
a pair results in a considerable increase in energy production. We also
demonstrate how the placement of VAWTs in a pair is advantageous for
the wake behind the turbines. To achieve this objective, an experimental
setup for the testing of paired H-type Darrieus VAWTs is developed. A
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thorough characterisation of the experimental setup is performed to increase
the reliability and understanding of the measurements.

The dissertation is presented in two parts. The first part provides an
extensive discussion of previous studies, focussing on lift-driven VAWTs.
This part consists of three Chapters. The first chapter is initiated with a
discussion of the most influential VAWT studies. The discussion is contin-
ued with a listing of most paired VAWT studies and captures the progress
made with regards to the understanding of such configurations. Chapter
1 is concluded with an extensive comparison of the performance improve-
ments observed in several paired VAWT studies. Chapter 2 starts with
a description of the isolated VAWT aerodynamics through different lev-
els of complexity. It subsequently provides a similar description for paired
VAWTs. Similar to the previous chapter, it also provides a comparison of
the findings of several studies with regards to paired VAWT aerodynamics.
To conclude Part 1, Chapter 3 collects general concepts and implications of
wind tunnel tests. It also presents the difficulties encountered by previous
researchers associated with the experimental testing of VAWTs. The sec-
ond part of the dissertation presents the results of our experimental work.
It is subdivided in three main subjects: the understanding and character-
isation of the developed experimental setup (Chapter 4), the study of the
performance of paired VAWTs (Chapter 5) and the wake of paired VAWTs
(Chapter 6 and 7). Chapter 8 summarizes the main findings and conclusions
of the dissertation.



Part I

Supporting concepts, analyses
and state-of-the-art
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1

The potential of paired
vertical-axis wind turbines

Summary

Several notable vertical-axis wind turbine (VAWT) projects and
studies are introduced. Then, this chapter presents an overview of
paired VAWT studies. The discussed studies are numerical or ex-
perimental (open-field tests and wind tunnel tests). Throughout the
chapter, the focus remains on lift-driven Darrieus VAWTs. The re-
view of paired VAWT activities highlights the lack of experimental
contributions to the subject of paired VAWTs.

1.1 Motivation for vertical-axis wind turbines research

In his book, Innovation in wind turbine design, Jamieson (2011) stressed
the need to give attention to designs which may not be mainstream. He
formulated this need as follows:

Exploring alternative concepts not only deepens understanding
of why mainstream options are preferred but also suggests where
they should be challenged by alternatives that have significant
promise.

The statement hence supports the importance of vertical-axis wind turbine
(VAWT) research as, to date, large VAWTs remain at best 15−20 % less
efficient than large-scale horizontal-axis wind turbines (Jamieson, 2011).

3
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This lower efficiency is explained by the complex aerodynamics of VAWTs.
Undeniably, because of the direction of the axis of rotation, the aerodynam-
ics of VAWTs are unsteady. Over one rotation, the unsteady aerodynamics
thus induce varying efficiency of the VAWT as, discussed in Chapter 2.
Hence, the major part of VAWT research aims at improving their aerody-
namic operation and thus their efficiency.

With the objective to increase the efficiency and alleviate the struc-
tural fatigue induced by the challenging aerodynamics, the development
of VAWT technology was popular around the 1980s and knows a renewed
interest since approximately 2010 (Möllerström et al., 2019). Originally,
VAWT research was mostly popular in North America while nowadays,
most research is conducted in Europe (Möllerström et al., 2019).

Current vertical-axis wind turbine development indicates promising re-
sults for their exploitation in niche markets. Their proposed applications
aim mainly at both extremities of the spectrum of wind turbine dimensions,
i.e. small wind turbines or large wind turbines. VAWTs are for example
proposed for exploitation on floating offshore platforms (Borg et al., 2014;
Paulsen et al., 2013) or collocated in existing wind farms of larger horizontal-
axis wind turbines (Kadum et al., 2020; Xie et al., 2017). Other proposed
applications suggest the use of VAWT on urban rooftops (Balduzzi et al.,
2012; Bertényi et al., 2010; Molina et al., 2018; van Bussel and Mertens,
2005). This allows to exploit the property that VAWTs are insensitive to
the direction of the incoming flow and moreover, they exhibit an enhanced
performance in turbulent conditions (Molina et al., 2019), as is the case for
urban wind conditions. VAWTs are also proposed for the development of
high-power density wind farms (Dabiri, 2011). When VAWTs are placed
in proximity of each other, it is possible to induce a flow field throughout
the wind farm which is beneficial for the total power generation of the wind
farm.

Nowadays, wind energy trends are pushing wind turbines into deeper
water. This leads to the development of floating offshore wind turbines. In
such floating applications, the low centre-of-gravity of the VAWTs presents
itself as a substantial advantage. Several concepts (Figure 1.1) and pro-
totypes (Figure 1.2) have been developed for the operation of VAWTs on
floating platforms.

Thanks to a globally increasing awareness of the need for renewable en-
ergy sources, the wind energy technology is rapidly evolving. As Jamieson
(2011) formulated, the mainstream horizontal-axis wind turbines are being
challenged by all sorts of novel designs and applications. The main motiva-
tion for VAWT research is driven by the development of high-power density
wind farms.
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Figure 1.1: Offshore floating VAWT concepts,(a) DeepWind (b) INFLOW (c)
Twinfloat (d) Gwind (e) SeaTwirl (f) SKWID (g) Aerogenerator X (h) Spinfloat,
figure and information reprinted from Hand and Cashman (2020)

Figure 1.2: Floating VAWT prototypes, from left to right Gwind, SeaTwirl AB
and MODEC Inc., figure and information reprinted from Hand and Cashman
(2020)
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Figure 1.3: Timeline of VAWT-activity. Note the logarithmic
scale of the rated power. Figure reprinted from Möllerström et al.
(2019)

1.2 Reviews of vertical-axis wind turbine activity

During the VAWT-activity peak in North America around the 1980s, one
very well-known VAWT study at Sandia National Laboratories still serves
as a benchmark for the understanding of the operation of VAWTs. The
review article from Sutherland et al. (2012) extensively describes this study,
provides an overview of VAWT technology up to 1994, and concludes with
an outlook on the future.

Several other publications present a thorough review of the history of
VAWT development. A review about the development of Darrieus VAWT is
presented by Tjiu et al. (2015). They focus on the evolution of the Darrieus
rotor configurations in projects as they evolved throughout the years.

The noteworthy publication of Möllerström et al. (2019) summarizes
VAWT projects up to 2019. This review focusses on projects including
VAWTs rated 100 kW and above, hence full scale open field tests and com-
mercial exploitation. Möllerström et al. (2019) finish by concluding that
the most significant-sized VAWT projects were conducted in North Amer-
ica in the 1980s but that the current interests in offshore floating-platform
applications are a present driver for the more recent VAWT projects, which
mostly occur in Europe. The timeline on Figure 1.3 illustrates experimental
projects and industrial exploitation rated 100 kW and above since 1975.

Similarly, the review article of Hand and Cashman (2020) also discusses
the popular VAWT projects of North America in the 1980s. However, they
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further extend the discussion with an overview of recent VAWT projects.
Such recent projects often contribute towards the development of floating
VAWTs as they are expected to allow for substantial reductions of the cost
of energy (Hand and Cashman, 2020; Paquette and Barone, 2012). The fol-
lowing notable floating VAWT projects are discussed by Hand and Cashman
(2020): Deepwind, INFLOW, Twinfloat, Gwind, SeaTwirl, Aerogenerator X
and Spinfloat (see Figure 1.1).

Battisti et al. (2018c) present an overview of the main wind tunnel
campaigns conducted on VAWTs from approximately 2000 until 2018. The
overview is complemented with wind tunnel tests with the objective to
present benchmark data for experimental VAWTs. With this addition, they
aim to address some of the difficulties of wind tunnel tests, such as high
blockage ratio and scaling issues. They also point out a recurring lack of
information in experimental reports such as missing flow properties or rotor
geometry.

1.3 Influential vertical-axis wind turbine research

Arguably, Wind Turbine Design: With Emphasis on Darrieus Concept
(Paraschivoiu, 2002) is the most referenced book within the VAWT re-
search community. In this book, Paraschivoiu (2002) documents the status
of VAWT technology up to 2002 with an extensive description of VAWT
aerodynamics. One of his principal contributions is the development of the
double-multiple stream tube model (DMST). This DMST model aims to
improve the accuracy of the earlier-developed stream tube model and mul-
tiple stream tube model. The DMST model represents the VAWT with
two actuator surfaces. Two actuator surfaces serve to account for the vary-
ing performance of upwind-passing VAWT blades and downwind-passing
VAWT blades. By doing so, the DMST is one of the first numerical models
specifically focussed on the prediction of VAWT performance.

VAWT related research has since then become increasingly popular.
The number of entries on the scientific database Web of Science illustrate
this increasing popularity, Figure 1.4. In 2007, at the very beginning of
the VAWT-revival, Eriksson et al. (2008) questioned the mainstream use
of horizontal-axis wind turbines and compared them to two types of Dar-
rieus turbines. The included historical review presents a general overview
of the major VAWT milestones and commercial VAWT projects (also to
be retrieved in (Hand and Cashman, 2020; Möllerström et al., 2019)). The
subsequent comparative study points out the main differences of VAWTs
and HAWTs (mostly based on the advantages of VAWTs). The cited pa-
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Figure 1.4: Registered entries of vertical-axis wind tur-
bine related publications on the scientific database Web
of Science.

rameters are e.g. the omitted need for a yaw mechanism, the position of
the generator, the possibility for a direct drive generator, the ease of man-
ufacturing and the toll demanding cyclically reversing gravity load on the
blades of HAWTs. Eriksson et al. (2008) conclude very enthusiastically that
VAWTs are advantageous to HAWTs in several aspects.

A major contribution to the understanding of VAWT aerodynamics was
presented in the work of Simão Ferreira (2009). Part of the work aims to im-
prove the simulation capabilities of the unsteady aerodynamics of VAWTs.
The variation of the angle of attack on a blade along the azimuthal position
induces important aerodynamic phenomena such as dynamic stall and/or
the shedding of vortical structures. As mentioned before, the DMST model
divides a VAWT into two actuator surfaces (an upwind and a downwind
one). Simão Ferreira (2009) points out that the model suffers from a lack of
accuracy as it does not sufficiently take into account the dependence of the
downwind actuator surface on the upwind actuator surface. Simão Ferreira
(2009) outperforms the DMST with a numerical panel/vortex code which
resolves the unsteady aerodynamics over the complete azimuthal range.
Furthermore, the work of Simão Ferreira (2009) is also an important contri-
bution to the understanding of the influence of dynamic stall (and unsteady
aerodynamics in general) on the performance of VAWTs. Dynamic stall, for
example, is stated to be able to increase the efficiency of a VAWT.

At the beginning of the increasing popularity, Howell et al. (2010) pre-
sented a VAWT article of a combined experimental and numerical study in
which the sensitivity to various operating parameters (e.g. solidity of the
turbine, surface roughness, effect of the Reynolds number) are analysed.
The article also contains a description of the aerodynamics linked to the
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influence of such parameters. Because of its extensive description of the
influence of several design parameters, it is now an frequently cited article
used as a base for design studies of VAWTs.

One of the publications referencing the above-mentioned publication is
the influential review on the geometrical configurations and design tech-
niques of VAWTs presented by Aslam Bhutta et al. (2012). They initiate
the review with a description of various types of VAWTs (e.g. different types
of Darrieus wind turbines, Savonius rotors, a combination of both). The
second part of the review describes several design techniques of VAWTs us-
ing numerical and experimental methods. Aslam Bhutta et al. (2012) refer
to a wide range of researchers who developed different techniques to predict
and understand the performance of VAWTs. As such, the review contains
many references to design techniques which remain important tools for the
development of VAWTs.

Another important contribution to the increasing popularity of VAWTs,
has been the discovery that a pair of closely spaced VAWTs perform better
than two VAWTs in isolation Dabiri (2011). The research group of Dabiri
(Dabiri Lab) has extensively studied paired configurations numerically and
in open field. Because paired VAWTs are the main focus of the present work
and because of the important contribution of Dabiri Lab to this subject,
Section 1.6 presents an overview of the activity at Dabiri Lab.

More recently, the VAWT research focusses on design modifications to
improve the efficiency of VAWTs or to overcome their low starting torque.
The potential of two possible solutions are recurrently proposed, i.e. aero-
foils specifically designed for VAWT applications and the potential of dy-
namic pitching of the blades (De Tavernier et al., 2019).

1.4 Nomenclature of paired vertical-axis wind tur-
bines

In this section, the presently-used nomenclature of VAWTs is defined. The
aerodynamic definitions can be retrieved in the corresponding chapter, in
Section 2.1.

Because the axis of rotation of a VAWT is perpendicular to the flow,
aerodynamic characteristics vary along the azimuthal position θ. Here, only
lift-driven VAWTs are considered because of their higher efficiency than
drag-driven VAWTs. Throughout this study, there are many references to
specific parts of the rotation. To facilitate clear descriptions, the rotation
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Figure 1.5: Defined region for the nomenclature of VAWTs.

of a VAWT is divided into four regions, Figure 1.5. The nomenclature
referring to each of the regions is as follows:

• region 1: upwind-moving part of the rotation;

• region 2: upwind part of the rotation;

• region 3: downwind-moving part of the rotation;

• region 4: downwind part of the rotation.

Furthermore, the presently-used nomenclature of VAWTs in paired con-
figuration is enlisted below.

- Isolated configuration The location of the VAWT is such that its
incoming flow is not influenced by any other object.

- Paired configuration The location of the VAWT is such that its in-
coming flow is influenced by another closely-spaced VAWT. Different
configurations are distinguished.

- Counter-rotating configuration Two VAWTs of a pair turn
opposite direction. The adjacent-passing blades move in the
same direction. Two counter-rotating configurations are distin-
guished. (The arrow indicates the direction of the incoming flow)
1. Inner-downwind configuration A counter-rotating con-

figuration in which the adjacent blades move along with the
main streamwise direction. Straight arrow indicates main
flow direction.
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2. Inner-upwind configuration A counter-rotating configu-
ration in which the adjacent blades move against the main
streamwise direction. Straight arrow indicates main flow di-
rection.

– Co-rotating configuration The two VAWTs of the pair turn
in the same direction.

- Oblique configuration The two VAWTs of the pair are not
aligned perpendicular to the incoming flow. One VAWT is posi-
tioned slightly further downstream without being directly behind
the upstream VAWT.

- Triangular configuration / Three-turbine clusters A triangular
configuration is formed by positioning three VAWTs in proximity of
each other. The orientation of such configurations is variable and
specified throughout the text.

- Inter-turbine distance The distance between the turbines is nor-
malised by the diameter of the turbines. This distance refers to the
distance between the shafts of the turbines, unless specified otherwise.

- Doublet-like and reverse doublet-like A terminology that is not
used in this study but is frequently retrieved in the literature. It
originates from the effect of two counter-rotating turbines/cylinders
on the flow first introduced by Chan et al. (2011).

1.5 Early paired vertical-axis wind turbine activity

One configuration exhibiting potential is the concept of closely spaced
counter-rotating VAWTs. The benefit of this configuration is that two
paired VAWTs appear to perform better than the same VAWTs in iso-
lation. This aerodynamic interference was originally studied by Schatzle
et al. (1981) and Rajagopalan et al. (1990).

Schatzle et al. (1981) used a vortex/lifting line model to predict the
performance of two troposkien Darrieus wind turbines spaced 1.5D apart.
While maintaining this inter-turbine distance, one wind turbine remained
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Figure 1.6: Tested configurations by Schatzle
et al. (1981). Figure reprinted from Schatzle
et al. (1981).

at a fixed position while the other turbine was placed at several positions
around the first turbine, Figure 1.6. Based on their vortex/lifting line re-
sults, Schatzle et al. (1981) concluded that the power reduction of one
VAWT is significant when it finds itself directly downwind (thus in the
wake) of the other turbine. The power decrement is also concluded to be
a function of the tip-speed ratio and the induced flow angles. They did,
however, not yet observe a significant power increase when both turbine
towers are aligned perpendicular to the main incoming flow direction. This
absence of power improvement can partly be attributed to the troposkien
configuration of the VAWTs. Only parts of the blade span pass each other
closely enough to be subjected to major flow influences. However, with this
first study, Schatzle et al. (1981) have initiated the study of paired VAWTs.

Almost ten years later, Rajagopalan et al. (1990) presented a second
study focussing on aerodynamic interference of VAWTs in paired and array
configurations. Based on their time-averaged simulations, they introduced
the possibility of increasing the performance of a VAWT depending on the
proposed arrangement:

. . . these results generally show a trend that two turbines oper-
ating under certain favourable angular orientations, outside of
wake overlap regions, produce more combined power than two
independent turbines.

The results in question are illustrated in Figure 1.7 (data from Rajagopalan
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Figure 1.7: Power coefficient of two VAWTs in a pair (four different con-
figurations) compared to the power coefficient of an isolated VAWT (solid,
grey line). The distance between the VAWTs is expressed in rotor diam-
eters d and the angle between the incoming flow, v∞, and the turbine
towers with θ. (data from Rajagopalan et al. (1990), Figure 5)

et al. (1990), Figure 5). The figure compares the power coefficient, CP , of
paired VAWTs with the CP of an isolated turbine. With these results, they
were the first to observe that a power increase is possible when pairing
VAWTs.

1.6 Dabiri Lab

The concept of paired VAWTs did, however, not benefit from immediate
interest after the numerical findings of Rajagopalan et al. (1990). It is
only until approximately twenty years later, around 2011, that the concept
gained popularity. Dabiri (California Institute of Technology) introduced
the possibility for an order-of-magnitude enhancement of wind farm power
density using VAWTs (Dabiri, 2011). Based on open-field tests of twelve
different configurations (Figure 1.8), Dabiri states that VAWT wind farms
can reach power densities up to 30 W/m2. In 2009, MacKay (2009) esti-
mated that existing wind farms reach power densities of 3 W/m2. Many
researchers (amongst which several further discussed) refer to MacKay’s
estimation and aim to improve such power densities.

The motivation for these open-field studies of paired VAWTs originated
from an earlier study of fish schooling as a basis for VAWT wind farm
designs (Whittlesey et al., 2010). Through the use of a semi-empirical
model, Whittlesey et al. (2010) numerically recreate the shed vortices in the
wake of schooling fish using a reversed Kármán vortex street. They conclude
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Figure 1.8: VAWT turbine array for open-field tests of Dabiri.
Figure reprinted from Brownstein et al. (2016).

that configurations following the schooling of fish are not the most profitable
for wind farm designs. They do, however, propose other configurations
which indicate possibilities to benefit from 1.4 times CAP . This parameter
is an introduced array performance coefficient defined as a ratio of the
turbine performance in an array and isolated configuration. With this study,
Whittlesey et al. (2010) are first to explain the physics behind the power
increase of paired VAWTs:

The leading mechanism for this increase is stream tube contrac-
tion and concomitant flow acceleration between counter-rotating
turbines in close proximity.

Henceforth, Dabiri has been an important driver for the study of paired
VAWTs. The open-field study of Kinzel et al. (2012) investigated the ve-
locity field along the centre line of an array of paired VAWTs. One of the
conclusions states that the flow velocity is found to be recovered to 95 %
of its unperturbed velocity at a downwind distance of 6 diameters behind
a VAWT pair. A HAWT wind farm is stated to be limited to minimal
spacings of 14 diameters for similar velocity recoveries. As such, this con-
clusion contributes to the objective to develop wind farms with high power
densities.

Another work from the group of Dabiri focusses more on computational
modelling of VAWTs (Bazilevs et al., 2014). In this study, particular focus
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was given to self-starting possibilities for VAWTs. VAWT pairs are not
subjected to the model and lie out of the scope of this publication. However,
later collaboration with Araya did again focus on VAWT pairs (Araya et al.,
2014). The objective of that work was to develop a low-order model to
rapidly assess the potential of arbitrary VAWT array configurations. The
model is concluded to satisfyingly predict two important fluid mechanisms:

- The local flow acceleration around a turbine induced by blockage,

- The influence of the turbine wake on downstream turbines.

Although, the influence of the turbine wake on the performance of down-
stream turbines is mentioned to be overpredicted. Furthermore, results
of the model are compared to extensive field measurements to assess its
reliability, which validate the results produced by the model.

The low-order model of Araya et al. (2014) is later used by Brownstein
et al. (2016) to optimize VAWT arrays. The model results are compared
to open-field tests and wind tunnel experiments of two- and three-turbine
arrays. During the wind tunnel experiments, twenty configurations of three-
turbine arrays are tested. Downstream-positioned turbines are concluded
to perform better than upstream ones. However, the induced blockage by
the different configurations varies and will substantially influence the flow
in some cases. The used wind tunnel is 1.30 m wide while the turbines have
a diameter of 0.31 m. When configurations with three laterally positioned
turbines are tested, a lateral blockage of 0.72 is reached. Such blockage
values will influence the incoming flow. The authors acknowledge the in-
fluence of blockage and mention to compare only relative power outputs.
Nevertheless, substantial power increases of up to 20 % have been recorded
on downstream-positioned turbines in wind tunnel and open-field exper-
iments. The power increase is attributed to flow accelerations within the
turbine arrays. Such flow accelerations are captured by the low-order model
which was proven to correctly predict the performance of VAWT-arrays.

Motivated by the potential of VAWT arrays, Craig et al. (2016) study
the flow characteristics within an array of various rotating cylinders. One
motivation for the cylinder experiments has been the work of Chan et al.
(2011) on counter-rotating cylinders. They observed the possibility for su-
pressed vortex shedding and the possibility for a significant reduction of the
drag. Supported by their experimental tests, Craig et al. (2016) identify the
potential to enhance flow kinematic in order to increase the energy resource
available within the array. Later on, Craig et al. (2016) continue the study
of flow kinematics within arrays of rotating cylinders by also studying the
effect of variable-height cylinders.
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In order to create a digital twin of the cylinder experiments, Pierce
et al. (2013) established a simplified model, i.e. a point-forcing model. The
objective is to develop a model for arrays of cylinders which can easily be
extended to arrays of VAWTs. The performance of the model is compared to
the stationary cylinder(s) experiments and rotating cylinder(s) experiments
of Craig et al. (2016) (isolated configurations and array configurations).
Pierce et al. (2013) find a good agreement with the experiments of Craig
et al. (2016) for stationary cylinder(s) but a very poor agreement for the
rotating cylinder(s). The model is thus concluded unsatisfactory for VAWT
applications.

More recently, Brownstein et al. (2016) experimentally quantified the
performance of co- and counter-rotating configurations at inter-turbine spac-
ing of 1.25D . In these tests, one turbine remains at a fixed position while
the other turbine is placed at several positions next to, and behind the fixed
turbine while respecting the 1.25D inter-turbine spacing (similar to posi-
tions A-E on Figure 1.6). Brownstein et al. (2016) find the performance of
the non-static (downstream) turbine to be influenced by its relative position
to the upstream turbine. Moreover, the authors also find the performance
of the upstream turbine to be influenced by the position of the downstream
one. Furthermore, by means of a particle image velocimetry study of the
wake of paired VAWTs, Brownstein et al. (2016) also observe the shedding
of streamwise vorticity from the top and bottom of the rotor. In counter-
rotating configurations, the turbines shed counter-rotating vortices. These
vortices are observed to be less prominent than in isolated configurations.
The observations are similar to the ones of Lam and Peng (2016), discussed
further.

In 2011, Dabiri proposed the potential for an order-of-magnitude en-
hancement of wind farm power densities using paired VAWTs based on
open-field studies. Because the open-field tests of Dabiri are based on the
results of small wind farms, Hezaveh et al. (2018) study the potential of
large VAWT wind farms. It should be noted that paired VAWTs are not
the main focus of this study but Hezaveh et al. (2018) aim to benefit from
the interaction of closely-spaced VAWTs. Based on simulations, they de-
termine that VAWT wind farms are able to perform better when triangular
clusters of VAWTs are strategically positioned within the wind farm. Com-
plementary work of Hezaveh and Bou-Zeid (2018) focusses more on the
transport and recovery of mean kinetic energy within a VAWT farm.
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1.7 Numerical studies of paired vertical-axis wind tur-
bines

Some numerical simulations have already been discussed in Section 1.6,
however, many other researchers have conducted numerical studies on the
interference between VAWTs in close proximity.

One of the first computational simulations of paired VAWTs was pre-
sented by Korobenko et al. (2014). In this study, the authors compare the
performance of a three-bladed, high solidity VAWT in different configura-
tions. An isolated VAWT is compared with two counter-rotating turbines
placed side-by-side in close proximity (1.32 diameters centre-to-centre). The
results of their simulations indicate a degradation of the performance by
approximately 10 % when the VAWTs are in paired configuration. The au-
thors attribute this degradation to the fact that downwind blades pass in
the wake induced by the neighbouring turbine. This is, however, one of the
few studies observing a degradation of the performance.

Inspired by the concept of paired VAWT wind farms proposed by Dabiri,
Feng et al. (2014) investigate the main factors impacting the power density
of such wind farms. In this study, Feng et al. (2014) use simplified wake
models which they adapt for VAWT applications. They are able to confirm
the potential of VAWTs to reach high power density wind farms. They also
confirm the occurrence of an enhanced power performance when pairing
VAWTs by means of a vortex model. The height to diameter ratio of the
VAWT rotors is found to be an influential parameter for the wind farm
power density. The authors also mention the important sensitivity to the
wind direction and the turbine spacing to reach improved power densities.

The power enhancement observed in Dabiri’s open-field tests was also
observed in computational analyses by Duraisamy and his co-workers (Brem-
seth and Duraisamy, 2016; Duraisamy and Lakshminarayan, 2014). In these
studies, the authors mention full scale tests to be irreplaceable but aim
to isolate competing effects. Duraisamy and Lakshminarayan (2014) as
well as Bremseth and Duraisamy (2016) work towards the improvement of
power densities of wind farms with the use of VAWTs. According to the
authors, the rectangular swept area of VAWTs can be increased indepen-
dently from its circular footprint. They numerically study the potential to
achieve constructive aerodynamic interference through the exploitation of
arrayed VAWTs.

Although the numerical methodology is observed to produce small dif-
ferences with the validation cases, it is deemed satisfactory for its pur-
pose, namely to gain insights into overall performance measures. Using
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this model, the authors study co- and counter-rotating pairs of VAWTs at
tip-speed ratio 5.0. Results of the simulations allow them to conclude that
VAWTs benefit from an increased performance when a blade passes around
azimuthal position 100°. However, the presented graph in both studies is
identical while the first study mentions a turbine spacing of 2.5 diameters
(Duraisamy and Lakshminarayan (2014), Figure 10) and the other study
mentions a turbine spacing of 6 diameters (Bremseth and Duraisamy (2016),
Figure 6).

The two studies subsequently focus on co- and counter-rotating arrays
of VAWTs spaced 2.5 diameters apart in the lateral direction. In an infinite
linear co-rotating array, spectacular power improvements between 50 % and
100 % are observed. The authors acknowledge, however, that such power
improvements may not be achieved in practice. The authors also observe
that when VAWTs are placed in an array, it is not necessarily the first
row which exhibits the highest power production. High wind farm power
densities could thus be reached in efficient VAWT arrays.

The two-dimensional CFD study of Giorgetti et al. (2015) includes a
detailed discussion of the flow around the aerofoil of a single VAWT. The
discussion is complemented with a detailed analysis of the vortices on the
surface of the aerofoil. Then the focus is shifted to paired configurations,
namely the inner-downwind and inner-upwind configurations. The study
predicts a consistently better performance from the inner-downwind config-
uration. When the inter-turbine distance decreases from 2.9 diameters to
1.36 diameters centre-to-centre, the inner-downwind configuration exhibits
power improvements from 7.7 % to 11.6 %. On the other hand, the inner-
upwind configuration allows power improvements from 4.6 % to 10.1 % when
the inter-turbine distance is reduced from 2.9 diameters to 1.36 diameters.
To explain the power improvement, the torque along the azimuthal angle
is compared for the three configurations (Figure 1.9). The authors, how-
ever, omit a detailed discussion of the instantaneous torque. Alexander
and Santhanakrishnan (2020) engage this detailed discussion (see further).
The similarity between the results of Giorgetti et al. (2015) and Alexander
and Santhanakrishnan (2020) with respect to the instantaneous torque is re-
markable. (Similarities between several numerical simulations are discussed
in Section 2.3.2) Afterwards, Giorgetti et al. (2015) focus on differences in
the wake of an isolated VAWT, paired VAWTs and also cylinders. With this
discussion, they raise several questions about the wakes of paired VAWTs
which are addressed by Zanforlin and Nishino (2016). Giorgetti et al. (2015)
finish their study with a sensitivity analysis of a multi-rotor array (includ-
ing four counter-rotating VAWTs) and conclude that the perforance of the
array is strongly dependent on the wind direction.
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Figure 1.9: The instantaneous torque of a VAWT
aerofoil in different configurations along the az-
imuthal position. Data from Giorgetti et al. (2015).

The work of Zanforlin and Nishino (2016) is an important contribution
to the understanding of closely spaced vertical-axis wind turbines. In this
work, Zanforlin and Nishino (2016) clarify the fluid dynamic mechanisms
occurring when pairing VAWTs by means of Reynolds-averaged Navier-
Stokes simulations. Some of their important findings are:

- In isolated configuration, the wake of a VAWT exhibits a slight wake
bending towards the region behind the upwind-moving blade. In
paired configurations, this bending causes the wakes to diverge more
laterally when the middle blades of the pair move along with the
wind. When the middle blades move against the wind, the wake is
more narrow.

- The flow accelerates more significantly near the middle of pairs where
the inner blades move along with the wind. For paired configurations
with inner-upwind moving blades, more flow is deflected outwards.

- A significant wake contraction is observed at the inner sides of paired
configurations. The outer half does not change appreciably.

Moreover, Zanforlin and Nishino (2016) are first to explicitly identify two
important physical mechanisms responsible for the improved performance
of closely spaced counter-rotating VAWTs:

(1) y-velocity suppression in the upwind path that makes the
direction of the flow approaching the blade more favourable to
generate lift and torque, and (2) wake contraction in the down-
wind path.
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In this conclusion, y-velocity suppression is the terminology used by the
authors to describe that lateral deflection of the flow (induced by blockage
of the VAWTs) is being counter-acted by the presence of a closely spaced
second VAWT. The second part of the conclusion appoints the wake con-
traction as another mechanism leading to a power increase. Because of
the obstructed deflection, mass flow is higher for the downwind blade in
paired configurations. By identifying these two physical mechanisms, Zan-
forlin and Nishino (2016) have established an important step towards the
understanding of paired VAWTs.

Kanner et al. (2016) point out a lack of high-order simulations of counter-
rotating paired VAWTs and aim to address this lack. With a high-order
model, they study the influence of inter-turbine distances, incoming flow
angle (hence implicitly the influence of the direction of rotation) and phase
difference. While several studies conclude that paired VAWTs perform
best when one VAWT is positioned slightly downwind of the other, Kan-
ner et al. (2016) observe the best performance for VAWT pairs when they
are placed side-by-side of each other (here, studied for an inter-turbine dis-
tance of 1.2D, 1.5D and 1.8D). Figure 1.10 is an illustration of the analysis
from Kanner et al. (2016) on the influence of the inflow direction of the
flow. For the inner-upwind configuration, they observe power increases be-
tween 25-30 %. The inner-downwind configuration is observed to perform
slightly worse than the inner-upwind configuration. Furthermore, the per-
formance increase exhibits an indirectly proportional relationship with the
inter-turbine distance. The phase difference is concluded to have very little
effect. In 2015, Kanner (2015) presented his dissertation on Design, Anal-
ysis, Hybrid Testing and Orientation Control of a Floating Platform with
Counter-Rotating Vertical-Axis Wind Turbines and describes the potential
of paired floating VAWTs as follows:

By placing two, counter-rotating turbines on a single floating
platform, the torque on the platform can be controlled such that
a taut mooring system is no longer necessary to take off power.
[...] we theorize that if multi-MW VAWTs can be proven to
operate reliably for the normal lifetime of a power plant (20-25
years, usually), then the cost of floating offshore wind technolo-
gies may be reduced drastically.

Somewhat similar to the work of Feng et al. (2014), Ning (2016) has
also adapted a numerical model for its application for multiple VAWTs. In
this study, Ning (2016) has modified the VAWT actuator cylinder model
(described in Madsen (1982); Madsen et al. (2013b)) in order to study
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Figure 1.10: The influence of the inflow direction on
the performance increase of paired VAWTs according
to the results from Kanner et al. (2016).

aerodynamic interactions between VAWTs operating in close proximity of
one another. With this modified actuator cylinder model, Ning (2016)
compares his results to three other studies (Ahmadi-Baloutaki et al., 2016;
Korobenko et al., 2014; Zanforlin and Nishino, 2016). The most relevant
comparison is the one with the work of Zanforlin and Nishino (2016).

For a turbine spacing of 2 diameters (centre-to-centre), Ning observes
power enhancements between 5-10 % (comparable to the results of Dabiri
(2011); Zanforlin and Nishino (2016)). Ning (2016) further expands the
comparison by also analysing differences between inner-downwind configu-
rations and inner-upwind configurations, which yields Figure 1.11. On the
figure, the central turbine is fixed while the position of the second one is
varied within the grey region. The upper half of the figure thus compares
the power enhancement for the inner-upwind configuration as a function
of its relative position (which can be considered as different incoming flow
angles). The lower half does the same for the inner-downwind configura-
tion. The inner-downwind configuration is found to yield more substantial
power enhancements (up to 10 %). Furthermore, the configuration also ap-
pears to allow a wider range of inflow angles while still exhibiting a power
enhancement.

Ning (2016) concludes his study with the following statement about the
performance benefits:
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Figure 1.11: Influence of inter-turbine spacing, wind direction
(considered as different relative positions of the second turbine)
and direction of rotation on the power enhancement of paired
VAWTs. The white region indicates a strong decay of the perfor-
mance. Figure reprinted from Ning (2016) and presents results
achieved with the actuator cylinder model adapted for multiple
VAWTs.

Even in just the two-turbine case, the overall benefits may or
may not be realized depending on the site conditions... With
a uniform wind rose the wake losses overwhelm the benefits of
close spacing.

With this statement, Ning (2016) points out the fact that by placing a
VAWT (of which the power generation is originally independent of the in-
coming wind direction) in paired configuration, the power generation of the
configuration becomes dependent of the wind direction.

To support the potential of triangular three-turbine clusters, Shaheen
and Abdallah (2017) use two-dimensional CFD simulations. Before the
performance analysis of several triangular cluster configurations, Shaheen
and Abdallah (2017) study the performance of co- and counter-rotating
turbines (inner-downwind and inner-upwind). Here as well, the three con-
figurations spaced 1.5 diameters apart are found to perform better than the
isolated configuration (in decreasing order: inner-downwind, co-rotating,
inner-upwind and isolated). In this simulation, the inner-downwind config-
uration performs approximately 20 % better than the isolated configuration.
The three paired configurations persist to perform better than the isolated
configuration when the inter-turbine distance is increased up to 3 diameters.
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As expected, the performance exhibits an indirect proportionality with the
inter-turbine distance. As a side note, the studied three-turbine clusters
perform 30 % better than three isolated VAWTs.

The study of the potential of triangular configurations is further con-
tinued by Shaaban et al. (2018). They use 2D CFD simulations to study
triangular configurations. Here, a single turbine is positioned upstream of
a pair to form a triangle whereas in the work of Shaaban et al. (2018)
a single turbine was positioned downstream of a pair to form a triangle.
They also study the effect of inter-turbine spacing, direction of rotation
and six-turbine triangular configurations.

In previous work, several parameters have already been identified that
influence the power enhancement of paired VAWTs. Chen et al. (2017)
focus their study on the influence of five parameters on the power output
of paired VAWTs:

1. The incoming flow angle;

2. The tip-speed ratio;

3. The inter-turbine distance;

4. The direction of rotation;

5. The effect of phase difference between the rotors.

The authors aim to vary each parameter (in Chen et al. (2017), referred to
as factors) with four different values (in Chen et al. (2017), referred to as
levels). This results in 45 different test cases. Chen et al. (2017) use the
Taguchi method which allows them to reduce the number of test cases to
16. The Taguchi method efficiently allows to find the optimal combination
of several parameters to, in this case, enhance the performance. One of the
findings of the study identifies the sensitivity of the power enhancement to
the different parameters. They rank the parameters from most influential to
least influential in the following order: tip-speed ratio, incoming flow angle,
direction of rotation, inter-turbine distance and phase difference. The best
combination of these parameters is found to yield a power enhancement of
9.97 % (without further information about the configuration).

The work of Chen et al. (2017) is well complemented with the CFD sim-
ulations of Peng et al. (2020). As mentioned above, Chen et al. (2017) focus
mainly on the influence that configuration parameters have on the perfor-
mance benefits. On the other hand, Peng et al. (2020) also use the Taguchi
method to study the influence of rotor design parameters. Hence, on top of
turbine spacing and direction of rotation, they also study the influence that
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the aerofoil, pitch angle and solidity ratio have on the performance benefits
of paired VAWTs. The power coefficient enhancement of paired VAWTs is
mostly influenced by the pitch angle followed by the inter-turbine spacing,
the solidity, the aerofoil and the direction of rotation. Peng et al. (2020)
conclude that the best performance improvement, in their case 13 %, for
paired VAWTs is obtained with the following configuration:

• blade pitch angle: 2.5° inwards;

• inter-turbine distance: 1.2D;

• solidity: 0.3;

• aerofoil: NACA0018;

• direction of rotation: inner-upwind.

They also mention that paired VAWTs are observed to have different opti-
mal tip-speed ratio than isolated ones.

The understanding of the operation of paired VAWTs is further ex-
panded with the 2D simulations of Peng (2018) (different author). The
novelty of this study consists of the aerodynamically induced rotation speed
of the VAWTs, i.e. no rotation speed is imposed. By doing so, Peng (2018)
is able to assess the response of a VAWT in isolation and paired configura-
tion (1.6D apart) to varying wind velocities. Compared to isolated rotors,
paired rotors are observed to respond faster to increasing wind velocities
and exhibit higher rotational speeds at constant wind velocities. In this
study, observed power enhancements reach up to 70 %. Also worth noting
is the fact that the aerofoils of the VAWTs are special J-shape aerofoils.

An extensive part of the CFD simulations by Bangga et al. (2018) is
dedicated to studying the influence of the direction of rotation for paired
VAWTs. The obtained performance improvements remain, however, small.
For instance, Bangga et al. (2018) observe improvements of 1.64 % for the
inner-downwind configuration at inter-turbine distances of 2. For the inner-
upwind configuration, power improvements remain below 1 %. The co-
rotating configuration mostly exhibits a negative influence on the power
improvement.

By means of 2D CFD simulations,Barnes and Hughes (2019) aim to op-
timize the proposed array configurations of Whittlesey et al. (2010) (based
on the fish schooling), Hezaveh et al. (2018) (proposed triangular clusters)
and Bons (2015) (16 turbine arrays, see further). Throughout this study,
Barnes and Hughes (2019) observed power improvements of 181 % for spe-
cific VAWTs in arrays compared to the baseline isolated configurations.
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They further focus on optimizing arrays of 16 turbines and 6 turbines in
configurations similar to the ones in Bons (2015); Hezaveh et al. (2018);
Whittlesey et al. (2010). Based on improved spacing in the streamwise and
lateral direction, Barnes and Hughes (2019) observe significantly higher
array performances than Whittlesey et al. (2010). Compared to isolated
VAWTs, Barnes and Hughes (2019) state that the novel optimised design
resulted in an increased performance of 80 %, where previously only 40 %
was considered to be possible.

To develop high-power density wind farms using paired VAWTs, Posa
(2019) studied the wake of paired VAWTs through CFD simulations. In
this study, he compares the wake of co-rotating and counter-rotating (inner-
downwind and inner-upwind) VAWTs to the wake of an isolated VAWT and
concludes that:

The counter-rotating configurations [...] should be preferred to
the co-rotating configuration [...] (whose wake experiences a
cross-stream drift), in order to have the optimal cross-stream
position of downstream turbines independent of the working
conditions of the upstream turbines, since for [the co-rotating
configuration] the value of TSR affects the angle of the overall
wake, relative to the free-stream direction.

Here, the angle of the overall wake refers to the amount of deflection that
the VAWT wake exhibits. Furthermore, he also state that:

Computations show that vortex interaction between wakes is
weak, since no evidence of coupling was observed in the available
extent of the computational domain, while blockage effects are
obviously important, increasing the momentum flux between
turbines even at downstream locations.

With this statement, he refutes the explanation that VAWTs benefit from a
power improvement originating from vortex suppression and hence allowing
a reduction of the wake (Craig et al., 2016). In his study, he attributes
blockage effects as the origin to the beneficial performance enhancement,
similar to Brownstein et al. (2016).

Alexander and Santhanakrishnan (2020) improved the understanding of
paired VAWTs with a meticulous quantitative analysis of the power pro-
duction. Two paired configurations (1.5 diameters apart centre-to-centre),
inner-downwind and inner-upwind are compared to an isolated configura-
tion. The rotational path of the VAWT is divided into four sections and the
power production per section is compared to the power production of an
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Figure 1.12: The power coefficient of a VAWT aero-
foil in different configurations along the azimuthal
position. Data from Alexander and Santhanakrish-
nan (2020).

isolated VAWT. With these simulations,Alexander and Santhanakrishnan
(2020) are able to distinguish differences in power productions along the
azimuthal position for the three configurations, Figure 1.12. They observe
power improvements of 10.1 % and 13.2 % for the inner-downwind and inner-
upwind configuration respectively. With an analysis of the bypass flow, the
authors observe the increase in volumetric flow through the rotors.

1.8 Wind tunnel studies of paired vertical-axis wind
turbines

A first wind tunnel study of counter-rotating paired VAWTs is presented by
Kim and Gharib (2013). The study aims to increase the efficiency of paired
VAWTs by placing a deflector in front of the blades moving along with
the wind. However, the study does not focus on the interaction occurring
between the VAWTs, nor does it compare the performance of an isolated
VAWT to paired VAWTs. VAWTs are placed on both sides of the wake
of a deflector plate, there where the velocity is locally increased because
of blockage. The experimental study observes power improvements of 25 %
through the benefit of the increased velocity outside of the wake. In this first
wind tunnel study, the paired VAWTs are placed less than 1.2 diameters
apart (centre-to-centre). It should be noted that the power coefficient, tip-
speed ratio, Reynolds number and dimensions of the setup are small.

One year later, in 2014, Shyu (2014) published the results of a pilot
study. Shyu observes an experimental performance increase of 11 % for



1.9. ADDITIONAL NOTEWORTHY STUDIES 27

inter-turbine distances between 1.5D and 2D at 10 m/s. However, many
details are missing in order to fully understand the operating conditions

The results of a first extensive wind tunnel study focussing on the per-
formance of two closely-spaced VAWTs was published by Ahmadi-Baloutaki
et al. (2016). In this study, four configurations were tested: two counter-
rotating configurations and two co-rotating configurations. The study al-
lows the authors to observe a slight power improvement in the aerodynamic
performance of each rotor. However, in this study, the solidity of the five-
bladed rotors is very high and the resulting power coefficients are low. The
recorded power coefficients range between 0.1× 10−3 and 2× 10−3. Because
of this, the authors state that:

A quantitative comparison may not be valid [...] since all vari-
ations of the power coefficient are in the uncertainty limits.

Hence the experimental study was not able to confirm the occurrence of a
substantial power enhancement when pairing VAWTs.

While the work of Ahmadi-Baloutaki et al. (2016) focussed on the ex-
perimental performance of paired VAWTs, the study of Lam and Peng
(2016) aims at characterising their wake experimentally. In this experi-
mental work, they measure wake aerodynamics of paired VAWTs placed 2
diameters (centre-to-centre) apart, in both co- and counter-rotating con-
figuration. The study is carried out with five-bladed high-solidity rotors
at a chord-based Reynolds number of 1.7× 105. Two pairs of stationary
counter-rotating vortices are identified in the wake of the counter-rotating
configurations. Even though the physical interpretation of the results re-
mains modest, the study presents a first set of experimental wake measure-
ments under controlled conditions of paired VAWTs.

1.9 Additional noteworthy studies

Bons (2015) analysed the possibility to exploit the power benefits in VAWT
arrays. By means of a potential flow model, Bons found that arrays of
16 turbines can exhibit a 22 % increase in performance compared to the
performance of 16 isolated turbines.

The computational simulations of Mehrpooya (2014) are also a notewor-
thy contribution to the study of paired VAWTs. Mehrpooya (2014) finds
a maximum improvement of the performance coefficient of 22 %. Paired
VAWTs with a turbine spacing of 1.50D are found to perform better than
spacings of 1.35D or 1.65D. The optimal tip-speed ratio appears to be
inversely proportional to the inter-turbine spacing. Furthermore, the effect
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of pairing VAWTs is found to be substantial on the downwind path of the
blades. Mehrpooya (2014) also included a study of the wakes of paired
VAWTs.

Klimina et al. (2018) introduce a novel application of counter-rotating
VAWTs with respect to the use of the generator. One VAWT is connected
to the rotor of the generator. The second VAWT is connected to the stator,
which then becomes a second rotor hence inducing a larger angular speed
difference within the generator. They study the impact of such a system
through a dynamical model.

Analogous to paired VAWT configurations, the interaction between tidal
turbines also exhibits power enhancing properties (Nishino and Willden,
2012; Zanforlin et al., 2019).

1.10 Co-rotating vs counter-rotating

In several studies described above, two types of counter-rotating config-
urations are studied: inner-downwind and inner-upwind. Usually, one of
the two configurations is found to be performing better than the other.
However, the literature remains inconsistent about the better-performing
counter-rotating configuration.

The performance of the co-rotating configuration is often observed to lie
within the two possible counter-rotating configurations. Compared to the
isolated configuration, it also exhibits a considerable power improvement
and thus offers a beneficial performance improvement.

However, substantial differences between the co- and counter-rotating
configurations are found within their induced wakes. A VAWT induces a
deflected wake as a consequence of the varying aerodynamic forces along the
azimuthal position. Because of the opposite-turning VAWTs, the counter-
rotating configurations exhibit a globally symmetric wake around the lateral
middle of the configuration. This wake deflects outwards for the inner-
downwind configuration or inwards for the inner-upwind configuration. For
the co-rotating configuration, both wakes of the VAWTs deflect in the same
direction hence leading to a deflected wake for the paired VAWTs. Further-
more, as stated above, Posa (2019) points out that the degree of deflection
depends of the tip-speed ratio. This inconsistent wake deflection makes the
co-rotating configuration unappealing for wind farm applications.

Recent development of paired VAWT applications points towards their
advantages for floating applications. Here also, the counter-rotating config-
urations exhibit more benefits. The counter-rotating configurations benefit
from a zero net generator torque on the platform and a means (by vary-



1.11. TOWARDS FLOATING PAIRED VAWTS 29

Figure 1.13: The Nenuphar Twinfloat concept. (Figure from Nenuphar)

ing the individual torque of each turbine) to change the orientation of the
platform. Co-rotating VAWTs make such applications more difficult.

1.11 Towards floating paired vertical-axis wind tur-
bines

1.11.1 Nenuphar Wind
In 2016, the French company Nenuphar presented their Twinfloat concept
at the EAWE1 conference: two closely spaced counter-rotating VAWTs on
one single floater for offshore applications, see Figure 1.13 (Parneix et al.,
2016). In order to maximise the advantages of paired VAWTs, Parneix et al.
(2016) present the results of a numerical parameter study.

From an industrial point of view, they also mention several advantages
to the floating paired VAWTs:

... smaller rotor components and drive trains that make their
fabrication easier, their installation and Operating and Mainte-
nance (O&M) operations, floater motions reduction thanks to
specific control laws and wake reduction ...

In this study, Parneix et al. (2016) have analysed the dependence of the
power gain on the distance between the turbines. They also observed an
increase of the optimal tip-speed ratio when pairing VAWTs. In terms of
power improvement, they have observed an improvement of 15 % for two-
dimensional simulations and 8 % for three-dimensional simulations.

1European Academy of Wind Energy
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Driven by a collaboration with Nenuphar, researchers at the Delft Uni-
versity of Technology and Technical University of Denmark have also stud-
ied the potential of counter-rotating VAWTs. Through the support of nu-
merical simulations, De Tavernier et al. (2018a) aim to complete the un-
derstanding of VAWTs in double rotor configuration. The two-dimensional
panel/vortex method U2DiVA, developed in the work of Simão Ferreira
(2009), is used to further expand the understanding of paired VAWTs.
Through an analysis of the induced velocities, De Tavernier et al. (2018a)
conclude that the effect of pairing VAWTs is more pronounced on the down-
wind part of the rotation than on the upwind part of the rotation. Based
on a parametric study, the authors further state:

In terms of power, the counter-up configuration is in general
the most effective, followed by the co-rotating and counter-down
configuration.

Here, the counter-up and counter-down terminology refers to the direction
of the blade movement around the middle of the pair. They thus predict the
inner-upwind configuration to be most effective, while other studies, predict
the inner-downwind configuration to be most effective (e.g. Zanforlin and
Nishino (2016)). The study is also extended with an analysis of the effect
of rotor spacing. Also here, the authors conclude that the positive effect is
indirectly proportional with the rotor spacing.

The same authors, have built upon this work with the addition of an
aerofoil optimisation scheme (De Tavernier et al., 2018b). The optimisa-
tion takes into account structural requirements to limit bending stiffness
while aiming for optimal aerodynamic performance. With this optimisa-
tion, De Tavernier et al. (2018b) are able to propose aerofoils designed for
paired VAWTs which perform better than standard four digit aerofoils.

1.11.2 Development of floating platforms
The position of a VAWT drive-train and its centre-of-gravity are thus sub-
stantial advantages of VAWTs compared to HAWTs. Especially for offshore
applications such advantages could contribute to the cost reduction of float-
ing wind farms (Borg et al., 2014). At Sandia National Laboratories, Bull
et al. (2014) study the possibility for reducing the cost of floating platforms
through the use of VAWTs. One of their conclusions states that VAWTs
do indeed require substantially smaller floating platforms hence allowing a
cost reduction for floating applications.
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Paired VAWTs exhibit potential for floating applications with advan-
tages such as the aforementioned statement from Kanner et al. (2019) about
the floating platforms. They study such floating applications by means of
real-time hybrid testing. For such tests, they developed a floating platform
on which the VAWT rotors are replaced with actuators. The loads of the
actuators are determined based on computational simulations, similar to
the ones earlier described (Kanner et al., 2016). Kanner et al. (2019) con-
clude that re-orientation of the floating platform is not easily attained. One
of the difficulties comprised the fact that hydrodynamic properties must be
downscaled differently than aerodynamic properties.

1.12 Performance of paired vertical-axis wind turbines

Several aforementioned studies have partially devoted their work to the
study of the performance of closely spaced VAWTs. These studies are sum-
marised in Table 1.2 and Table 1.3. Some clarifications are provided with
these tables:

- Blank values of First author, Study type, Rotor type and Aerofoil in-
dicate same entries as the row above;

- The study Type indicates numerical work (Num), open-field measure-
ments (O-F) or experimental work (Exp), i.e. wind tunnel tests.

- In cases where σ, Rec or λ have not been reported they were calculated
as accurately as possible. The definitions of these parameters can be
retrieved in Section 2.1. When no Rec has been reported, ν is approx-
imated using its value at standard conditions, i.e. 1.48× 10−5 m2/s
at 15 ◦C (except for the case of Schatzle where an altitude of more
than 1585 m is mentioned).

- The distinguished directions of rotation (DoR) are co-rotating (CR),
inner-downwind (I-D) and inner-upwind (I-U). Their definitions are
explained in Section 1.4.

- The inter-turbine distance (I-T) is consistently expressed in diameters
centre-to-centre.

- The improvement (or decrement when negative values are reported)
of the performance is expressed with the following equation

C∗P =
1

CP ,iso
(
CP ,1 + CP ,2

2
− CP ,iso)× 100
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In which CP ,iso, CP ,1 and CP ,2 refer to the performance coefficients of
the isolated configuration and first and second rotor in paired configu-
ration. If no stated values of the increase or decrease can be retrieved,
values from tables or figures are used to calculate those.

For clarity, the studies in tables 1.2 and 1.3 only refer to the first author.
Table 1.1 clarifies the reference to the corresponding studies.

Table 1.1: First author and corresponding reference of the studies included in the
comparison

First author Reference
Schatzle Schatzle et al. (1981)
Rajagopalan Rajagopalan et al. (1990)
Dabiri Dabiri (2011)
Koroborenko Korobenko et al. (2014)
Duraisamy Duraisamy and Lakshminarayan (2014)
Bremseth Bremseth and Duraisamy (2016)
Giorgetti Giorgetti et al. (2015)
Zanforlin Zanforlin and Nishino (2016)
Kanner Kanner et al. (2016)
Ning Ning (2016)
Shaheen Shaheen and Abdallah (2017)
Peng Peng et al. (2020)
Peng Peng (2018)
Bangga Bangga et al. (2018)
Alexander Alexander and Santhanakrishnan (2020)
Ahmadi-Baloutaki Ahmadi-Baloutaki et al. (2016)
Mehrpooya Mehrpooya (2014)
Parneix Parneix et al. (2016)
De Tavernier De Tavernier et al. (2018a)

Because of the variation of the studies several remarks are presented for
clarification purposes:

*1 The solidity is not conform with the here-stated definition because of
the troposkien nature of the rotor.

*2 The VAWTs are placed in oblique configuration with an angle of 70°
between the centres of the turbines and the streamwise direction.

*3 The main inflow direction is under an angle of approximately 60°. The
VAWTs can thus be considered to be in an oblique configuration.
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*4 The isolated VAWT is found to perform best at λ = 2.55. The re-
ported λ-values in the table correspond to the optimal λ of the cor-
responding paired configurations.

*5 Author mentions a diameter of 0.6 m for the Windspire VAWT. How-
ever, this VAWT has a reported diameter of 1.2 m. Because the study
is a comparison to Zanforlin and Nishino (2016), the diameter of 1.2 m
is applied for the calculation of σ.

*6 The blades of the VAWTs are set with a pitch angle of 2.5° inwards.

*7 The blades of the VAWTs are set with a pitch angle of 2.5° outwards.

*8 Rec is estimated around 3× 105 but the reported parameters do not
allow an accurate calculation of Rec.

*9 Results do not allow a quantitative comparison.

*10 Information obtained through communication with the author.

The comparison points out the variance of the observed performance
increase/decrease when pairing VAWTs. The reported studies generally ob-
serve an improvement between a few percent to about 30 %. The complete
range of the observations varies between a performance decrease of 10 %
to an improvement of 70 %. Furthermore, the only reported experimental
work under controlled condition only presents qualitative comparisons.

Most reported studies are two-dimensional numerical simulations. Some
simulations also point out that the optimal λ for paired configurations is
different than the optimal λ for isolated configurations (e.g. Parneix et al.
(2016); Zanforlin and Nishino (2016)).

1.13 Discussion

In general, the literature on paired vertical-axis wind turbines observes
power improvements between 10 % and 30 %. This improvement appears
sensitive to several parameters, i.a. the inter-turbine distance, tip-speed
ratio and direction of rotation. Conclusions from the literature are, however,
not unanimous.

In general, smaller inter-turbine distances exhibit higher performance
benefits than larger spacing. An inter-turbine distance of 1.2D is a recur-
ring suggested spacing but some studies have observed larger power im-
provements for spacings of e.g. 1.5D. Furthermore, the optimal tip-speed
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ratio for paired VAWTs is not consistently analysed. Even more contentious
is the influence of the direction of rotation. From the existing literature, it
is not possible to conclude which counter-rotating configuration performs
best.

Pairing VAWTs allows to benefit from altered inflow conditions which
leads to a power improvement. However, the performance of paired VAWTs,
which are insensitive to the incoming wind direction in isolated configura-
tion, becomes dependent of the incoming wind direction. This compromises
the potential for paired VAWTs in several applications where the the ori-
entation of the incoming flow or pair cannot be adjusted.

Because of this, the most appealing application for paired VAWTs is off-
shore, on floating platforms. Especially when two counter-rotating (instead
of co-rotating) VAWTs are placed on a same floating platform. By doing
so, the counter-rotating VAWTs provide a means of orienting the floating
platform. If the back-torque of one VAWT of the pair is varied, a non-zero
back torque is transferred to the platform.

The wake of counter-rotating VAWTs is also more favourable than the
wake of co-rotating ones. The latter configuration exhibits a deflected wake
which is dependent of the tip-speed ratio. Based on this deflection, the wake
of counter-rotating VAWTs can be divergent or, more appealing, convergent.

To conclude, open-field studies have been used to introduce and demon-
strate the potential of VAWT arrays. The appealing aerodynamics of paired
VAWTs have led to their increasing popularity. Nowadays, the existing lit-
erature on paired VAWTs is largely dominated by numerical simulations.
No quantitative comparisons on the performance of paired VAWTs through
controlled wind tunnel tests have been reported.

1.14 Objectives of the present contribution

The present study aims to contribute to the assessment of the potential
of closely spaced counter-rotating VAWTs. The study is experimental in
nature in order to complement the wide range of existing numerical paired
VAWT studies. This study thus aims to provide highly reliable measure-
ments of paired VAWTs. The following objectives are outlined:

- The design and manufacturing of an experimental setup which al-
lows rotational speed control and measurements of the aerodynamic
torque of a VAWT in operation. The production of the experimental
setup must be repeatable in order to produce two identical VAWT
setups to allow paired VAWT experiments. Aerodynamic forces (as



1.14. OBJECTIVES 37

opposed to a motor) must be the dominant driving forces of the ro-
tors. Drive-train losses and other possible contaminations must be
supressed. Unavoidable contaminations must be characterised.

- Avoid an excessive Reynolds mismatch between the operation of wind
tunnel models and full scale models. Preliminary numerical modelling
(carried out by Nenuphar) indicated that the condition Rec >1× 105

must be satisfied. According to the numerical models, the aerody-
namics occurring on rotors for wind tunnel tests are representative of
full scale rotor aerodynamics.

- The performance of paired VAWTs must be comparable with the per-
formance of the same VAWTs in isolation. This comparison must lead
to a quantitative statement on the power decrement or increment of
paired VAWTs. An assessment of the influence of pairing VAWTs on
the optimal tip-speed ratio is also part of the objectives.

- The wake of paired VAWTs is an important parameter when consid-
ering paired VAWTs for wind farm applications. Therefore, one of the
objectives of this study is to compare the wake of an isolated VAWT
with paired configurations. This includes an analysis of the influence
of the direction of rotation.



2

Aerodynamics of vertical-axis
wind turbines

Summary

In this chapter, the aerodynamics of a vertical-axis wind turbines
in isolation and in paired configuration are explained through differ-
ent levels of complexity. The unsteady aerodynamics of the VAWTs
are explained but also the contribution of the upwind and down-
wind part of the rotation in isolated and paired configurations are
discussed.

2.1 Definitions and nomenclature

The definitions of common wind energy nomenclature differ somewhat be-
tween HAWTs and VAWTs. For example, as pointed out by Eriksson et al.
(2008), a design parameter such as the solidity σ is defined for HAWTs by

σ =
bc

πR
, (2.1)

whereas for VAWTs, the same parameter is usually defined by

σ =
bc

D
. (2.2)

Here b, c, R and D correspond to the number of blades, the chord length
of the blades, the radius of the rotor and the diameter of the rotor respec-
tively. Equation 2.2 is the definition we follow in this work. Some studies

38
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also define the VAWT-solidity with denominator R instead of D. This ex-
ample emphasizes the need for a clearly defined nomenclature. Here, the
nomenclature and definitions on wind turbine aerodynamics are defined.
The nomenclature with respect to the VAWT configurations was described
earlier in Section 1.4.

Throughout this study the power coefficient CP is defined based on the
mechanical torque τ and rotational speed ω as follows:

CP =
τω

1
2
ρDHU3

0

. (2.3)

The rotor dimensions are characterised by its diameter D and height
H. The flow, on the other hand, is characterised with its density ρ and
unperturbed velocity, U0. For VAWTs, the tip-speed ratio, defined by

λ =
ωR

U0

, (2.4)

(2.5)

directly influences the magnitude of the unsteady aerodynamics to which
the turbine is exposed. Higher values of λ induce smaller variations of the
angles of attack α and relative velocity vrel to which the blades of the VAWT
are exposed (Section 2.2.1).

The Reynolds number for a VAWT is commonly defined based on its
blade chord:

Rec =
cλU0

ν
(2.6)

in which ν corresponds to the kinematic viscosity. Throughout a rotation,
the relative velocity of a blade changes cyclically. This is why an average
chord-based Reynolds number Rec is defined.

The unsteadiness of the streamwise velocity component Iu within the
used wind tunnels or in the wake of VAWTs is defined by:

Iu =
Su
U0

, (2.7)

where Su is the standard deviation of the streamwise component of U0.

2.2 Isolated vertical-axis wind turbine aerodynamics
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Figure 2.1: Induced relative velocity for a VAWT
during its rotation and resulting direction of the lift.

2.2.1 Kinematic analysis

One of the unique characteristics of a VAWT is that its operation is defined
by unsteady aerodynamics. During one rotation, a blade of a VAWT is
exposed to a cyclically varying angle of attack α and relative velocity vrel.
A simple kinematic analysis (in line with the analysis of Rogowski et al.
(2018)) allows to compute these variations.

Figure 2.1 is a two-dimensional schematic representation of a two-bladed
VAWT. The unperturbed velocity vector and the velocity vector induced
by the rotation are indicated by ~U0 and ~vωr respectively. The following
derivation allows to quantify α and vrel of one blade as a function of the
azimuthal position θ. By identifying the tangential and normal relative
velocity components,

vrel,t = vωr + U0 cos θ

vrel,n = U0 sin θ

(2.8)
(2.9)

it is possible to find an equation for α
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tanα =
vrel,n

vrel,t

=
U0 sin θ

vωr + U0 cos θ

=
sin θ

vωr

U0
+ cos θ

α = arctan
sin θ

λ+ cos θ
(2.10)

and for vrel

vrel = U0

√
(λ+ cos θ)2 + sin2 θ. (2.11)

The solution of this kinematic analysis is illustrated in Figure 2.2 for
several values of λ. It indicates the dependency of the unsteady aerody-
namics on λ. The blade of a VAWT operating at low λ will be exposed
to large absolute α and hence lead to significant flow separation. When
a VAWT operates at excessive λ, the occurring absolute α might remain
below optimal α and the VAWT will not reach its optimal CP .

This kinematic analysis is a substantial simplification of the operation
of a VAWT. It does, for example, not take into account the fact that down-
wind blades (180° < θ < 360°) are exposed to velocities inferior to U0 and
the induced velocity field because of the presence of the rotor. However,
it allows to capture several important operating principles of the VAWTs.
Central to these principles is the variation of α and vrel along θ. Because of
this variation, VAWT blades are intermittently exposed to sub-optimal con-
ditions throughout a rotation. This is one reason why the power coefficient
of VAWTs is lower than HAWTs (where unsteady aerodynamic phenomena
are less prominent).

The dependency of λ indicates that at lower λ, the unsteady aerody-
namics become more severe, i.e. α reaches higher absolute values. At low
tip-speed ratios, dynamic stall will become an important characteristic of
the VAWT (Keisar et al., 2020; Laneville and Vittecoq, 1986). Laneville
and Vittecoq (1986) find the occurrence of dynamic stall for λ < 4 while
Zanforlin and Nishino (2016) do not observe dynamic stall for λ > 3.2.

Figure 2.2 also indicated that α and vrel do not vary simultaneously.
Because of this, a VAWT blade will only significantly contribute once per
rotation to the generation of torque. The result is a variation of the torque
as a function of the azimuthal position of the blade. The use of active
blade pitching VAWTs is proposed to alleviate the resulting torque ripple
(LeBlanc and Simão Ferreira, 2018a).
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Figure 2.2: Variation of the angle of attack (solid lines) and rela-
tive speed normalised by vωr (dashed lines) along the azimuthal
position for different tip-speed ratios. (Based on a simple kine-
matic analysis)

2.2.2 Numerical model: the actuator cylinder model
A more sophisticated model for aerodynamic predictions of VAWT perfor-
mance is the actuator cylinder model developed by Madsen (1982) (for a
more consice description, see Madsen et al. (2013b)). In a comparison of
six numerical models for VAWTs, Simão Ferreira et al. (2014) describe the
model as follows:

The Actuator Cylinder (AC) is a steady Eulerian model de-
veloped by Madsen (1983, 1982) [...]. The model extends the
actuator disc concept to an actuator surface coinciding with the
swept area of the 2D VAWT, in which the reaction of the blade
forces are applied as body forces.

The actuator cylinder model is found to show good agreement with the
models that use an unsteady and instantaneous formulation of the loads,
wake and induction. Differences are mentioned to be noticeable, mostly in
the estimation of the windward and crosswind induction factor. Conversely
to the kinematic analysis, the actuator cylinder model captures the different
inflow conditions in the upwind half of the rotation (0° ≤ θ < 180°) and the
downwind half of the rotation (180° ≤ θ < 360°).

The development of α and vrel along θ according to the model are shown
in Figure 2.3 (it also computes the forces on the blades and induced veloc-
ities which are not included in this discussion). Madsen’s model confirms
that the simple kinematic analysis is able to capture the evolution of α and
vrel quite well in the upwind half of the rotation (0° ≤ θ < 180°). However,
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(a)

(b)

Figure 2.3: Variation of (a) the angle of attack and (b) the relative speed nor-
malised by vωr along the azimuthal position for different tip-speed ratios. (Based
on the actuator cylinder model.)

by taking into account the effect of the upwind half on the flow, the actu-
ator cylinder model differs substantially from the kinematic analysis in the
downwind half.

For the upwind half, the effect of λ on α remains similar to the solution
of the kinematic analysis. On the downwind half, higher values of λ result
in a decrease of | α |. Furthermore, for θ = 0° and θ = 180° the actuator
cylinder model predicts negative values of α. This is because of the velocity
field induced by the rotor itself.

The actuator cylinder also models the normal and tangential forces along
the azimuthal position. These forces are directly proportional to the lift
and drag forces on the blades of a VAWT. Plotting these forces (Figure 2.4)
indicates a change of the pressure and suction side of the aerofoil along the
azimuthal position.

The alteration of the pressure and suction side is a consequence of the
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Figure 2.4: The actuator cylinder flow model representation of
a VAWT with forces normal and tangential to the circle (Figure
and caption reprinted from Madsen et al. (2013b))

varying circulation around the VAWT blades. This means that the wake of
a VAWT will be populated by vortices, as indicated by Kelvin’s theorem and
Stokes theorem (for inviscid flow) (Simão Ferreira, 2009). Furthermore, the
forces between 0° ≤ θ < 90° differ from the forces between 90° ≤ θ < 180°.
This asymmetry will induce the deflection of the wake behind a VAWT.

Because the actuator cylinder model is capable of capturing the aerody-
namics of VAWTs quite accurate while being computationally fast, it has
been extended to various uses. De Tavernier and Simão Ferreira (2019)
have extended the original actuator cylinder model in order to enable it to
model the effect of struts, double bladed turbines or butterfly turbines. In
Chapter 1, the application of the actuator cylinder model to model paired
VAWTs was also already discussed (Ning, 2016).

2.2.3 CFD analysis
To capture VAWT aerodynamics in more detail, high-fidelity computational
fluid dynamics are required. In order to discuss the influence of such de-
tailed aerodynamics on α and vrel, the results of Rezaeiha et al. (2018a) are
implemented in the present discussion.

Rezaeiha et al. (2017a,b, 2018a,b,c) have devoted several studies to the
understanding of the aerodynamics of VAWTs. In general, the studies aim
to improve the aerodynamic understanding in order to enhance their perfor-
mance. In a study on the development of the optimal aerodynamic design
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Figure 2.5: Variation of the angle of attack along
the azimuthal position for different tip-speed ratios.
Data from the simulations of Rezaeiha et al. (2018a)

for a VAWT rotor, Rezaeiha et al. (2018b) formulate the complicated aero-
dynamics of a VAWT as follows:

The complex aerodynamic performance of VAWTs is influenced
by flow phenomena such as unsteady separation and dynamic
stall, blade-wake interactions, flow curvature effects and rota-
tional and Coriolis effects on boundary layer and shed vortices.

They also discuss the impact of three operational parameters on the VAWT
aerodynamics: λ, Re and Iu (Rezaeiha et al., 2018a). In the part of the
study devoted to the analysis on the effect of λ, they observe the aerody-
namic differences for several values of λ between 2.5 and 5.5, Figure 2.5. In
these simulations, the influence of the central shaft can be observed around
θ = 270°. On the downwind half of the rotation, blade-wake interactions are
stated to be the main source for unsteady aerodynamics. Finally, similar to
the actuator cylinder solution, the CFD simulations also observe negative
values of α for θ = 0° and θ = 180°.

Another notable contribution is their visualisation of dynamic stall for
three values of λ, here shown in Figure 2.6. At λ = 2.5, the blade CL is
influenced by stall occurrences on upwind half of the rotation. The unsteady
separation of the flow influences the CL(α)-curve and leads to a hysteresis
in the curve (Gad-el Hak and Bushnell, 1991).

Throughout the analysis on the effect of λ,Rezaeiha et al. (2018a) in-
dicate that a VAWT at high λ (e.g. λ > 3.5) produces most power in
the upwind part of the rotation (45° < θ < 225°). When λ decreases, the
downwind part of the rotation (225° < θ < 315°) contributes more to the
production of power. They graphically illustrate the power contribution of
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Figure 2.6: Flow around a VAWT blade at various azimuthal positions for three
values of λ. Figure reprinted from Rezaeiha et al. (2018a)
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Figure 2.7: Contribution of the power produced in each quartile to the total power
produced along a rotation for various values of λ. Figure reprinted from Rezaeiha
et al. (2018a)

each quartile to the total turbine power for the different values of λ, here
reprinted in Figure 2.7. They define the four quartiles as follows:

- quartile 1: 315° ≤ θ < 45°

- quartile 2: 45° ≤ θ < 135°

- quartile 3: 135° ≤ θ < 225°

- quartile 4: 225° ≤ θ < 315°

2.3 Paired vertical-axis wind turbine aerodynamics

2.3.1 Kinematic analysis
Closely-spaced counter-rotating VAWTs influence each other’s incoming
flow field which results in a power increase. The benefit of counter-rotating
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(a) inner-downwind configuration (b) inner-upwind configuration

Figure 2.8: Region 1 and region 2 for the two counter-rotating configurations in
which the relative velocity vectors and resulting direction of the lift are identified.

VAWTs is believed to happen near the middle of the pair, where the influ-
ence of the neighbouring turbine is highest (Zanforlin and Nishino, 2016).

In order to identify fundamental aerodynamic differences between the
inner-downwind and inner-upwind configurations and the isolated configu-
ration, regions 1 and 2 are defined for the paired configurations (Figure 2.8).
For the analysis, the turbines are assumed to turn in phase as such that
the blades are always at identical azimuthal angles. The vector analysis
respects the relative size of the vectors for λ = 3, i.e. | vωR |= 3 | U0 |.

The relative velocity vectors are identified for the paired configurations
in region 1 and 2. Based on vrel, the direction of the lift vector is indi-
cated. This allows to identify the pressure side (PS) and suction side (SS)
of the aerofoils. This kinematic analysis indicates that the pressure side
and suction side remains on the same side of the blades, independent of the
direction of rotation.

A difference between the inner-downwind and inner-upwind configura-
tion corresponds to the contribution of U0. For the adjacent blades in the
middle of the inner-downwind configuration, U0 reduces the magnitude of
vrel. On the other hand, U0 contributes to an increase of vrel for blades pass-
ing the middle of the inner-upwind configuration. Because pairing VAWTs
locally influences U0, different performance improvements can be expected
for inner-downwind or inner-upwind configurations. Furthermore, as ob-
served in Sections 2.2.2 and 2.2.3, the induced velocity field by a single
VAWT will also be affected by the proximity of a second VAWT. This will
locally influence the direction of U0 and hence influence α for a specific
range of θ as well.

However, limiting the analysis of paired VAWTs to the influence on vrel
is an over-simplification. The local acceleration of U0 near the middle will,
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(a) inner-downwind region 1

(b) inner-downwind region 2

(c) inner-upwind region 1

(d) inner-upwind region 2

Figure 2.9: Vector analysis of the vrel and direction of L for paired VAWTs in
regions 1 and 2.

for example, influence the angle of attack. Already discussed in Section 1.7,
Zanforlin and Nishino (2016) have identified the interaction between paired
VAWTs to cause:

1. a suppression of the normal deflection of the flow because of a blunt
body effect;

2. the induction of a more narrow wake.

2.3.2 Numerical models and CFD analyses
For a more extensive discussion on the mechanisms of power augmentation,
the results of more detailed numerical studies are compared, i.e. Alexan-
der and Santhanakrishnan (2020); De Tavernier et al. (2018a); Peng et al.
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Table 2.1: Types of the studies used for the comparison

First author Type
Alexander 2D CFD
De Tavernier 2D panel/vortex model
Peng 2D CFD
Zanforlin 2D CFD

Figure 2.10: The power coefficient of a VAWT aero-
foil in different configurations along the azimuthal
position. Data from Alexander and Santhanakrish-
nan (2020).

(2020); Zanforlin and Nishino (2016). Table 2.1 gives an overview of the
type of the studies which are compared.

Figure 2.10 presents the power produced along the azimuthal position,
based on the results of Alexander and Santhanakrishnan (2020) (also briefly
discussed in Section 1.7). They compare the power produced for a single
rotor and two counter-rotating configurations. To do this, they divide the
rotation into four parts (based on Figure 2.10). The four azimuthal ranges
are shown in Figure 2.11 for the different considered configurations. In their
analysis, they present the fraction of the total produced power per azimuthal
range for each configuration. The values of Table 2.2 are reprinted from
Alexander and Santhanakrishnan (2020), Table 2.

Based on this analysis, Alexander and Santhanakrishnan (2020) demon-
strate that, in counter-rotating paired configurations, the downwind part
of the rotation contributes significantly more than in isolated configuration
(here azimuthal range 4). Furthermore, the inner-upwind configuration is
also found to be more efficient in the azimuthal range 2. In general, they find
an increase of 10.1 % and 13.2 % for the inner-downwind and inner-upwind
configuration respectively.
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(a) isolated (b) inner-downwind (c) inner-upwind

Figure 2.11: The rotation of a VAWT divided into four regions according to
Alexander and Santhanakrishnan (2020) in three different configurations.

Table 2.2: Power produced over one rotation of a VAWT in three configurations.
Data from Alexander and Santhanakrishnan (2020).

Range θ [°] Iso [%] I-D [%] I-U [%]
1 50.4 - 104.4 47.89 43.93 40.25
2 104.4 - 165.6 31.96 28.60 36.75
3 165.6 - 216.0 2.89 0.76 1.68
4 216.0 - 50.4 17.26 26.70 21.32

For comparison, the simulations of De Tavernier et al. (2018a) predict
improvements around 1 % for both counter-rotating configurations. The
numerical model of that study is based on inviscid and laminar flow and
the effects of turbulence, detachment, friction and the Reynolds number
are not captured. Because of such simplifications, the isolated configura-
tion exhibits a high CP , i.e. around 0.50. As such power coefficients lie
relatively close to the Betz limit, further possible improvements are small
when pairing VAWTs. However, this model, being computationally inex-
pensive, is able to capture the mechanisms leading to a power improvement
(discussed further). The power improvements observed by Alexander and
Santhanakrishnan (2020) correspond relatively well with the ones observed
by Zanforlin and Nishino (2016) and Peng et al. (2020). These three CFD
simulations take into account the effect of turbulence, detachment, friction
and Reynolds number effects. The observed baseline power coefficients of
the isolated turbines correspond to 0.36, 0.27 and 0.32 respectively. The
simulations of Zanforlin and Nishino (2016) predict improvements of ap-
proximately 17 % and 10 % for the inner-downwind and inner-upwind con-
figurations. The data used for this comparison of Peng et al. (2020) predicts
an improvement of 13 %. However, they vary multiple parameters in their
study (such as pitch angle, aerofoil and solidity) which is why only one
dataset is used in this comparison. They do find that the inner-upwind
configuration consistently performs better than the inner-downwind con-
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Table 2.3: Summary of the studies analysing the performance of paired VAWTs,
part 2

First author σ Rec λ DoR I-T C∗P
Alexander 0.10 1.60× 105 2.3 ID 1.5 10 %

0.10 1.60× 105 2.3 IU 1.5 13 %
De Tavernier 0.10 1.69× 105 2.5 ID 1.2 < 1%

0.10 1.69× 105 2.5 IU 1.2 > 1%
Zanforlin 0.10 1.60× 105 2.6 ID 1.5 17 %

0.10 1.60× 105 2.7 IU 1.5 10 %
Peng 0.30 4.54× 105 2.4 IU 1.2 13 %

figuration. The general characteristics of the four studies are presented
in Table 2.3. A more complete collection of the characteristics can be re-
trieved in Tables 1.2 and 1.3.The differences between the observed power
increases can thus partially be attributed to differences between the numer-
ical methodologies. Moreover, the fact that the baseline isolated VAWT in
the study of De Tavernier et al. (2018a) performs efficiently (considering the
Betz limit), may have an impact on the possibility for further improvement
when pairing VAWTs.

The simulations of Alexander and Santhanakrishnan (2020), De Tav-
ernier et al. (2018a) and Zanforlin and Nishino (2016) (Figure 2.10, 2.12a
and 2.12b respectively) all indicate that the inner-upwind configuration
reaches its maximum instantaneous CP earlier than the inner-downwind
configuration. The inner-upwind configuration reaches its instantaneous
CP,max around θ = 90° while the inner-downwind configuration is observed
to reach its instantaneous CP,max closer to θ = 100°. However, the instan-
taneous CP,max reaches higher values in the inner-downwind configuration
than the inner-upwind configuration. The different results of Peng et al.
(2020) (Figure 2.12c) are attributed to the different configuration of the
VAWTs. In their study, the blades of the VAWT are given a pitch-angle of
−2.5 .

The four studies are compared in more detail similar to the comparison
of Rezaeiha et al. (2018a) for various tip-speed ratios, Figure 2.7. The con-
tribution of the power generated per quartile to the total power generated
over one rotation is determined. Each contribution is weighted by the in-
tegral power production of the isolated configuration for the corresponding
study:

Contribution =
CP,quartile

CP ,iso
× 100. (2.12)
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(a) De Tavernier et al. (2018a)

(b) Zanforlin and Nishino (2016)

(c) Peng et al. (2020)

Figure 2.12: Comparison of the variation of the instantaneous CP along the
azimuthal position for different numerical studies.
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(a) 315° ≤ θ < 45° (b) 45° ≤ θ < 135°

(c) 135° ≤ θ < 225° (d) 225° ≤ θ < 315°

Figure 2.13: Comparison of contribution of the power generated in each quartile
to the integral power generation of the isolated configuration

The most important contributions to the power generation occur in the
second quartile. This quartile covers between 50 % (De Tavernier et al.,
2018a) to over 100 % ( Zanforlin and Nishino (2016) which observe negative
contributions in quartile 1). The magnitude of the contributions in the
second quartile remains consistent independent of the configuration. In
quartile 2, the largest improvement compared to the isolated configuration
is observed by Alexander and Santhanakrishnan (2020) for the inner-upwind
configuration (+3.1%). The other studies observe improvements around
+1.5% in quartile 2 compared to the isolated configurations.

In quartile 1, although in general the smallest contribution, Alexander
and Santhanakrishnan (2020) and Zanforlin and Nishino (2016) observe
improvements of approximately +7% for the inner-upwind configuration.
Besides the study of Peng et al. (2020), each of the studies observe a de-
crease in the contribution of the third quartile for the inner-upwind config-
uration. The inner-downwind configuration exhibits improvements between
+2% (De Tavernier et al., 2018a) and +6% (Zanforlin and Nishino, 2016).
In the last quartile, all the studies confirm the observations of Alexander
and Santhanakrishnan (2020), i.e. that the most important improvements
occur in the downwind part of the rotation. The CFD studies observe
improvements around +5% up to +9%.
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2.4 Discussion

The aerodynamics of isolated VAWTs is an extensively studied subject and
its understanding is well developed. Relatively simple numerical models
have been proven to be capable of capturing the operating aerodynamics of
a VAWT to some extent. More complex numerical simulations are able to
capture more detailed characteristics such as, for example, the influence of
the shaft.

Similarly, numerical studies on paired VAWT aerodynamics agree on
the main aerodynamic characteristics. The studies predict similar varia-
tions of the instantaneous CP when pairing VAWTs. It is thus possible to
conclude that the qualitative agreement between the studies is good. Quan-
titatively, the studies exhibit more diverse conclusions. Such quantitative
disagreements point out the need for an experimental validation.



3

Wind tunnel testing of
vertical-axis wind turbines

Summary

The aerodynamics of a VAWT are inherently unsteady with com-
plexities such as the double crossing of a stream tube, see Chapter
2. However, correctly interpreting experimental tests is challeng-
ing. This chapter highlights some of the difficulties associated with
wind tunnel testing of VAWTs. General concepts, such as dynamic
similarity and blockage effects, are discussed with the focus on Dar-
rieus VAWT wind tunnel tests. The experiences shared by several
researchers through earlier experimental studies are presented at the
end of the chapter. It points different VAWT-specific experimental
challenges.

3.1 Reliability and repeatability of measurements

Battisti et al. (2018c) present experimental measurements of two types of
VAWT designs to serve as an experimental benchmark for the validation
of computational tools. In their study, they initiate the discussion with a
critical revision of the main VAWT wind tunnel campaigns over 15 years
(2003-2018). They point out several shortcomings which lead to question
the reliability/repeatability of measurements:

- Uncorrected measurements with excessive blockage ratios;

56
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- Missing information of flow characteristics such as Iu;

- Incomplete description of the rotor geometry such as a detailed de-
scription of the position of the struts;

- Omitted decomposition of aerodynamic measurements such as the
quantification of bearing losses;

- Insufficient information regarding the position of the experimental
setup within the facility;

- The impact of down-scaling which might jeopardise dynamic similar-
ity, e.g. excessive Reynolds mismatch between experiment and reality.

Admittedly, the focus of each experimental campaign varies. This in turn
influences the information contained within each publication. However, to
provide reliable experimental measurements, the importance of a complete
characterisation of an experimental setup cannot be underestimated, see
Chapter 4. Battisti et al. (2018a,b, 2016, 2011) have shared their experience
of wind tunnel testing of VAWTs through several noteworthy publications.

3.2 Dynamic similarity

3.2.1 Reynolds mismatch
The subject of dynamic similarity of wind turbines is well described by
Bottasso et al. (2014). In that study, they underline the importance of
minimizing the mismatch of λ and Re between wind tunnel models and full
scale turbines. By ensuring minimal differences the aerodynamic kinematics
and the quality of the aerodynamics of the scale models are an accurate
reproduction of the full scale operating system. In the study, Bottasso et al.
(2014) also discuss scaling beyond aerodynamics by for example analysing
the scaling of inertial forces or structural dynamics.

The concept of dynamic similarity stipulates that the relevant
non-dimensional parameters be matched between a model or
simulation and the full scale application, as well as the non-
dimensional boundary conditions, to fully capture the associated
dynamics.

This statement by Miller et al. (2018) is followed by them stipulating that
wind turbines are governed by the Reynolds number, tip-speed ratio and
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Figure 3.1: Comparison of CP (λ)-curves for a large range of
diameter-based Reynolds numbers. The scattered data are the
results of an open-field measurement and remain undiscussed in
the present study. Figure reprinted from Miller et al. (2018).

Mach number. In that study, Miller et al. (2018) achieve dynamic similarity
by using a high-density working fluid. One of their conclusions states that
optimal CP occurs at a nearly constant λ, regardless of the tested Reynolds
number in both laboratory and field experiments. Figure 3.1 shows their
comparison of wind tunnel measurements (at various Reynolds numbers)
and field measurements (remain undiscussed in the present study). The
CP (λ)-curve is influenced by the operating Reynolds number. In the figure,
a diameter-based Reynolds number is used:

ReD =
DU0

ν
(3.1)

(In the present study experiments were done at ReD of approximately
3.6× 105 which is below the measurements of Miller et al. (2018). How-
ever, the Reynolds sensitivity in the present study is discussed in Section
4.5). The Mach number has little influence as no significant compressibil-
ity effects occur throughout the operation of VAWTs at model scale or full
scale.

Rezaeiha et al. (2018a) also study the influence (numerically) of Rec
ranging between 0.3× 105 to 4.3× 105 for 2.5 ≤ λ ≤ 5.5. Their conclusions
of the numerical simulations correspond to the experiments of Miller et al.
(2018). Increasing Rec increases CP but the optimum λ appears Reynolds-
independent. From Rec > 4× 105 , CP becomes Reynolds-independent as
well. Rezaeiha et al. (2018a) explain this by the fact that increasing Rec
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promotes laminar-to-turbulent transition. However, at sufficiently high Rec
this further promotion of laminar-to-turbulent transition has negligible ef-
fect.

The conclusions of the above-mentioned studies point out the possibility
to capture the variation of CP as a function of λ. This means that the overall
performance, such as off-design λ-operation can be reproduced at smaller
scale. In this study, the operation of VAWTs at off-design λ is discussed in
Sections 5.4 and 5.8. The conclusions from Miller et al. (2018) and Rezaeiha
et al. (2018a) indicate that CP,max will be lower than for full scale turbines.

3.2.2 Preliminary study
Experimental tests of wind turbine models are relevant when their re-
sults can be interpreted and extrapolated for full scale wind turbines. For
VAWTs, this translates mostly into reproducing two phenomena:

1. Obtaining an adequate approximation of the variation of the angle
of attack along the azimuthal position as would occur for a full scale
operating VAWT;

2. Obtaining a similar ratio between the forces occurring in the upwind
half of the rotation and the downwind half of the rotation as would
occur for a full scale operating VAWT.

A preliminary numerical study by Nenuphar Wind (CFD simulations
and an in-house code based on vortex methods (Parneix et al., 2016)) in-
dicated that VAWT wind tunnel experiments need to satisfy Rec > 0.8 ×
105. This condition was found by comparing numerical results for various
Reynolds numbers.

The present study aims to demonstrate the potential of paired VAWTs
through wind tunnel tests. The applicability of the small-scale tests for large
VAWTs has been questioned and analysed through the same preliminary
study. CFD simulations for Rec = 1 × 105 indicated that stall phenomena
and the variation of the generated torque remained relatively similar for
higher Rec. For paired configurations, these preliminary simulations also
captured a power increase for Rec = 1 × 105 and Rec > 1 × 106. The
observations by Nenuphar Wind are summarised as follows:

- The flow convergence between the two turbines occurs for low and
high Rec;
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Figure 3.2: Comparison by Dossena et al. (2015) of
their experimental blockage correction and two other
blockage models. V ′

0
V0

is the ratio of the velocities
with and without blockage and CTX is the measured
thrust coefficient (symbols from Dossena et al. (2015)
and not further used in this study).

- The increase of the generated torque when pairing VAWTs is most
significant near the adjacent side of the upwind part of the rotation
(region 1 in Figure 2.8);

- CP increases 10 % when Rec = 1× 105 and 12 % for Rec > 1× 106.

Based on the non-dimensional dynamical equation of steady incompressible
flow, the physical interpretation of the Reynolds number can be regarded
as

Re ∼ inertia forces
viscous forces

(3.2)

(For more information the reader is referred to Tritton (1988), Chapter 8.)
The conclusions from the CFD simulations hence indicate that the positive
effect of pairing VAWTs is not viscous and can be expected to occur with
large scale VAWTs.

3.3 Blockage corrections

The concept of paired VAWTs demonstrates i.a. that different inflow angles
influence the turbine efficiency. It hence points out the influence that wind
tunnel side walls, if they obstruct the normal deflection of the flow, may
have on the performance of the VAWTs. Furthermore, the blockage will also
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induce a local unrealistic higher velocity. The blockage ratio is defined as
the ratio of the frontal area to the test-section area. In general, no blockage
corrections are deemed necessary for blockage ratios below 5 % (e.g. Battisti
et al. (2011); Howell et al. (2010); Ross and Altman (2011)). For higher
blockage ratios of VAWT wind tunnel tests, several blockage corrections are
presented.

Different wind tunnel corrections for VAWTs are applicable and have
been applied previously. They vary in complexity. One of the simplest cor-
rections is proposed by Pope and Harper (1966) with the following equation
for the total blockage:

εt =
1

4

model frontal area
test-section area

, (3.3)

with εt = εsb + εwb,t. It takes into account the solid blockage εsb and the
total wake blockage εwb,t. They suggest this blockage correction for complex
bodies (thus not specifically for VAWTs). It has been applied to VAWT
studies by for example Bianchini et al. (2012) and Molina et al. (2018).

A first dedicated study on blockage corrections for VAWTs was per-
formed through experimental measurements by Dossena et al. (2015). They
found that the permeability of a VAWT increases as its tip-speed ratio in-
creases. The blockage induced by a VAWT is directly proportional to its
rotational speed. A VAWT is hence sometimes considered to have a dy-
namic solidity (Araya et al., 2017).

Dossena et al. (2015) determine an experimental blockage correction
based on measurements in high-blockage and low-blockage conditions, Fig-
ure 3.2. They compare their experimental correction for the VAWT ro-
tor with the blockage models of Glauert (1933, 1935) and Mikkelsen and
Sørensen (2002); Sorensen et al. (2006). Glauert’s model is known as one
of the first blockage correction models which was originally developed for
propeller wind tunnel tests.

Based on this comparison, Dossena et al. (2015) conclude their study
with the following statement:

The comparison with well-established blockage models, not sat-
isfactory from both the qualitative and quantitative point of
views, indicates the need of specific blockage correction models
for VAWTs.

(Note that Dossena et al. (2015) incorrectly reproduce the blockage model of
Glauert and Mikkelsen and Sørensen as pointed out by Benchama Ahnouch
(2020)). As an extra side note, the work of Sarlak et al. (2016) is an example
of extensive characterisation of the effect of blockage on HAWTs.
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Ross and Polagye (2020) present a wide selection of blockage related
studies on VAWTs, HAWTs and tidal turbines. They mention that blockage
effects are consistently found to significantly influence measurements when
the solid blockage ratio exceeds 5− 10%. In that study, they present a con-
cise description of the correction models from Glauert (1933, 1935), Barns-
ley and Wellicome (1990), Mikkelsen and Sørensen (2002), Werle (2010) and
Maskell (1963). They apply these corrections to measurements in confined
environment and compare the corrected data to measurements in uncon-
fined environment. Based on their results they recommend the correction
model of Barnsley andWellicome (1990). However, Ross and Polagye (2020)
mention that corrections applied on the thrust coefficient are usually better
than corrections applied on the power coefficient.

A similar approach was presented in the work of Jeong et al. (2018).
They introduce a semi-empirical blockage correction based on measure-
ments in three different wind tunnels, hence three different blockage values.
They compare their blockage correction to other corrections for slightly dif-
ferent applications (Pope and Harper (1966) for general unusual shapes,
Bahaj et al. (2007) for marine current turbines, Maskell (1963) for general
bluff bodies and Alexander and Holownia (1978) andAlexander (1978) for
Savonius turbines)

Several different blockage corrections (mostly determined experimen-
tally) have been previously proposed for VAWT wind tunnel tests. However,
the lack of a blockage correction for VAWTs in wind tunnel tests remains
a recurring conclusion of several studies on VAWT blockage corrections.
To date, the most reliable wind tunnel results for VAWTs are obtained in
low-blockage conditions. Because of this, this study only compares the per-
formance of VAWTs quantitatively for low blockage ratios, i.e. around 2 %
(see Chapter 5).

3.4 Specific experimental challenges

Many wind tunnel studies on single VAWTs have been reported through-
out the years. These studies contributed to the understanding of VAWT
aerodynamics we have nowadays. Based on the gained experience by the
authors of the study, they also present a valuable source of knowledge on
wind tunnel testing of VAWTs. The sections below describe several notable
wind tunnel studies of VAWTs with a particular focus on the experimental
challenges encountered by the authors.
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3.4.1 The rotor
One of the earliest descriptions of the development of a rotor through wind
tunnel tests is presented by van Bussel et al. (2004). Throughout the de-
sign process, van Bussel et al. (2004) describe several modifications that
were implemented. The diameter of the rotor was, for example, more than
doubled to overcome the parasitic drag of the rotor.

Howell et al. (2010) present a valuable contribution to the understanding
of experimental VAWT studies through the support of wind tunnel tests.
They extensively describe several of the difficulties they encountered with
their experimental setup. One of these difficulties is the fixing of the blades.
In their study, an unwanted degree of freedom allowed the blades of the
VAWT to rotate, inducing a pitch angle. Howell et al. (2010) state that
the extra degree of freedom induced pitch angles up to 5° resulting in a
complete power loss of the VAWT.

They also conclude that the surface roughness of a small VAWT model
significantly influences the performance. This influence is observed to be
Reynolds-dependent. An increase of the performance is observed for Re <
30000 and a decrease for Re > 30000 (the used definition for Re is not
mentioned).

The study of Simão Ferreira et al. (2009) presents an example of the
importance of a rigid rotor. In this study, the authors use particle im-
age velocimetry (PIV) to visualise dynamic stall. PIV measurements often
visualise regions constrained within small dimensions. During operation,
VAWTs are exposed to centrifugal forces inducing outward bending. Be-
cause of the use of small models, realistic tip-speed ratios in wind tunnel
tests are usually achieved through high rotational speeds. The counter-
action of deflection is obtained by the placement of struts or supplementary
support structures, such as in Simão Ferreira et al. (2009).

The study of Ryan et al. (2016) is one of the above-mentioned experi-
mental studies using a motor-driven rotor to reduce the Reynolds mismatch
between the model and full scale operation . In this study, Ryan et al. (2016)
present wake measurements of a single VAWT in a water tunnel. They ac-
knowledge and discuss the limitations of their experimental study. Besides
the Reynolds mismatch, they point out consequences of their measurement
methodology (magnetic resonance velocimetry). They also discuss the ef-
fect of blockage ratio and the aspect ratio. The latter one is mentioned to
affect the three-dimensionality and general evolution of the wake.

Similar to the work of Ryan et al. (2016), Rolin and Porté-Agel (2018)
also present wake measurements of a VAWT using particle image velocime-
try. Because of the small dimensions of the rotor (D×H = 0.155 m×0.166 m),
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the operating λ and Rec are low (λ = 1.1, Rec = 20000). Their wake
measurements exhibit a discrepancy with the literature and they partially
attribute this to their low λ.

The small scale of VAWT wind tunnel models significantly limits their
power production. Imperfections of the rotor production or drive train
losses (see further) may lead to very small values of CP . Because of measure-
ments uncertainties, quantitative conclusions may not be possible (Ahmadi-
Baloutaki et al., 2015, 2016).

A thorough characterisation of a VAWT rotor can be retrieved in the
study of LeBlanc and Simão Ferreira (2020). The material density, elastic
modulus, geometry (as produced) and a characterisation of the modal vi-
brations are all characterised in this study. The correct characterisation of
such parameters allows for a greatly improved analysis of test results, as
demonstrated in that study.

3.4.2 The drive train
Howell et al. (2010) appoint another difficulty of experimental VAWT stud-
ies to the regulation of the back-torque to allow rotational speed control.
Without a variable back-torque, the VAWT rotor operates at its minimum
stable rotational speed. This is the rotational speed at which the aerody-
namic torque is equal to the back torque induced by the drive train.

Because of the small scale of the wind tunnel models, power losses due to
bearing friction or generator back torque compared to aerodynamic power
may be significant (Howell et al., 2010). Such losses can be characterised
to consider their influence on aerodynamic measurements. The small-scale
measurements can also be influenced by the temperature (influencing the
viscosity of oil in the bearings) of components.

LeBlanc and Simão Ferreira (2018a, 2020) have invested several years
in the development of a high-accuracy test bench for the measurements of
the unsteady blade loads of a VAWT. A well-detailed description of their
instrumentation, procedure and post-processing methodology is presented
in these studies. One of their problems related to the vibrational modes of
the support structure on which the drive train was mounted. This made
measurements for λ > 3.5 impossible LeBlanc and Simão Ferreira (2018a).

One of the problems of VAWT wind tunnel tests is described by Araya
and Dabiri (2015) as follows:

... in very small-scale model turbine experiments, the blades
may operate below their design Reynolds number, causing ex-
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tensive flow separation that can limit the extrapolation of these
model tests to full scale rotors.

Furthermore, as mentioned above, bearing friction and generator back torque
may have a significant influence. The use of a motor allows to overcome
such problems and thus allows to reduce the Reynolds mismatch between
the VAWT wind tunnel model and the full scale VAWT. Several experimen-
tal studies use a motor to drive a VAWT rotor instead of the flow driving
the rotor (Bachant and Wosnik, 2014; Fujisawa and Shibuya, 2001; Howell
et al., 2010; Peng et al., 2019; Ryan et al., 2016; Simão Ferreira et al., 2009;
Tescione et al., 2014). The consequences linked to motor-driven instead of
flow-driven experiments have been the focus of Araya and Dabiri (2015).
Based on this study, they conclude that in a specific range of tip-speed
ratios and Reynolds number, the physics of a flow-driven turbine can be
captured by a motor-driven turbine. However, performance measurements
are, for obvious reasons, significantly influenced.

3.4.3 Instrumentation and post-processing
Peng et al. (2019) developed force sensors specifically designed to be im-
plemented in the VAWT rotor design (the force sensors are strain gauges
implemented in the struts). The sensors were tested and characterised and
allowed to measure the instantaneous variation of the blade forces as a
function of the azimuthal position.

Similarly, Li et al. (2016d) characterised the forces on the blades by
using pressure taps integrated in the blades of a VAWT. McLaren et al.
(2012) also characterised the unsteady forces using strain gauges on the
struts but operational vibrations of the rotor made the interpretation of
the readings complex.

A substantial source of experience with respect to wind tunnel testing
of VAWTs is the activity at Mie University in Japan. In an initial study,
Li et al. (2014) (already mentioned above) compare pressure measurements
on the blade of a VAWT with measurements of a six-component balance.
The six-component balance is observed to be more sensitive to the load
fluctuations than the pressure measurements. They used this setup (or
similar) to experimentally study i.a. the effect of the number of blades of a
VAWT (Li et al., 2015), the flow field around a VAWT (Li et al., 2016a,b)
and comparisons of experimental results to numerical simulations (Li et al.,
2017, 2016c).

The post-processing of measurements (especially wake measurements)
can be approached in different ways. Simão Ferreira et al. (2009) state:
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Figure 3.3: The result of phase-averaging on
wake measurements. Figure reprinted from
Tescione et al. (2014)

The instantaneous flow can be regarded as the result of a mean
flow, a phase-averaged flow and a random fluctuating term.

Phase-averaged measurements provide different insights than time-averaged
measurements. In that study, the use of a single bladed rotor also helps to
isolate the unsteady aerodynamics of a single blade.

Such phase-averaged measurements are presented in the study of Tescione
et al. (2014). An example of those phase-averaged wake measurements of a
VAWT is shown in Figure 3.3. Conversely, the figures in Chapters 6 and 7
illustrate time-averaged measurements of the wake.

3.5 Discussion

In order to achieve highly-reliable wind tunnel measurements of VAWTs,
many external influences must be considered. The applicability of wind
tunnel test results is determined by the dynamic similarity of the wind
tunnel models to full scale models. Towards such objective, minimizing the
Reynolds mismatch is key. Understanding (and quantifying) the impact of
blockage is of equal importance. A blockage correction which is generally
applicable for VAWT wind tunnel tests has yet to be studied. Furthermore,
according to the literature, the most frequent challenges relate to excessive
miniaturisation, friction or vibrations.

In the present study a dedicated experimental setup for the testing of
H-type Darrieus VAWTs is developed. Previous experimental wind tunnel
tests discussed in this chapter indicate many possible difficulties. Because
of this, the present experimental setup has extensively been characterised.
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The impact of design choices has also been assessed. Such a thorough char-
acterisation improves the accuracy measurements and their interpretation.
This process is described in Chapter 4.

In Chapter 5, the performance of an isolated VAWT is compared to
various paired VAWT configurations. The wind tunnel models operate at
relatively low Reynolds number. In this chapter, several studies indicate
that the comparison of the performance at low Reynolds number can be
reliable for large scale applications at high Reynolds number. Similarly,
because of the use of a realistic tip-speed ratio, the wake of the VAWT
wind tunnel models is expected to reproduce the most significant wake
characteristics of VAWTs, described in chapters 6 and 7.





Part II

Experimental characterisation
of paired vertical-axis wind

turbines

69





4

Development of a vertical-axis
wind turbine setup for wind

tunnel tests

Summary

Part 1 highlights the need for an experimental contribution to the
study of closely-spaced counter-rotating VAWTs. It also highlights
the importance of a throughout understanding (through an extensive
characterisation) of the experimental setup. In this chapter, design
choices and the manufacturing process are explained. The extensive
characterisation of the setup is described and reveals the important
influence of the sensor and setup dynamics. The content of this
chapter has been published in the Journal of Wind Engineering and
Industrial Aerodynamics (Vergaerde et al., 2019).

4.1 Introduction

The Darrieus vertical-axis wind turbine (VAWT) was extensively studied in
the 1970s and 80s (see, e.g., Akins et al. (1987); Paraschivoiu (1988); Shel-
dahl et al. (1980)), but then further development stalled as the focus was
almost exclusively on the horizontal-axis wind turbine (HAWT) concept.
Sutherland et al. (2012) nicely summarises the state of the art in VAWT
technology up to the early 1990s, while Paraschivoiu (2002) describes the

71
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numerical models that were then available for design and simulation of
VAWTs.

Since about 2010, a renewed interest has been given to Darrieus VAWTs,
mainly because of the presumed advantages for deep off-shore, floating in-
stallations (Borg et al., 2014; Paulsen et al., 2013; Shires, 2013). Several
research and development projects have been undertaken in academia as
well as the industry (e.g. Spinfloat by EOLFI, Twinfloat by Nenuphar, or
the EU-funded project DeepWind). In this wake, also more fundamental re-
search (e.g. on VAWT blade aerodynamics as by Simão Ferreira and Geurts
(2015)) or on improved numerical models (see e.g. Chatelain et al. (2016)
or Simão Ferreira et al. (2014)) has emerged.

Besides off-shore installations, VAWTs have also been suggested for use
in urban environments (Balduzzi et al., 2012; Bertényi et al., 2010; Molina
et al., 2018; van Bussel and Mertens, 2005). VAWTs are expected to respond
better to the complex and highly-turbulent flow of urban environments
when compared with HAWTs (Bertényi et al., 2010; Möllerström et al.,
2016).

Despite these potential advantages, Darrieus VAWTs are intrinsically
limited to lower efficiencies than HAWTs, because of the continuously vary-
ing angle of attack (α) and because the blades move in their own wake
part of each rotation. A lot of the ongoing research is oriented towards
mitigating these inherent limitations (Bayati et al., 2017; Dabiri, 2011; Du-
raisamy and Lakshminarayan, 2014; Greenblatt et al., 2012; Huijs et al.,
2018; Vergaerde et al., 2018; Zanforlin et al., 2019)

Many of these studies were done using numerical simulations, and though
this offers obvious benefits, the experimental validation under controlled
circumstances in the wind tunnel is warranted.

Undeniably, experimental wind tunnel studies do suffer from the diffi-
culty of reproducing the physics of full scale models in a lab environment.
Studies such as Bachant and Wosnik (2016) and Miller et al. (2018) indi-
cate that the performance of a VAWT is indeed influenced by a Reynolds
number effect. Furthermore, the aerodynamic and structural performance
of an experimental VAWT is also strongly influenced by (modal) vibra-
tions. In 1991, Sandia researchers (Clark, 1991) programmed the controller
of their 50 m-high φ-type VAWT based on a modal analysis to exclude cer-
tain rpms. On a smaller scale, such modal vibrations influence aerodynamic
measurements. McLaren et al. (2012) were forced to develop a vibration
isolation methodology to allow better aerodynamic measurements of their
high-solidity VAWT. Mabrouk et al. (2017) studied the impact of the un-
steady VAWT-aerodynamics on the drive train while Asr et al. (2017) have
approached the modal analysis of VAWTs through finite element analyses
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allowing to characterise the effect of radial forces (related to the rotational
speed) on modal vibrations.

To capture the performance of an experimental VAWTmodel, it is possi-
ble to directly measure aerodynamic forces (Peng et al., 2019), or to measure
the local pressure on a VAWT aerofoil (Li et al., 2016a). Such measure-
ments require structural modifications of the rotor itself (hence also altering
the dynamic behaviour of the rotor).

To avoid structural modifications, a direct-drive torque sensor is used to
quantify the performance of a VAWT model in this study. Similar setups
have been used previously to study the potential of a variable-pitch system
(Elkhoury et al., 2015) or to study the effect of the number of blades (Li
et al., 2015).

The effect of design choices and manufacturing methodology are traced
in the aerodynamic performance of the VAWT rotor. The interpretation
of the unsteady aerodynamics of an experimental VAWT is complicated
because of contamination of the torque measurements. Through an exten-
sive characterisation of the setup, torque losses, sensor dynamics, external
inputs, natural frequencies and modal vibrations of the rotor are found to
be the major responsible factors for this contamination. Signal processing
allows to identify these contaminations.

Therefore, the objective of this chapter is to detail the design, manu-
facturing, and validation of a VAWT wind tunnel scale model, developed
at the Vrije Universiteit Brussel. Mechanical, structural, and aerodynamic
characteristics of the model and its components are presented to serve as
a benchmark for future VAWT wind tunnel tests. In doing so, this study
complements recent reports on VAWT experiments that focussed on block-
age corrections (Dossena et al., 2015), set-ups with individual pitch control
(Bayati et al., 2017; LeBlanc and Simão Ferreira, 2018b), aeroelastic ef-
fects and torque control (Bottasso et al., 2014), or Reynolds number effects
(Miller et al., 2018).

The structure of the chapter is as follows. First, the design require-
ments of the rotor are introduced. Then the manufacturing of the rotor
is discussed, followed by a structural analysis of the rotor and a complete
mechanical and aerodynamic characterization of the set-up.

4.2 Design parameters of the rotor

VAWTs appear to have several perceived advantages with promising char-
acteristics regarding their power production. Two of such advantages are:
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1. VAWTs produce more power when placed in paired configurations
(Dabiri, 2011; Vergaerde et al., 2018);

2. A turbulent environment, such as an urban environment, exhibits
beneficial characteristics for the power production of VAWTs (Molina
et al., 2018).

To analyse the two above-mentioned advantages, rotor models of VAWTs
were designed, manufactured and characterised through wind tunnel tests.

One objective of this experimental work is to validate numerical simu-
lations (previously in collaboration with the French company Nenuphar).
Preliminary numerical modelling through CFD and a vortex-methods-based
code (ARDEMA, Parneix et al. (2016)) was carried out by Nenuphar. These
models allowed to conclude that in order to have similar aerodynamics as
for a larger scale VAWT rotor, the minimal required chord-Reynolds num-
ber, Rec, is 1× 105. Conditions below this Reynolds number involved too
small aerodynamic forces as to allow experimentally relevant conclusions.
This led to the condition to operate the models at chord-based Reynolds
numbers above 1× 105, given by the following equation:

Rec =
cλU0

ν
. (4.1)

It is an average Reynolds number as the chord-based Reynolds number
varies throughout one complete rotation where c is the blade-chord, U0 the
unperturbed windspeed, λ the tip-speed ratio and the kinematic viscosity
of air, ν. On the other hand, structural limitations forced the suppression
of rotational speeds, inducing substantial centrifugal forces. The lower limit
for the operational chord-based Reynolds number was thus set to 1× 105.

The designed models are H-type Darrieus VAWTs with inclined struts
(see Figure 4.2). H-type VAWTs have been used before to demonstrate their
potential as pairs in open field tests (Dabiri, 2011). This H-type design (as
well as the Y-type design) enables the possibility for a shorter rotor tower
compared to equivalent VAWTs of another type. A shorter tower reduces
the aerodynamic losses as a result of the reduced span of the tower wake
(inevitably, downwind passing blades pass through the wake of the tower).
As mentioned, the struts are inclined which is beneficial as they contribute
to the total torque generation of the rotor while also allowing to reduce the
size of the central hub.

In terms of blade numbers, both the two-bladed and three-bladed con-
figuration present advantages and disadvantages compared to each other
(Sutherland et al., 2012). Here, the two-bladed design was favoured as this
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Figure 4.1: A VAWT rotor model in a protective
transport case specifically designed for these models.

design is easier to balance from both a structural and aerodynamic point
of view. The fact, however, of having symmetrical aerodynamic forces,
induces a larger torque ripple and poorer structural dynamics compared
to a three-bladed design. This is one of the many conclusions of studies
focussing on the effect of solidity and number of blades, through an experi-
mental approach (Li et al., 2015) or simulations (Cheng et al., 2017; Delafin
et al., 2016; Rezaeiha et al., 2018b). With a third or forth blade and an
increase of the solidity the optimal power coefficient of the turbine could be
improved. This would, however, be mostly beneficial for lower wind speeds.
For large-scale VAWTs, the two-bladed design is easier to mount since it
allows ground-level assembly. To the present case, this assembly advantage
corresponds to the fact that the rotors are easier to transport (Figure 4.1).

The two blades (NACA0018, c = 50 mm), are connected to the central
hub with two struts (NACA0024, c = 30 mm) per blade. The blades of
a VAWT are exposed to dynamic conditions with constantly changing an-
gles of attack. A NACA0018 blade was chosen as its thickness provides a
good resistance against bending stress and exhibits favourable aerodynamic
characteristics (maximum lift coefficient around 1.1, relatively mild stall
behaviour around 11°). The thicker NACA0024 struts were favoured pre-
dominantly because of their thickness providing extra structural strength.
The smaller chord length of the struts allows to keep a clean leading edge
and trailing edge over the full span of the blades (see top of Figure 4.2).
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Figure 4.2: Left : VAWT rotor Gen1, right: VAWT
rotor Gen2. Units are in m.

Design wise, the operational chord-based Reynolds number sets a lower
limit for the chord-unperturbed speed product (cU0), as λ will be in the
range 2-4 (based on numerical simulations of Parneix et al. (2016)). This
cU0-product influences the optimal rotor solidity, σ, and the design tip-
speed ratio, based on the ratio of the rotational speed, ω, and U0, which
are defined as:

σ =
cb

D
, (4.2)

λ =
ω(D/2)

U0

. (4.3)

The solidity of the rotors (with diameter, D and number of blades, b)
is 0.20. Increasing the solidity allows for a slightly higher maximum power
coefficient but it reduces the operating range significantly (Paraschivoiu,
2002).

It is the combination of the solidity, the number of blades and the aspect
ratio that defines most of the geometric parameters for the VAWT rotor
design. Here, the aspect ratio (defined by the ratio of height, H, to D)
of the rotors is 1.6 (H = 0.800 m, D = 0.500 m). Paraschivoiu states that
an aspect ratio between 1.3 and 1.5 is optimal (Paraschivoiu, 2002). For
lower Reynolds numbers, a higher aspect ratio seems to be advantageous
for the VAWT performance (Brusca et al., 2014). Moreover, for further
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testing a higher aspect ratio will induce a larger interaction between two
closely-spaced VAWTs for a given frontal surface.

The small radius of the rotors induces a relatively high rotational speed
(ranging between 900 and 1350 rpm). Here the relatively high solidity is
beneficial as a high-solidity turbine reaches its optimal performance at lower
tip-speed ratios (directly influencing the optimal rotational speed at a given
wind speed).

Two iterations of the rotor designs were developed and manufactured
for wind tunnel tests, referred to as Generation 1 (Gen1) (Figure 4.2, left)
and Generation 2 (Gen2) (Figure 4.2, right). All the aforementioned design
parameters are valid for both generations. Their design, however, exhibits
some differences. The original design, Gen1 rotor, suffered from torsional
weakness. The two-part hub did not provide sufficient torsional stiffness
which caused the vertical blades to tilt during operation giving them an
uncontrolled twist angle comparable to a helical-type VAWT. The Gen2 ro-
tor is stiffer due to its larger one-part hub. The influence of this larger hub
seems to slightly degrade the performance of the models and is traceable in
near-wake measurements (see Section 4.5.3 and 4.5.7). Another difference
between the two generations is their strut ratio (SR) which is defined as
the ratio between the total length of the blade and the length of the blade
section between the struts. The SR was calculated so as to allow identi-
cal deflection between the tip ends and the blade centre. However, image
analysis of the Gen1 rotors in operation showed that it allowed a larger tip
deflection compared to the blade-centre. To reduce the tip deflection and
allow a larger blade-centre deflection, the original SR of 2.12 was reduced
to 1.90 for the Gen2 design. The updated SR minimises the deflection of
the blade tips and is thus beneficial for the reduction of the stress inside
the structure of the rotor (see Section 4.4.3).

Table 4.1 summarizes the rotor design and its operational parameters.

4.3 Manufacturing methodology of the models

4.3.1 Manufacturing methodology
One of the most important structural requirements was imposed by the
centrifugal forces acting on the rotor during operation. The operating ro-
tational speed was calculated to range around 1100 rpm and for a safety
factor of 1.4 the rotor had to withstand rotational speeds of 1800 rpm. This
forced the adoption of strong, lightweight carbon-fibre composites for the



78
CHAPTER 4. DEVELOPMENT OF A VAWT SETUP FOR WIND

TUNNEL TESTS

Table 4.1: Geometric design and operational parameters of the rotors.

Gen1 / Gen2 rotor
Rotor type H-Darrieus
Number of blades 2
Diameter, D [m] 0.500
Height, H [m] 0.800
Blade chord, c [m] 0.050
Strut chord [m] 0.030
Strut angle [°] 117
Blade aerofoil NACA0018
Strut aerofoil NACA0024
Strut ratio, SR Gen1: 2.12 Gen2: 1.90
Solidity, σ 0.2
Tip-speed ratio, λ 2.4 - 3.4
Optimal tip-speed ratio, λ(CP ,max) 3.0
Operational rotational speed, Ω [rpm] 900 - 1350

production of the rotors. Between the considered and tested composite
manufacturing processes (vacuum bag moulding, vacuum infusion process-
ing, compression moulding with pressurised bag and compression moulding
with mould-counter-mould), it was the mould-counter-mould technique that
presented the best geometrical results.

The moulds were originally CNC-milled out of a HDPU (high-density
polyurethane) foam block with an accuracy of 0.02 mm. The demoulding
process, however, appeared to damage the moulds substantially which is
why the HDPU moulds were replaced with aluminium moulds (bringing
along a substantial increase of the production cost). The effects of the
damaged HDPU moulds are traceable in the performance of the Gen1 ro-
tors and are readdressed in Section 4.5.3.

4.3.2 Aerodynamic validation of the manufacturing
In order to validate the selected manufacturing methodology aerodynam-
ically, two manufactured aerofoils (NACA0018) were tested in the wind
tunnel. The aerofoils have a chord of 0.050 m and a span of 0.800 m which
correspond to the dimensions of the blades on the VAWT rotors. The
low-speed wind tunnel of the VUB allows maximum speeds of 20 m/s which
corresponds to a maximum Reynolds number of 6× 104 at which these tests
occurred. For these wind tunnel tests, no leading edge tripping is done to
fix the transition of the boundary layer because of the small dimensions.
The aerofoils were mounted on a six-component aerodynamic balance and
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Figure 4.3: CL(α) comparison of two manufactured
NACA0018 blades (blue dots and orange crosses) at
Reynolds 6× 104 with the data of Sheldahl and Klimas
(1981) (dashed line) and Timmer (2008) (dotted line).

end plates were fixed at the extremities of the blades to avoid tip-losses.
The recorded forces were decomposed in the aerodynamic lift and drag and
compared with the literature as seen for the lift coefficient in Figure 4.3.
In this figure, the blue dots represent the experimental results of the first
blade while the orange crosses represent the experimental results of the sec-
ond one. The dashed line corresponds to an interpolation of the data of
Sheldahl and Klimas (1981) between Reynolds number 4× 104 and 8× 104

while the dotted line corresponds to the data acquired by Timmer (2008)
but at a higher Reynolds number of 15× 104.

These results indicate similar aerodynamic properties: their optimal
lift coefficients, CL, exhibit similar magnitudes, both aerofoils stall around
similar α and the slope of their CL(α)-curves is comparable. The similarity
between positive and negative α indicates the symmetry of the aerofoil.

4.4 Structural analysis of the rotor

Prior to wind tunnel testing, static and dynamic tests were performed to
assess the structural integrity of the rotors. The Gen1 design was improved
based on these static and dynamic tests. The structural analysis comprises
a dynamic crash test, a static uniformly distributed load analysis and a
static deflection test. This structural analysis is described in the following
sections.
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Figure 4.4: Setup used for dynamic crash tests
or, provided with minor modifications, for uni-
formly distributed static load analyses. Here a
Gen2 rotor is mounted for a dynamic crash test.

4.4.1 Ultimate load tests
Before entering the wind tunnel, the structural limits of the rotors were
analysed with a dynamic crash test and/or a uniformly distributed static
load analysis. The objective of these tests was to capture the critical rota-
tional speeds of each design. The dedicated setup for each of these critical
failure tests is similar: a horizontally mounted steel shaft between bearings
inside a stiff aluminium frame (Figure 4.4). For the dynamic crash tests
specifically, the setup is equipped with a DC-motor to drive the rotors until
failure.

Preliminary prototype shortcomings
A Gen1 prototype was subjected to a dynamic crash test and appeared to
suffer from delamination. The destructive dynamic test was terminated at
980 rpm, when the rotor blade separated from the strut. The centrifugal
forces, Fcf, acting on the blade-strut connection at the moment of rupture
corresponds to 632 N according to:

Fcf = mbladeω
2(D/2), (4.4)

with mblade being the mass of the blade. Post video analysis of this test
indicated that the fibre-layup methodology caused the epoxy to be stressed
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Figure 4.5: Schematic representation
of the carbon fibre configuration inside
the rotor going from the hub (right),
through the strut, to the blade (left)
(not to scale). The thickness of the fi-
bre weaves is 0.1 mm. The Gen2 also
contains Kevlar fibres to avoid the scat-
tering of pieces in case of failure. After
the curing process, the edge thickness of
the blade is 1.2 mm.

at the blade-strut connection. The layup technique was reviewed in order
to solely stress the carbon fibres. A schematic cross-section in Figure 4.5
illustrates this reviewed layup technique with fibres going from the hub,
through the strut, to the blade. These fibres were inserted as such that
they run from the struts to the extremities of the blade, thereby crossing
the fibres that run along the blade. This reviewed layup technique focusses
on solely stressing the carbon fibres during operation.

Uniformly distributed static load analysis
With a similar objective as the dynamic crash test, the uniformly dis-
tributed static load analysis focusses more specifically on the identification
of delamination. It is possible to carry out this static test on a half rotor,
saving both time and cost. Half of one Gen1 rotor was manufactured for
this destructive structural test with the reviewed layup technique. This half
rotor was mounted horizontally on the static testbench and an increasing
load was applied on the blade. Critical failure was reached at a load of
1695 N, when the blade-strut connection fractured. In terms of centrifugal
loads, this corresponds to a rotational speed of 1850 rpm (Equation 4.4).
The fracture indicated little delamination due to its brittle nature meaning
that the structural limits of the fibres were reached. Another type of failure
would suggest a flaw in the layup technique.

Dynamic crash tests
Two Gen1 rotors were manufactured with the reviewed layup technique.
On the dynamic testbench these rotors withstood rotational speeds around
1600 rpm. This rotational speed was considered to give a sufficiently safe
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margin as the Gen1 rotors operate between 900 and 1350 rpm. The test
was ended without critical failure of a rotor in order to preserve them.

Contrary to the Gen1 rotors, the Gen2 rotors have been tested dynam-
ically up to the point of critical failure. For the critical rotational speed
(more than 2100 rpm), this failure corresponded to a centrifugal force of
2190 N per blade. Considering the operational range of the rotors during
wind tunnel tests, this means that the rotor rotates at around 60 % of its
critical rotational speed.

Critical failure occurred again with a brittle fracture validating the car-
bon fibre configuration once more. To further increase the safety during
operation, these Gen2 rotors are equipped with a Kevlar core to avoid the
scattering of pieces in case of a failure.

4.4.2 Static deformation tests
The elastic properties of the rotors were investigated statically by applying
various loads on a rotor blade fixed as a cantilever. The deflections, δb,
were recorded and the Young’s modulus, E, was estimated to be 38.5 GPa
according to the following formula:

E =
mgz2(3l − z)

Iδb
, (4.5)

where l is the free length of the cantilever and g, the gravitational constant.
The position where the applied loads with mass, m, act is represented with
z. In Equation 4.5, the area moment of inertia,

I =

¨
y2dA, (4.6)

was considered with y being the perpendicular distance to the neutral line,
i.e. the chord line. The surface of the hollow NACA0018 blades (with
an edge thickness of 1.2 mm) is calculated based on the area of a NACA
aerofoil.

Typically, the elastic properties of industrial carbon-fibre reinforced
polymer (CFRP) result in a Young’s modulus which ranges between 69
and 150 GPa. The value of this property is dependent of the carbon-epoxy
ratio. The rotors were built with a 40 % ratio which is lower than commonly
achieved which explains the lower E-modulus.
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4.4.3 Rotor stress and deflection analysis
To numerically estimate the bending stress and deflection of the rotor during
operation it was reduced to a simpler model. The extremities of the blades
were considered as a cantilever beam on which a uniformly distributed load,
wu, is applied. The part of the blade in-between the blade-strut connections,
was considered as a clamped beam.

Structural analyses with CAD-software indicate that the highest stress
inside the structure of the rotor occurs at the blade-strut connection. This
was confirmed with image and video analysis of the dynamic crash test.
The bending stress, σb, during operation in the blade-strut connection, is
calculated using the flexure formula:

σb =
wul

2t/2

2I
(4.7)

In this equation, l is the span of the blade length above and below the
blade-strut connection point. Based on Equation 4.7, Figure 4.6 represents
the stress at the blade-strut connection of the Gen1 rotors with blue circles
while the stress at the Gen2 blade-strut connection is indicated with orange
dots. Here, the critical rotational speeds (experimentally determined from
the previously described tests) are represented with crosses at the end of
the curves.

With the results of the static deformation test and Equation 4.8, the de-
flection at the tips during operation is estimated. Similarly, using Equation
4.9, it is possible to estimate the deflection at the blade-centre:

δb,max =
wul

4

8EI
, (4.8)

δb,max =
5wul

4

384EI
. (4.9)

Solving Equations 4.8 and 4.9 results in a maximal deflection of 13.0 mm
during operational conditions. Operational tests indicated a larger deflec-
tion of the rotor tips compared to the blade centre. In order to keep the
deflection (and stress) minimal on both sides of the blade-strut connections,
the Gen1 strut ratio of 2.12 was reduced to a strut ratio of 1.90 to equalise
the deflection between the blade tips and the blade centre. This more op-
timal stress distribution allows to reach higher rotational speeds with the
Gen2 design.
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Figure 4.6: Comparison of the stress at the blade-strut connection
for increasing rotational speeds for the Gen1 design (blue circles)
and the Gen2 design (orange dots). Their point of fracture is
indicated with a cross.

4.4.4 Experimental modal analysis
Inherently, a two-bladed VAWT induces symmetric loadings on the rotor
which are important drivers for the in-plane and out-of-plane vibrational
modes of the rotor (Sutherland et al., 2012). The vibrational modes of a
Gen2 rotor were characterised by an experimental modal analysis. An im-
pact hammer (Endevco model 2302 modal hammer) served as a trigger for
three accelerometers (PCB model 333B32) which were placed respectively
on both the blade upper tips and the hub upper tip. These unidirectional
accelerometers measured the three perpendicular directions (xyz). The used
data-acquisition software was Siemens LMS Simcenter Test Lab. Two differ-
ent configurations were tested: the rotor as a free body and the rotor fixed
onto the complete setup as used in wind tunnel tests (here referred to as the
clamped configuration). All the identified modes for the clamped configu-
ration which can have an effect in the operational domain of the rotors are
represented in Figure 4.7. They can be divided into two distinct categories:
modes of the rotor as a whole (symmetric modes) and modes specific to one
of the blades (asymmetric modes). This latter category indicates manufac-
turing differences between the produced rotor halves. Asymmetric modes
tend to come in pairs: both components of such a pair are identical modes
but at slightly different frequencies. This is, for example, the case for modes
5 and 6 and modes 8 and 9.

The comparison of the two mentioned configurations allows to identify
possible shifts or suppressions of specific modal frequencies. The modal as-
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(a) mode 1: blades simulta-
neous up-down

(b) mode 2: blade tips alter-
nating fore-aft

(c) mode 3: blade tips simul-
taneous fore-aft

(d) mode 4: blades fore-aft
flapping

(e) mode 5: convex-concave
blade 1

(f) mode 6: convex-concave
blade 2

(g) mode 7: blades 3-node
oscillation

(h) mode 8: blade 1 3-node
oscillation

(i) mode 9: asymmetric 3-
node oscillation

Figure 4.7: Experimentally observed modal natural frequencies
of the rotor over the operating range.
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Figure 4.8: Correlation of the modal frequencies of the
rotor as a free body and mounted on the experimental
setup as used during wind tunnel tests.

surance criterion (MAC, Allemang (2003)) indicates the similarity between
the free configuration and the clamped configuration (Figure 4.8). It allows
to identify the influence of the experimental setup on the modal frequencies
of the rotor. The correlation between the eigenmodes of the two config-
urations indicates that most modes are shifted to lower frequencies when
clamped. This is, however, not the case for the simultaneous up-down mode
(mode 1) of the clamped configuration. This mode correlates for over 60 %
with two free-rotor modes, a lower one 16.2 Hz and a higher one, 39.9 Hz.
It is also remarkable that the 77.0 Hz free rotor modal frequency seems to
shift to 122.6 Hz. This free-rotor modal frequency corresponds to the oscil-
lating of the blades in a span wise direction. The addition of the main shaft
thus makes the rotor more rigid for this kind of excitation. The modes
which exhibit the highest correlation are compared numerically in Table
4.2. The critical damping ratios (ζ) are all evaluated to be reliable as no
specific outliers are observed. This modal analysis allows to conclude that
the experimental setup does not have a dramatic impact on the vibrational
modes of the rotor.

4.5 Characterisation of the turbine setup

4.5.1 Experimental test setup
During wind tunnel tests, the rotors are mounted on top of an aluminium
frame which holds the sensors, illustrated in Figure 4.9. This frame is also



4.5. CHARACTERISATION OF THE TURBINE SETUP 87

Figure 4.9: The complete experimental setup for wind tunnel tests of VAWT.
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Table 4.2: Modal frequencies of the rotor for clamped and free configurations.

Clamped Free
Mode f [Hz] ζ [%] f [Hz] ζ [%]

1 29.5 0.06 16.2 3.38
39.9 1.36

2 50.4 0.75 47.4 0.87
3 54.8 0.72 132.1 0.67
4 62.1 0.64 78.4 0.69
5 84.4 1.08 85.0 0.71
6 88.9 0.69 89.8 0.80
7 122.6 0.61 77.0 0.93
8 134.0 0.90 141.8 0.77
9 137.7 0.66 151.6 0.97

equipped with a generator which is used as a motor during start-up as this
VAWT-model is not self-starting. The generator retrieves its main function
once the aerodynamic forces drive the rotor, around tip-speed ratio of 2.4.

To measure the produced mechanical torque and rotational speed, the
setup is equipped with a direct drive torque sensor (Lorenz-Messtechnik,
DR-3000). This torque sensor is fitted inline between the rotor shaft and the
generator shaft. The generator shaft is connected to the motor/generator
via a drive belt with gear ratio 100

28
. On the rotor shaft side, a one-pulse-per-

revolution signal is acquired. This signal indicates the passing of the zero
azimuthal position. Finally, a variable resistance circuit is connected to the
generator to monitor the generated electrical power and to allow control of
the rotational speed.

4.5.2 Drive train losses
A losses test was carried out in order to make a distinction between aerody-
namically generated torque and mechanical torque losses in the drive train.
To analyse this, the generator was used as a motor to impose a rotation on
the drive train without rotor. Once a steady state is reached, the genera-
tor shaft is being driven at a constant rotational speed, which on its turn
drives the rotor shaft with the torque sensor in-between. In this state, the
torque sensor only measures frictional losses in the bearings of the rotor
shaft because of the nature of the torque sensor, which measures a differ-
ential torque between its input and output side. The motor was used to
set various rotational speeds (referred to as plateaus) upon the drive train
ranging between 0 and 1120 rpm (1120 rpm corresponds to the maximum
possible rotational speed while driving the drive train with the motor). Ev-
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Figure 4.10: Back torque generated by frictional
losses in the bearings fitted with a third-order poly-
nomial and extrapolated to estimate the back torque
over the full scope of the operating range (indicated
with two vertical lines).

ery plateau was held for approximately 60 seconds while the back torque
was measured. Each measured plateau average and standard deviation is
represented in Figure 4.10 with the blue error bars. The losses test indicated
a maximum torque loss of 3.1 cNm at 1120 rpm (Figure 4.10). In terms of
power this corresponds to 3.6 W. In order to approximate the losses over
the full operating range (indicated by the two vertical lines on Figure 4.10)
the data was extrapolated with a third-order polynomial to extend over the
complete operating range (orange curve in Figure 4.10). For the range of
operational rotational speeds these losses vary between 8 % for the lower
part of the operating range and 12 % for the higher part of operating range.
The power generation is further discussed in Section 4.5.3.

4.5.3 Rotor performance
The torque, τ , and rotational speed, ω, are directly recorded by the torque
sensor. Taking into account U0 with the air density denoted by ρ, the power
coefficient, CP , is then calculated with the following relationship:

CP =
Pmech

Pwind
=

τω
1
2
ρDHU3

0

. (4.10)
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Figure 4.11: Example of a torque measurement within
the operating range. The torque exhibits a discontinuity
around 1150 rpm (discussed in Section 4.5.6). The data
has been smoothened over one second and corrected for
drive train losses.

Testing conditions
Both Gen1 rotors were tested in the L1-A wind tunnel of the von Karman
Institute at 11.0 m/s and turbulence intensity of 0.3 %. The L1-A is a
circular open-jet with a diameter of 3 m. On the other hand, the two Gen2
rotors were tested in the Boundary Layer Test Section of the GVPM closed-
circuit wind tunnel of the Politecnico di Milano (width = 13.8 m, height =
3.8 m). The Gen2 tests were carried out at a velocity of 10.7 m/s and
turbulence intensity of 2 %.

Testing procedure and error propagation
A typical 30-minute long measurement of the torque generated by a Gen2
rotor is illustrated in Figure 4.11. During such a CP (λ)-sweep, several
steady-state conditions are held to obtain plateaus. Plateaus of which the
standard deviation of the rotational speed is greater than

√
10 rpm are

later rejected during post-processing. The data reduction procedure is more
extensively described in Appendix A. For this measurement, the rotational
speed was steadily increased and the data was smoothened over one second
to reduce the noise on the measured signal. A correction for friction losses
in the drive train was also applied. An unstable region, visualised by the
discontinuity in Figure 4.11, is observed around 1150 rpm. This is further
discussed in Section 4.5.6. Because of manufacturing differences, the second
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Figure 4.12: Cp(λ) of two Gen1 rotors (orange and blue
dashed lines) compared with two Gen2 rotors (orange and
blue solid lines). The data has been corrected for drive
train losses.

Gen2 rotor does not suffer from this discontinuity in its operational region
(the discontinuity is located below the operating region).

The resulting Cp(λ)-curve for the two Gen1 rotors and the two Gen2
rotors exhibit an optimal Cp between 0.13 and 0.23 (Figure 4.12). The
standard deviation on the power coefficient and tip-speed ratio are derived
via standard error propagation techniques based on the standard deviation
of the torque, rotational speed, wind speed and density over an identi-
fied plateau (inserted as error bars in the figures, more info see Appendix
A). Systematic errors include drive-train losses (corrected), blockage effects
(2 %, considered negligible) and velocity fluctuations (taken into account in
error of CP ).

Performance difference
Rotor 1 vs rotor 2

The relatively large performance difference between the Gen1 rotors
(dashed lines on Figure 4.12) is caused by the damaging of the moulds in
the demoulding process (Section 4.3.1) and a low torsional resistance of
the geometry. Furthermore, one blade of the poorly performing Gen1 rotor
contains a misaligned leading edge dramatically impacting its performance.
The performance difference between both Gen2 rotors is negligible except
for a small difference at tip-speed ratios between 2.6 and 2.8. The difference
persists for tip-speed ratios below the observed discontinuity (see Section
4.5.6).
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Figure 4.13: Influence of the Reynolds number on the
power coefficient. The error bars indicate twice the stan-
dard deviation for clarity. The fitted curves serve no
other purpose than to distinguish the two different tests.

Gen1 vs Gen2
The better performing Gen1 rotor exhibits a Cp(λ)-curve which lies on

average 10 % above the performance of the Gen2 rotors. The results of
a Reynolds number sensitivity analysis on the Gen1 rotors are illustrated
in Figure 4.13. For this analysis, wind tunnel tests were carried out at
7.7 m/s and 11 m/s. At 7.7 m/s, the performance of the Gen1 turbines de-
grades down to approximately 65 % of the performance at 11 m/s indicat-
ing a Reynolds number dependency. Part of the difference in performance
between the Gen1 and Gen2 rotors can thus be attributed to the different
Reynolds number at which the tests were carried out (11.0 m/s vs 10.7 m/s).
By considering a linear scaling of Cp with respect to Rec, we can expect a
difference in Cp of 3.4 % solely from the velocity difference.

Another difference between the Gen1 and Gen2 testing is the turbulence
intensity, which is 0.3 % in the L1-A and 2 % in the GVPM. The effect of
turbulence intensity on the rotors is discussed in Molina et al. (2018).

Finally, a major design difference between the Gen1 and Gen2 rotors is
their shaft. Rezaeiha et al. (2017b) concluded that the shaft of the rotors is
expected to degrade the performance of the VAWT based on their shaft-to-
turbine diameter ratio. With a shaft-to-turbine diameter ratio of 0.06, the
aerodynamic performance of the Gen1 rotors is expected to induce a 3.1 %
CP -loss while the larger shaft-to turbine diameter ratio of the Gen2 rotors
(0.10 ) will entail a 1.4 % larger degradation of CP .

Of the approximately 10 % difference between the CP of Gen1 and Gen2,
5 % can be accounted for by the different Reynolds number and shaft size.
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Furthermore, it was studied that the turbulence intensity will also con-
tribute to differences in performance. The different SR is likely to have an
impact as well on the CP .

4.5.4 Interpretation of dynamic torque
To interpret dynamic measurements, the drive train is approximated as a
one degree-of-freedom system: two infinitely stiff mass moments of inertia
(denoted by J) connected by a torque sensor (massless torsional spring with
kt = 3.7× 102 Nm/rad).

For simplicity of notation, the rotor side is denoted by the index 1 and
the generator side by the index 2. According to Newton’s second law, the
equation of motion (neglecting damping) is given by:

J1J2(θ̈1 − θ̈2) + kt(J1 + J2)(θ1 − θ2) = J2τ1 − J1τ2. (4.11)

In general, the frequency of the dynamic torque should be well below the
natural frequency of the measurement system (the drive train). A margin
of 30 % is recommended in the manual of the torque sensor. Given that
the experimentally determined values for J1 and J2 are 0.0263 kgm2 and
0.0012 kgm2 respectively, the first natural torsional frequency, ωn, of the
system is 89 Hz. This ωn implies that dynamic torques with frequencies up
to about 60 Hz can be measured. This will prove to be insufficient, given
that the dynamic torque can be expected to contain multiple harmonic
components of the fundamental angular frequency (which ranges from 15 Hz
to 25 Hz). Therefore, components with frequencies above 60 Hz will be
distorted by the measurement system itself.

Equation 4.11 also indicates that the measured torque kt(θ1 − θ2) does
not correspond directly to the aerodynamic torque τ1. The torque sensor
measurement is a function of the weighted difference between the aerody-
namic driving torque and the generator back torque. The larger J1 is with
respect to the sum J1 +J2, the more the measured torque will be influenced
by τ2, and thus the more it will diverge from the aerodynamic torque.

Equation 4.11 nicely illustrates the difficult balance that the design of
a test setup entails:

- If a rotary torque transducer is employed, as in our setup, the sensi-
tivity scales inversely with kt, and thus inversely with the bandwidth
for the dynamic torque measurements.
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- A high value of J2 with respect to the total J1 + J2 is required to
maximally suppress distortions from τ2, but increasing J2 reduces the
natural frequency and thus the bandwidth.

- If, as for our setup, kt is limited by the maximum expected torque
(which is mainly kept low by the small size of the model), and J1
is low (limited by the high rotational speed required to achieve the
right range in tip-speed ratios and Reynolds numbers), then we can
only accept that the measured dynamic torque variations will be to
a large extent influenced by small distortions coming from τ2. The
average measured torque (say, over multiple full rotations at fixed
rpm), however, corresponds to the aerodynamic torque (which is equal
to the opposite of τ2) and does not need to be corrected.

If unsteady aerodynamic torque measurements are required, one should
resort to the use of strain gauges, either on the struts or the shaft, at an
increased cost and complexity to perform the measurements. The much
higher stiffness can allow for a much higher J2 to be used, and Eq. 11 can
be used for the correction.

The gained insights with regards to dynamic measurements are well
appreciated through the analysis of the spectral content of the measured
torque, discussed in the following section.

4.5.5 Spectral analysis of the torque measurements
The spectral content of the torque signal was analysed through a spectro-
gram. This spectrogram (Figure 4.14) is based on the same time series as
shown in Figure 4.11. In this spectrogram, energetic peaks are observed
which even persevere in the higher range of the frequency spectrum.

Two spectral components can be distinguished from one another. A first
component (and its harmonics) corresponds to the angular frequency of the
rotor (nPR, n ∈ N0). These spectral components are highlighted on the
figure with solid lines. Noticeably, the even multiples of 1PR appear more
energetic, which is a consequence of the symmetric design of the rotor. This
can, for example, be observed by comparing 1PR and 2PR or 5PR and 6PR.

A second main spectral component is identified as the belt passing fre-
quency (BPF or 1PB) which is lower than 1PR. When a BPF harmonic
(nPB, n ∈ N0) lies adjacent to a harmonic of the angular frequency, they
co-excite torque ripples. This is the case for 4PR and 7PB which co-excite
the region between 70 Hz and 91 Hz.
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Torque ripples around the first torsional natural frequency (the time-
invariant yellow band around 89 Hz on Figure 4.14) are magnified due to
the natural torsional frequency of the system. Because of this natural fre-
quency, the 4PR and 7PB harmonics dominate the spectrum; they are even
more energetic than the fundamental frequency of the aerodynamic torque
variations, 2PR.

4.5.6 Operational modal analysis
To assess the excitation of the different modes during operation of the rotor,
the rotational speed (1P) and its harmonic components (nP , where n ∈ N0)
are compared to the modal frequencies of the rotor (Figure 4.15). On this
Campbell diagram, the crosses indicate which modes (horizontal lines on the
figure) will be excited over the operational regime by the rotational speed
or multiples of this one. No crossings of the 1P and 2P components with
modal frequencies occur over this operational regime, which is indicated
with the highlighted zone. All the other harmonic components, however,
do cross various modes which will be excited. The symmetry of the rotor
design makes that even harmonics of the rotational speed are likely to be
more energetic than uneven ones.

Figure 4.14: Spectral content of a torque measurement for a tip-
speed ratio sweep.
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Figure 4.15: Campbell diagram of the modal frequen-
cies of the rotor compared to the operational rotational
frequencies.

Two pairs of modal frequencies can be distinguished on Figure 4.15:
a first pair around 85 Hz and a second pair around 135 Hz. These are
asymmetric modes as observed in the experimental modal analysis (Section
4.4.4), where the small differences in frequency between modes 5 and 6 and
between modes 8 and 9 are due to manufacturing imperfections. Because
such modes create an unbalance of the forces, they influence the torque
generation.

Table 4.3: Modal excitations through rotational speed and its harmonics.

Harmonic Excitation 1 f1 [Hz] Ω1 [rpm] Excitation 2 f2 [Hz] Ω2 [rpm]
1P - - - - - -
2P - - - - - -
3P mode 3 18.3 1095 mode 4 20.7 1242
4P mode 5 21.1 1267 mode 6 22.2 1333
5P mode 6 17.8 1067 - - -
6P mode 7 20.4 1226 mode 8 22.3 1340
7P mode 8 19.2 1149 mode 9 19.7 1180
8P - - - - - -

Table 4.3 summarises the modes which are excited by the rotational
speeds or harmonic components of this one. Remarkably, mode 8 gets
excited by the 7th harmonic of the rotational speed at 19.2 Hz (1149 rpm)
which corresponds to the discontinuity observed in Figure 4.11.
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4.5.7 Rotor near wake velocity profiles
The unification of the two-part rotor hub (difference between Gen1 and
Gen2) improved the torsional stiffness of the rotor but is expected to de-
crease the performance. A wider and longer shaft will influence the charac-
teristics of the turbine wake. This turbine wake is a recurrent field of study
on VAWT research (Bianchini et al., 2017; Hohman et al., 2018; Tescione
et al., 2014). A series of measurements were performed in the near wake
of the rotor (0.75D downstream of the rotating shaft). Two horizontal ve-
locity profiles were measured, one at height 0.5H (midplane of the rotor)
and one at 0.86H (to avoid the influence of the shaft or tip effects in the
wake) (see Figure 6.5a, horizontal axis corresponds to y-direction, vertical
axis corresponds to z-direction).

The results are presented in terms of normalised velocity with the un-
perturbed velocity (9 m/s) (Figure 6.5b). The error bars correspond to
the standard deviation of the velocity during a measurement. The rota-
tional speed is 1070 rpm (18 Hz) which results in a tip-speed ratio of 3 and
a mean-chord based Reynolds number of 105. For both velocity profiles,
the normalised velocity is larger at the side of the downwind moving blade
(negative half of the velocity profiles) compared to the upwind moving blade
(positive half of the velocity profiles). The two profiles differ, however, with
regard to their extreme values. Behind the rotor shaft the wind velocity is
reduced to 22 % of its unperturbed condition. Without the influence of the
shaft the reduction is limited to 34 % of the unperturbed condition. That
value presents a good agreement with previous experiments on a two-bladed
VAWT (Tescione et al., 2014), which suggests that the increase of the shaft
diameter indeed has a significant effect on the near wake. The shape and
characteristics of the rotor wake are nonetheless consistent with previous
findings, which validates the possibility to use this model for VAWT wake
studies.

When the standard deviations (the error bars from Figure 6.5b) are di-
vided by the freestream wind speed, one obtains a measure of the level of
local turbulence intensity, Iu, in the near wake (Figure 4.16c). Apart from a
shift towards positive y/R (visible in Figure 6.5b and 4.16c) due to the de-
flection of the wake, Figure 4.16c clearly shows distinct regions of increased
Iu in the wake. The increase near y/R = 0.5 at 0.5H is likely to be caused
by the shaft wake as is further underlined by the absence of this increase at
0.86H. The increased levels of Iu at y/R = ±1, on the other hand, can be
related to blade aerodynamics: a spectral analysis of the velocities revealed
that the standard deviation originates from harmonic variations at 1P and
2P frequencies. Although vorticity could not be measured in our setup, the
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(a)

(b)

(c)

Figure 4.16: (a) Positions of the two measured velocity profiles 0.75D behind the
rotor. (b) Normalised velocity profiles 0.75D behind the rotor (solid lines with
orange crosses, blue dots) compared with the data of Tescione et al. (2014) (dotted
line with grey crosses). The error bars correspond to one standard deviation of
the velocity. (c) Local turbulence intensity 0.75D behind the rotor.

presence of harmonic components in the wake are quite suggestive of the
occurrence of dynamic stall. A more complete study and comparison with
CFD simulations is presented in Molina et al. (2018).

4.6 Conclusions

This chapter presents the different steps (design, manufacturing and vali-
dation) required to prepare an H-type Darrieus rotor setup for wind tunnel
tests. The design requirements of the rotor are summarised, and the im-
pact on design choices and manufacturing is discussed. The quality of the
carbon-fibre rotor blades is assessed and proven to be repeatable. This is
important, as the small scale of the rotors makes the aerodynamic perfor-
mance sensitive to geometric imperfections.

Structural, mechanical and aerodynamic aspects are carefully analysed
through various tests. Structural tests confirmed that the designed and
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manufactured VAWT rotors ensure safe wind tunnel tests, i.e. during oper-
ation the rotor models rotate at 60 % of their critical rotational speed.

A spectral analysis of the generated torque by the rotor during operation
indicated that higher harmonics distort the torque measurements. Above
that, a first natural torsional frequency and torque ripples on the genera-
tor side contribute to this distortion. These two contaminations were pre-
dicted numerically. Comparing the harmonics, which are retrieved in the
spectral content of the torque measurement, with the results of an experi-
mental modal analysis allowed to identify modes which impact the torque
production. This modal analysis revealed two kinds of modal vibrations:
symmetric ones and asymmetric ones. The asymmetric modes appeared
to influence the performance of the rotor. The operational modal analysis
confirmed this: when specific modes are excited by a harmonic component
of the rotational speed, they tend to disrupt the normal operation of the
rotor.

Because the torque sensor measures the aerodynamic torque contami-
nated with other components, it requires a complete understanding of the
experimental setup to measure unsteady aerodynamics. Structural dynam-
ics of the rotor, drive train and sensor must be characterised to be able
to interpret unsteady aerodynamics experimentally. Possible improvements
entail the development of a correction for aerodynamic torque measure-
ments to achieve a reliable interpretation of the unsteady torque measure-
ments.
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Experimental power
enhancement of a pair of
vertical-axis wind turbines

Summary

Wind tunnel tests focussing on the performance of paired VAWTs
are reported in this chapter. The performance of an isolated VAWT
is compared to the performance of three paired configurations. The
effect of the Reynolds number and tip-speed ratio are also charac-
terised. The content of this chapter has been published in Renewable
Energy (Vergaerde et al., 2020).

5.1 Introduction

Vertical-axis wind turbines (VAWTs) were first thoroughly studied in the
nineteen seventies and eighties under the impulse of Sandia National Labo-
ratories. The review article from 2012 by Sutherland et al. (2012) provides
an overview of VAWT technology up to 1994, and concludes with an out-
look on the future. Today, it is mainly with off-shore applications in mind
that VAWTs are being considered as a viable alternative for horizontal-axis
wind turbines (HAWTs), see e.g. Borg et al. (2014) or Paulsen et al. (2013).
One important driver for the renewed research interest certainly is the work
by Dabiri and his co-workers (see i.a. Dabiri (2011); Dabiri and Whittlesey
(2010); Kinzel et al. (2012); Whittlesey et al. (2010)). They showed that

100
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closely-spaced VAWTs can have a mutually beneficial effect on the power
output when compared to an individual VAWT.

In this chapter, we study the increase of the power coefficient for a
side-by-side pair of VAWTs. In off-shore applications, it makes sense to
place two counter-rotating VAWTs on one floating platform. Apart from
the increase in power coefficient, such a setup would benefit from a zero net
generator torque on the platform and a means (by varying the individual
torque of each turbine) to change the orientation of the platform. This is
important, as a side-by-side pair of VAWTs is dependent on the direction
of the incoming wind, contrary to an individual VAWT. Through the same
mechanism, it becomes possible to control the deflection of the wake of
the pair, which could be used to divert the wake away from downstream
turbines.

The increase of the power coefficient of VAWTs placed in close proxim-
ity, was originally studied by Schatzle et al. (1981) and Rajagopalan et al.
(1990). Dabiri (2011) used field measurements to study this interaction.
The positive effects on the power coefficient have been confirmed numeri-
cally by i.a. Duraisamy and Lakshminarayan (2014), Zanforlin et al. (2019)
and Parneix et al. (2016).

Most of the experimental studies on VAWTs so far have been focused
on individual VAWTs. The seminal studies at Sandia on individual VAWTs
are well known (Akins et al., 1987; Sheldahl, 1981; Sheldahl and Klimas,
1981; Sheldahl et al., 1980). Other, more recent experimental work has been
done on aerofoil design for VAWT applications (Ragni et al., 2015), on the
difference between the testing of VAWTs in confined and unconfined envi-
ronments (Dossena et al., 2015), on the impact of testing at low Reynolds
numbers (McNaughton et al., 2014), and on the wake development behind
a VAWT (Araya and Dabiri, 2015). Also the use of flow control techniques
has been considered (Benedict et al., 2016; Greenblatt et al., 2014; Green-
blatt and Lautman, 2015; Greenblatt et al., 2012).

To the authors’ knowledge, the only wind tunnel study that exists for
multiple VAWTs (arrays of two and three turbines) is by Ahmadi-Baloutaki
et al. (2016). However, these turbines had a very high solidity and were
spaced well apart (2 diameters shaft to shaft), so the results are difficult
to compare with the numerical studies available (Duraisamy and Laksh-
minarayan, 2014; Zanforlin and Nishino, 2016). Therefore, the main focus
of this chapter is on wind tunnel experiments of a pair of counterrotating
H-type Darrieus VAWTs at very small inter-turbine distances (1.2 and 1.3
diameters shaft to shaft), to validate the power enhancement predicted by
the numerical simulations.

The structure of this chapter is as follows. We first discuss the experi-
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mental setup used and the measurement procedure for the power output of
the turbines. We then compare the performance of a single VAWT and a
pair of VAWTs at different tip-speed ratios and inter-turbine distances and
discuss the findings. Finally, the conclusions are drawn.

5.2 Experimental setup

5.2.1 VAWT rotor
The rotor is a two-bladed H-type Darrieus turbine with two NACA 0018
blades and two inclined struts per blade. The struts are slightly thicker
(NACA 0024) for structural reasons. The rotor solidity, σ = bc/D, is 0.20,
where b is the number of blades and D the rotor diameter. The chord
length, c, is 50 mm. Figure 5.1 shows the rotor and the setup with the rotor
diameter and height, H, indicated with their respective symbol.

Given the small size of the rotor (set by the wind tunnel dimensions, see
Section 5.2.4), high angular speeds (up to 1400 rpm) are required to achieve
realistic tip-speed ratios (between 2 and 4) within the range of speeds at
which can be tested in the wind tunnels (angular speed control is further
discussed in Section 5.2.2). To withstand the centrifugal loads, the rotors
were made in carbon-epoxy composite. The mass of one individual blade is
only 181 g, for the struts it is 35 g each.

We performed a dynamic crash test, during which the rotor was grad-
ually spun up until failure. The angular speed at which the rotor failed
was just over 2100 rpm (219.9 rad/s), which ensures ample margin for the
maximum speed anticipated during the wind tunnel tests.

5.2.2 Turbine housing and measurement equipment
The VAWT rotor is connected via a torque sensor and a drive belt (with
gear ratio 100/28) to a brushed-DC motor. This motor is used to drive the
VAWT rotor during start-up and as a generator in normal operation. The
electrical output of the motor is fed to a circuit with variable resistance for
angular speed control and for measurement of the electrical power (through
voltage and current measurements). This set-up provides adequate speed
control while allowing sufficient freedom to let the VAWT rotors interact in
paired operation.

We used a Lorenz Messtechnik DR-3000 torque sensor to measure me-
chanical torque and angular speed (and thus mechanical power) of the
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VAWT. It is fitted between two torsionally-stiff couplings to correct for pos-
sible misalignments. A one-pulse-per-revolution signal was acquired to com-
pare the relative phase differences between interacting turbines. The torque
sensor, drive belt, DC motor, and measurement equipment are housed in-
side an aluminium frame, as is shown in Figures 5.1 and 5.2.

upper bearing housing

aluminium  
frame

torque sensor

30P/rev signal

1P/rev signal DC motor

lower bearing housing

H

D

Figure 5.1: A sketch of the general assembly of one
VAWT rotor and its aluminium box that holds the torque
sensor, drive belt, motor/generator, and peripherals.

5.2.3 Set-up of the interaction tests
Two identical turbine housings with their respective measurement equip-
ment are used for interaction tests. These two housings are placed within a
larger aluminium frame (observable in Figure 5.2). This structure is placed
perpendicular to the incoming wind so that the turbines are placed side by
side with regard to the flow. It is possible to vary the inter-turbine distances
with this experimental setup.

Before proceeding to wind tunnel tests of the paired configuration, the
performance of each rotor is measured individually to assure equal perfor-
mance.
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Figure 5.2: The two turbines were placed in their respec-
tive frames in the assembly. A floating floor was mounted
on top of the boxes.

For all interaction tests, the directions of rotation of the rotors were
opposite to each other. Two configurations have been tested, one where the
facing (inner) blades move along with the incoming wind, and one where
the facing blades move against the wind (Figure 5.3). For clarity, we refer
to these configurations as inner-downwind and inner-upwind respectively.

U0 U0

Figure 5.3: Left: inner-downwind configuration; the fac-
ing (inner) blades move along with the incoming wind.
Right: inner-upwind configuration; the facing (inner)
blades move against the incoming wind.
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Figure 5.4: A VAWT rotor model in the VUB LS
wind tunnel for preparatory tests.

5.2.4 Wind tunnel

Four different wind tunnels have been used to perform the experiments that
are described in this study. Preparatory work was performed in the Vrije
Universiteit Brussel’s low-speed wind tunnel (VUB LS). This is a blow-down
open-return wind tunnel with a rectangular, closed test section. It has a
cross section of 2 m by 1 m and a length of 12 m. Tests were performed
between 8 m/s and 12 m/s with an incoming turbulence intensity, Iu, of
0.5 %. These tests served to optimise the design of the experimental setup
(Figure 5.4).

Further testing was performed in two open-jet wind tunnels, the OJF
of the Delft University of Technology and the L1-A of the von Karman
Institute for Fluid Dynamics (VKI). Both tunnels have a jet nozzle of 3 m
diameter; the OJF is octagonal while the L1-A is circular. The free jet
section is 4.5 m long for the L1-A and up to 13 m for the OJF. The turbu-
lence intensity levels were around 0.3 %. The objective of these tests was to
measure the power coefficient of the rotor models as a function of tip-speed
ratio and Reynolds number.

Final testing to analyse various configurations of paired VAWTs (inter-
turbine spacing and direction of rotation) was performed in the GVPM of
the Politecnico di Milano (PoliMi). This is a closed-circuit wind tunnel,
arranged in a vertical layout with two test rooms in the loop. We used
the low-speed test section with a cross section of 13.8 m by 3.8 m and a
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usable length of 12 m (the total length is 35 m). As the solid blockage ratio
was only 2 %, no blockage corrections have been applied. The turbulence
intensity of the wind tunnel is 2 %.

Tables 5.1 and 5.2 summarize the main characteristics of the used wind
tunnel facilities. The wind tunnel width, height and maximum velocity
are denoted with the symbols Wt, Ht and Umax, respectively. The effective
blockage ratio, ε (defined as the ratio of solid blockage induced by the setup
to the cross section or jet size of the wind tunnel), is also included in this
table. Note that the part of the turbine housing which is exposed to the
flow differs for the different used facilities.

Table 5.1: General geometrical properties of the used wind tunnel facilities.

Name Type Wt×Ht [m] Cross section
VUB LS blow-down 2.0×1.0 rectangular
OJF open-jet 2.9×2.9 octagonal
L1-A open-jet 3.0×3.0 circular
GVPM closed-circuit 13.8×3.8 rectangular

Table 5.2: General flow characteristics of the flow in the used wind tunnel facili-
ties.

Name Iu [%] Umax [m/s] ε
VUB LS 0.5 20 0.40
OJF 0.3 35 0.11
L1-A 0.3 60 0.12
GVPM 2.0 16 0.02

5.3 Measurement procedure for turbine power output

5.3.1 Power coefficient and tip-speed ratio
The mechanical power output of every turbine is individually measured and
logged through the (rotating) torque sensor.

The power coefficient CP is calculated from the mechanical torque τ and
the angular speed ω:

CP =
Pmech

Pwind
=

τω
1
2
ρDHU3

0

, (5.1)
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where the power in the wind Pwind is calculated from the unperturbed wind
tunnel speed U0 the air density ρ and the frontal swept area of the tur-
bine, height H times diameter D, which are indicated on Figure 5.1. The
unperturbed wind tunnel speed was typically measured using pitot-static
tubes in front of the VAWT rotors. The wind speed and angular speed are
combined into the tip-speed ratio λ defined as:

λ =
ω(D/2)

U0

. (5.2)

5.3.2 Data reduction
The torque sensor measures angular speed and mechanical torque at a sam-
ple frequency of 2.5 kHz. The first step in the data reduction process was
to calculate a (centred) running average over a one-second period. This
one-second period corresponds to about 15 to 25 rotations of the turbine,
which we found to be a good compromise between sufficient time resolution
for post processing and reducing the noisiness of the data.

The next step in the data reduction was the identification of relatively
long periods of time during which the angular speed remained sufficiently
constant. These periods are referred to as plateaus in the remainder of the
study. Different criteria were applied to identify a plateau: the standard
deviation of the angular speed (calculated as the square root of a run-
ning variance over 40 s periods) throughout the plateau should be less than√

10 rpm. Moreover, the plateau should last at least 10 s, and the slope of
the plateau should be less than 0.05 rpm/s. These cut-off values were de-
termined experimentally, to provide a good compromise between rejecting
transient behaviour and including steady state data in the plateaus.

For turbines in paired configuration, an additional constraint was for-
mulated: the angular speeds of the two turbines should be within 10 % of
one another. This constraint ensures that the turbines were indeed properly
synchronised throughout a plateau.

Finally, the angular speed and mechanical power were averaged for every
plateau and used to calculate the power coefficient (Eq. 5.1) and tip-speed
ratio (Eq. 5.2). Also, the standard deviations of torque, angular speed, wind
speed, and density, over the plateau were calculated, and then used (via the
standard error propagation techniques) to derive the standard deviation on
the power coefficient and tip-speed ratio. These standard deviations have
been inserted as error bars in the figures containing experimental data (ex-
cept for Figure 5.7 to avoid overcrowding the figure) to represent the vari-
ations within every individual plateau. Extra information on the plateau
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identification and some examples for illustration purposes are presented in
Appendix A.

5.3.3 Systematic errors
This experimental study is subjected to different sources of systematic er-
rors, e.g. blockage effects, fluctuations of the wind speed and friction losses
in the drive train. There is still debate on how to properly correct VAWT
wind tunnel experiments for blockage (Dossena et al., 2015). As the solid
blockage ratio of our pair of turbines in the GVPM was only 2 %, no correc-
tions were applied here. Furthermore, the preliminary tests in the open-jet
facilities (data of those tests are only shown in Figure 5.6) yielded almost
identical circumstances and were only used for a relative comparison, ob-
viating the need for an elaborate blockage correction. On the other hand,
fluctuations in the wind speed are pertinent and necessitate a proper cor-
rection. These fluctuations are specifically taken into account in the data
reduction process and are an important element of the overall error on the
power coefficients and tip-speed ratios.

A correction for the torque losses induced by the drive train is deter-
mined by utilizing the generator as a motor to impose a rotation without
rotor. This way, the torque sensor only measures a net torque due to fric-
tional losses in the drive train. We found that the measured torque losses
increase proportionally over the operating range of the rotors from 2.9 cNm
to 3.4 cNm. All experimental power coefficients further presented in this
study have been corrected for torque losses in the drive train according to
their corresponding angular speed.

5.4 The power production of isolated VAWTs

Several rotors were manufactured and tested individually in the wind tun-
nels at different wind speeds and tip-speed ratios. Because of the small
size of the rotors, small manufacturing deficiencies resulted in different per-
formance characteristics of the manufactured rotors. Two rotors, of which
the maximum power coefficient differs less than one standard deviation,
were selected for the interaction tests. Figure 5.5 shows the CP (λ) curve
with corresponding errors of these two rotors. The curves match, except
at tip-speed ratios well below the optimum. The rather abrupt increase in
power coefficient between tip-speed ratios 2.8 and 2.9 exhibited by rotor 1
(the orange curve in Figure 5.5), is related to an unstable operating regime
caused by a structural resonance of the rotor. Because the generator back
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torque had to be increased during the speed up of the rotor from a tip-speed
ratio of 2.8 to 2.9, the corresponding increase of power over this range of
tip-speed ratios is artificially high and not only related to aerodynamics.
Also the second rotor (the blue curve in Figure 5.5) exhibited an unstable
operating region, but at a lower tip-speed ratio (below 2.7). This region is
not shown on Figure 5.5, as for rotor 2, individual measurements were only
performed at these low angular speeds during preparatory testing. The dif-
ference in the location of the unstable region is also related to differences in
friction in the respective drive trains, and thus a difference in the variation
of the back torque as a function of angular speed.

Figure 5.5: CP (λ) curve of the best matching turbines in iso-
lated configuration in the GVPM wind tunnel. The error on CP
and λ are represented by the vertical and horizontal error bars
respectively. The figure serves as a reference case for comparison
with the tests of a pair of turbines. Rotor 1 is shown in orange,
rotor 2 in blue.

5.5 Effect of the Reynolds number

To appraise the sensitivity of our experiments to variations in the Reynolds
number, we measured power coefficients for a combination of angular speeds
of the rotor and wind tunnel speeds. From momentum theory, one would
expect a fixed power coefficient for a given tip-speed ratio. Changes in power
coefficient at a given tip-speed ratio are likely to be caused by Reynolds
number effects (Miller et al., 2018).

Of course, the blade Reynolds number (based on the chord length, c)
varies throughout one revolution. The speed a blade sees varies roughly
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between (λ − 1)U0 and (λ + 1)U0, if induction is neglected. For ease of
comparison, we define an average chord-based Reynolds number, Rec, which
is based on the average circumferential speed, ω(D/2) = λU0:

Rec =
cλU0

ν
, (5.3)

where ν is the kinematic viscosity of air.
Figure 5.6 shows a set of measurements of the power coefficient at two

different wind speeds and a range of angular speeds. For both tests, the
wind speed was kept constant and the angular speed was varied. As a result,
Rec varies proportionally to the tip-speed ratio.

Two interesting conclusions can be noted.

1. The maximum obtained power coefficient is larger for the higher Rec:
it evolves from 0.15 at Rec ≈ 80 000 to 0.22 at Rec ≈ 110 000. This
increase can be attributed to the higher lift-to-drag ratio of the blades
at higher Rec (for the same angles of attack).

2. The optimum tip-speed ratio at which the maximum power is ob-
tained, is slightly higher for the lower Rec. This is probably related
to the fact that, for our measurements at a fixed wind speed, a higher
tip-speed ratio corresponds to a higher Rec. Thus, the drop in power
coefficient beyond the theoretically optimum tip-speed ratio will ini-
tially be offset by an increase in the lift-to-drag ratio related to the
increase in Rec.

These findings follow the same trend as the data in Figure 5 of Miller et al.
(2018).

As a compromise between average Reynolds number and angular speed
(to limit the centrifugal loads), the interaction tests are performed at a wind
tunnel speed of 10.6 m/s. In this case, given that the optimum tip-speed
ratio is close to 3, Rec ≈ 110 000 as calculated with Eq. (5.3).

5.6 The definition of VAWTs in interaction

To study the power output of a pair of VAWTs, the power coefficient is
redefined as the simple average of the two individual power coefficients:

CP =
P1 + P2

1
2
ρU3

0 (2DH)
=

1

2
(CP,1 + CP,2) . (5.4)

where the index refers to the individual rotors.
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Figure 5.6: Power coefficient as a function of tip-speed ratio
and Reynolds number. The tests were performed at a constant
wind speed: 7 m/s for the orange markers and 11 m/s for the blue
markers. The average Reynolds number thus varies proportional
to the tip-speed ratio in these graphs. These tests were performed
in the OJF and L1-A wind tunnels. (For clarity, the error bars
here indicate twice the standard deviation.)

Before every test, the rotors are homed to a fixed position with the plane
of the rotor perpendicular to the incoming wind. Then, the rotors are spun
up individually to the desired angular speed and brought to within about
20 rpm of each other (±2 %). We observed that the rotors tend to synchro-
nise spontaneously: the angular speeds equalise, and the phase difference
between both rotors remains constant, with the inner blades passing each
other approximately as shown in Figure 5.3.

To ensure consistency in the comparison between the different tests, all
interaction tests that are presented in this study have been performed with
the rotors synchronised.

5.7 The power increase of interacting VAWTs

To measure the increase of the power coefficients for a pair of interacting
VAWTs, the rotors were operated in synchronisation near maximum CP
for different inter-turbine spacings and directions of rotation. The baseline
configuration in interaction is with the hubs spaced 1.3D apart and with
the turbines in the inner-downwind configuration. Then two more configu-
rations were tested and compared with the baseline:

• inner-downwind, with now the hubs spaced 1.2D apart,
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• inner-upwind, with the hubs again spaced 1.3D apart.

Every configuration was tested until at least 120 min of plateaus were mea-
sured. (This duration was determined by wake measurements that were
done simultaneously; it provided ample data to make reliable estimates of
the power coefficients.) Tables 5.3 and 5.4 show, per configuration, the av-
erage values and corresponding standard deviations of the power coefficient
and tip-speed ratio for these tests. (The average is an unweighted average
over all the identified plateaus that were measured in a specific configuration
and at the optimum tip-speed ratio.) For the tests with a pair of VAWTs,
also the average of the power coefficient (using Eq. 5.4) was calculated, as
well as the corresponding standard error of the mean.

With respect to the individual-VAWT CP of 0.176, a pair of VAWTs
spaced 1.3D apart in the inner-downwind configuration experiences an av-
erage increase in CP of 0.023 (13.1 %). This increase is in agreement with
the 12.6 % increase observed by Zanforlin and Nishino (2016) in their Fig-
ure 11 for a pair of 1.5D spaced VAWTs (which is the closest distance they
considered), or the 11 % increase calculated by Parneix et al. (2016) in their
Figure 10 (also at a spacing of 1.3D). The increase in power we measure
is seen by both rotors, slightly more by rotor 1 (up 0.025) than by rotor 2
(up 0.021).

Table 5.3: Average power coefficient for different configurations obtained during
long-duration testing near the tip-speed ratio for optimum CP .

Configuration λ CP,11 CP,12 CP,mean

Isolated turbine 2.992 0.176 (-) (-)
Downwind-Inner, 1.3D 3.079 0.201 0.197 0.199
Downwind-Inner, 1.2D 3.097 0.204 0.197 0.200

Upwind-Inner, 1.3D 3.081 0.202 0.206 0.204

Table 5.4: Standard error S on the mean values reported in Table 5.3.

Configuration Sλ SCP,11
SCP,12

SCP,mean

Isolated turbine 0.001 0.0004 (-) (-)
Downwind-Inner, 1.3D 0.001 0.0009 0.0007 0.0008
Downwind-Inner, 1.2D 0.003 0.0006 0.0006 0.0006

Upwind-Inner, 1.3D 0.004 0.0013 0.0008 0.0011

Then, when the turbines are placed closer, at 1.2D apart, but still in
the same inner-downwind configuration, the average increase in power co-
efficient is a little more than at 1.3D apart (up 0.024, or 13.6 %), and also
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the standard deviation has slightly increased. However, given that the stan-
dard deviation is 0.003, we cannot conclude that the difference in average
power enhancement between turbines at 1.2D and 1.3D is statistically sig-
nificant. Figure 5.7 compares the power coefficients (calculated at all the
identified plateaus) for both inter-turbine distances and both directions of
rotation with those of the individual rotor. We found that the relatively
weak increase when going from 1.3D to 1.2D is caused by a small number
of plateaus where the rotors exhibited a lower power output than usual
(see the bottom three dots for 1.2D ‘I-D’ in Figure 5.7, and compare the
average power coefficients for rotor 1 (0.204) and rotor 2 (0.197) in Table
5.3). With these plateaus left out, the average power coefficient at 1.2D
increases to 0.201, with rotor 1 at 0.206 and rotor 2 at 0.198. However,
as no specific anomalies could be detected during the processing of these
measurements, we have included the data in the figures and the table. The
increase here observed experimentally for the inner-downwind configuration
corresponds well to the observations of earlier numerical studies Alexander
and Santhanakrishnan (2020); Bremseth and Duraisamy (2016); Duraisamy
and Lakshminarayan (2014); Giorgetti et al. (2015); Parneix et al. (2016);
Zanforlin and Nishino (2016) or open field studies Dabiri (2011)

Figure 5.7: Power coefficient near optimum tip-speed ratio for
two inter-turbine distances with inner-downwind (I-D) and inner-
upwind (I-U) direction of rotation and an individual rotor. The
standard error of the mean is included in Table 5.3. Error bars
have been left out for clarity.

When the turbines were tested in the inner-upwind configuration (again
1.3D apart), we found a more significant increase in the average maximum
power coefficient (from 0.176 to 0.204, which corresponds to 15.9 %) when
compared with the isolated turbine (see Table 5.3). This increase in power
coefficient is larger than the numerical results of Zanforlin and Nishino
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(2016), who predict an increase of only about 7 % for the inner-upwind con-
figuration (but again at a distance of 1.5D). These results present a good
agreement with numerical studies such as the simulations of Alexander and
Santhanakrishnan (2020) and Shaheen and Abdallah (2017). Experimen-
tally, we observed that the synchronisation between the two turbines was
stronger for the inner-upwind configuration than for inner-downwind: the
fluctuations of the phase difference (see Section 5.6) had a magnitude which
was 70 % smaller for the inner-upwind configuration than for the inner-
downwind configuration. Also, it required a more asymmetric loading of
the generators to break the synchronisation. This is also reflected in Figure
5.7, by comparing the two directions of rotation (inner-upwind vs. inner-
downwind) at 1.3D apart. For the inner-upwind configuration, clearly less
plateaus were identified, but each plateau was of a longer duration, con-
firming the more stable synchronisation.

5.8 VAWT interaction at off-design tip-speed ratios

To also study the effect of interaction at tip-speed ratios away from the
optimum, we simultaneously varied the angular speed of both rotors to
measure the power output for different plateaus. Figure 5.8 provides a
comparison between our experimental data and the simulations of Zanforlin
and Nishino (2016). The power coefficients have been rescaled with the
maximum CP of the isolated turbine, while the tip-speed ratios have been
shifted to set the tip-speed ratio corresponding to the maximum CP at zero.
A number of interesting conclusions can be drawn from this comparison.

1. The increase in power coefficient is evident in both the numerical
and experimental data (compare the isolated configuration in grey
with interaction in orange and blue). Moreover, this increase clearly
persists before and after the optimum tip-speed ratio. (The fact that
the increase in power coefficient is of the same order of magnitude for
the experimental and numerical data, however, should not be overly
interpreted. Differences in setup such as the absence of shaft, struts
or blade tip effects in the simulations do not warrant this.)

2. The tip-speed ratio at which maximum CP is reached, is higher for
turbines in interaction than the optimum tip-speed ratio for an iso-
lated turbine. This was shown numerically by Zanforlin and Nishino
(2016) and is confirmed here.
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3. The shapes of the curves are different for experiments and simulations.
The experimental data exhibit a rather flat optimum (it is rather a
range of tip-speed ratios where maximum CP is obtained), while the
optimum in the numerical data is sharper. The difference at high tip-
speed ratios is most pronounced. The increase in negative torque due
to drag of the struts at high tip-speed ratios is thought to cause the
rather sharp drop in CP that we measured experimentally. (No struts
were considered in Zanforlin and Nishino (2016).) At tip-speed ratios
below the optimum, the difference in CP is smaller. These differences
are most probably related to the presence of dynamic stall and how
it affects the instantaneous lift and drag forces on the blades.

Figure 5.8: Power curves for the different configurations tested.
The numerical data from Zanforlin and Nishino (2016) (their Fig-
ure 11) is shown by lines, while the present (experimental) data is
only shown by markers. Grey (dotted line, dots) are the power co-
efficients for an isolated configuration, orange (dash-dotted line,
squares) are for the inner-upwind rotating configuration, blue
(dashed, triangles and crosses) are for the inner-downwind ro-
tating configuration. The numerical data were obtained for a
spacing of 1.5D between the turbines, while the experimental
data were at 1.3D (squares and crosses) and 1.2D (triangles) re-
spectively. The power coefficients have been rescaled with the
maximum CP of the isolated turbine, while the tip-speed ratios
have been shifted to set the tip-speed ratio corresponding to the
maximum CP at zero. The error of CP is indicated with vertical
error bars, while the error on λ is around the same size of the
used markers and left out for clarity.
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5.9 Aerodynamic interpretation of the power enhance-
ment

Based on their numerical simulations, Zanforlin and Nishino (2016) at-
tribute the power increase of paired counter-rotating VAWTs to two physi-
cal mechanisms:

1. A more favourable incident angle of the incoming wind caused by the
upwind influence of the blockage induced by a neighbouring turbine,

2. A wake contraction in the downwind path.

Wake measurements are discussed in Chapter 6 and 7. In this chapter, the
focus is on torque measurements to interpret the power improvement based
on the first physical mechanism.

For an isolated turbine configuration, the local flow around the turbine
is skewed because of the blockage induced by the turbine. This skew is
counteracted on one side of the turbine by placing another turbine closely. It
is this counteraction of the local flow skew that results in a more favourable
incoming wind direction. This means that the more beneficial flow angle
mostly influences the inner-moving blades, i.e. the blades closest to the
centreline perpendicular to the wind direction. For the inner-downwind
and inner-upwind configuration, the position of the upwind moving blade
is respectively at the outer sides and at the inner sides of the pair. This
suggests that the advantage of a more favourable incoming flow angle is
biggest for the inner-upwind configuration, and that is indeed confirmed in
Table 5.3.

Admittedly, the average Reynolds number for this study is around 110
000, which is relatively low, but comparable to or higher than other exper-
imental studies currently available (Dabiri (2011) and Ahmadi-Baloutaki
et al. (2016) respectively). How these findings can be extrapolated to higher
Reynolds numbers, is hard to predict accurately. As the benefit of pairing
counter-rotating VAWTs seems to originate mainly from geometric char-
acteristics of the flow, we expect this effect to persist at higher Reynolds
numbers. However, a precise estimate of the relative increase in power is
beyond the scope of this study.

Finally, it should be noted that the substantial rise of the power coef-
ficients in paired operation implies a corresponding increase of the overall
loads on the rotor. Though it was not separately measured in this cam-
paign, the average normal and tangential aerodynamic forces on the blades
can be expected to increase proportionally with the increased torque load
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on the drive train. Of course, this increase should be taken into account
when designing VAWT rotors specifically for paired operation.

5.10 Conclusions

Wind tunnel experiments have been used to analyse the performance of a
pair of two H-type Darrieus VAWTs placed side-by-side in close vicinity in a
plane normal to a uniform inflow. For small inter-turbine distances (1.2 and
1.3 times the rotor diameter), we observed a power increase of up to about
16 % for a pair of VAWTs compared with two individual VAWTs. Apart
from the distance between the turbines, the power increase also depends on
the tip-speed ratio and the direction of rotation.

Two directions of rotation were studied, one where the facing (inner)
blades move along with the incoming wind, and one where the facing blades
move against the wind. Both configurations showed clear power increases
and synchronisation behaviour, but the increase was more pronounced for
inner-upwind case (16 % versus 13 %), where the facing (inner) blades are
moving against the incoming wind.

The power coefficient curve (as a function of tip-speed ratio) for a pair of
VAWTs seems to flatten compared with the curve for an individual VAWT.
It seems that the mutual interaction (in a synchronised state) is so stable
that a pair can keep producing near-optimum power over a larger range in
tip-speed ratios than for an individual VAWT.

Our wind tunnel experiments validate the numerical predictions of the
increase in power coefficient for a pair of closely-spaced interacting H-
Darrieus VAWTs.



6

Experimental characterisation
of the wake behind paired
vertical-axis wind turbines

Summary

In this chapter, a large set of wake measurements is presented
for four configurations: the isolated configuration and paired con-
figurations varying inter-turbine distance and direction of rotation.
Measurements up to 21 diameters downstream of the rotors allow to
study the wake from the near to the very far range as it develops.
Wake measurements are presented at several downstream positions
and heights. The content of this chapter has been published in the
Journal of Wind Engineering and Industrial Aerodynamics.

6.1 Introduction

To outperform classic wind farms consisting of horizontal-axis wind tur-
bine (HAWTs), researchers seek for optimal wind farm configurations by,
e.g. slightly misaligning the HAWT rotors to induce a wake deflection (Cam-
pagnolo et al., 2016; Fleming et al., 2017; Gebraad et al., 2016). Other
approaches aim to outperform current wind farms through colocation of
HAWTs with vertical-axis wind turbines (VAWTs), see e.g. Kadum et al.
(2020) and Xie et al. (2017).

118
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To date, most existing wind farms are onshore but current trends ex-
hibit increasing offshore exploitation (Bilgili et al., 2011) together with
floating applications (Borg and Collu, 2015; Borg et al., 2014; Taboada,
2016). The platforms for such floating applications greatly impact the
cost of offshore energy and, while being less efficient than HAWTs, VAWTs
could be economically more viable (Bull et al., 2014; Hand and Cashman,
2020; Paulsen et al., 2013; Tjiu et al., 2015). Furthermore, placing counter-
rotating VAWTs side by side in close proximity allows them to benefit from
an increased power making such configurations promising for wind farm
applications (Dabiri, 2011; Duraisamy and Lakshminarayan, 2014; Kinzel
et al., 2012; Vergaerde et al., 2020; Zanforlin and Nishino, 2016). This ben-
efit has inspired innovative concepts such as the placement of two counter-
rotating VAWTs on a same floating platform (Parneix et al., 2016). Besides
the power increase, such a setup would benefit from a zero-net generator
torque and a means to orient the platform by varying the individual torques
(Kanner et al., 2019; Kanner, 2015). However, to consider paired VAWTs
for wind farm applications, the characteristics of their wakes are to be as-
sessed.

The complex aerodynamics of lift-driven VAWTs induces a wake which
is influenced by i.a. unsteady separation, dynamic stall, blade-wake inter-
action and flow curvature effects (Rezaeiha et al., 2018a,b). The wake of
an isolated VAWT has extensively been studied by Simão Ferreira (2009)
both numerically and experimentally. To date, it remains one of the most
important contributions to the understanding of VAWT wakes. The exper-
imental study of Tescione et al. (2014), through the use of particle image
velocity, captured the propagation of shed vorticity in the wake and in do-
ing so it captured the flow mechanism leading to the typical asymmetric
induction field of a VAWT wake. Boudreau and Dumas (2017) compare
the wake topology of a (single-bladed) HAWT and VAWT up to twelve
diameters downwind. For VAWTs, they find that tip vortices propagate
vertically towards mid span height. This results in a spanwise contraction
of the wake, which induces a horizontal expansion of the wake. Bachant
and Wosnik (2015) also point out the important contribution of tip vortices
for the replenishment of the wakes. They compare the tip vortices at the
top of the wake to an asymmetrical doublet propelling high-velocity flow
downward into the wake. Similarly, Rolin and Porté-Agel (2018) identify a
pair of counter-rotating vortices in the wake of VAWTs and state that they
are the most important replenishment mechanism. The study of VAWT
wakes was also complemented with a CFD-investigation on the influence of
pitch and surge motions induced by floating platforms (Lei et al., 2019). In
that study, wave motions were found to induce a wake diversity depending
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on the period and amplitude of the motions.
Contributions to the understanding of experimental studies on VAWT

wakes have been presented on the similarities of the wake in free stream
and boundary layer flow (Abkar and Dabiri, 2017), on the influence on
the wake of the driving method of the rotor (Araya and Dabiri, 2015), on
the Reynolds number effect (Bachant and Wosnik, 2016), on the effect of
confinement (Dossena et al., 2015) and on the possibility of scaling experi-
mental wake measurements (Kadum et al., 2018). The experimental study
by Hohman et al. (2018), on the effect of inflow conditions, allowed to con-
clude that the overall wake structures can be captured in uniform flow and
are representative for wakes in the atmospheric boundary layer.

The wake of paired VAWTs in co- and counter-rotating configurations
has also been studied before. The open-field study of Kinzel et al. (2012)
investigated the velocity field along the centre line of an array of paired
VAWTs. They observe that the flow velocity is recovered to 95 % of its un-
perturbed velocity at a downwind distance of 6 diameters (compared to 4
diameters downstream of an isolated VAWT (Dabiri, 2011)). Similarly, for
a HAWT wind farm, they state that minimal spacings of 14 diameters are
necessary for a similar recovery. Numerical studies on the wake of paired
VAWTs have also been reported, e.g. the study of Posa (2019). He com-
pares the wake of co-rotating and counter-rotating VAWTs to the wake of an
isolated VAWT. He concludes that counter-rotating configurations should
be preferred because the deflection of the wake of co-rotating configura-
tions is influenced by the value of the tip-speed ratio. In the experimental
study of Lam and Peng (2016), the wake of paired VAWTs was studied
but interaction between the wakes remained limited because of a relatively
large inter-turbine distance. More recently, Brownstein et al. (2019) have
graphically represented identified isosurfaces of the time-averaged stream-
wise vorticity depending on the direction of rotation of the paired VAWTs.
This dependence on the direction of rotation results in very different wake
characteristics.

The present study experimentally compares the wake of lift-driven iso-
lated and paired VAWTs. Three-dimensional velocity measurements are
presented over a range that, to the authors knowledge, remains unique to
date. Based on these measurements, different replenishment mechanisms
are identified. The study is complemented with a quantitative analysis to
support and expand the understanding of the wake of paired VAWTs. A
comparison with another experimental study points out the sensitivity of
the wake to different operating parameters.
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NACA0018

NACA0024

0.8 m

0.5 m

Figure 6.1: Main geometric features of the
VAWT rotor.

6.2 Experimental setup and measurement procedure

6.2.1 VAWT setup and wind tunnel setup
Two H-type Darrieus rotors with inclined struts are mounted in isolated
or paired configurations for the wind tunnel tests. The rotors have a ver-
tical span, H, of 0.8 m, a diameter, D, of 0.5 m and a blade chord c of
0.05 m (Figure 6.1). The tip-speed ratio λ is around 3 and the chord-based
Reynolds number is 110 000. The rotors have straight NACA0018 blades
and thicker NACA0024 struts. Because of the symmetry of the rotors, it
is possible to turn the rotors upside-down to reverse the direction of rota-
tion. A floating floor was installed below the rotors to simulate a ground
or water surface, see Figure 6.2 (also indicated with the main dimensions).
An extensive description of the experimental setup along with a thorough
characterisation can be found in Chapter 4.

The isolated configuration is compared to three counter-rotating paired
configurations. For the 1.2D and 1.3D inner-downwind configurations (1.2D
I-D and 1.3D I-D), the adjacent blades move along with the wind. The
distance between the rotor shafts is 1.2 and 1.3 diameters respectively. For
the 1.3D inner-upwind configuration (1.3D I-U) the adjacent blades move
against the wind.
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Figure 6.2: Experimental setup inside the wind
tunnel.

6.2.2 Wind tunnel and measuring equipment
This study is carried out in the wind tunnel of the Politecnico di Milano
(GVPM). The test section is 13.84 m wide, 3.84 m high and 35 m long. The
benefit of the large test section is twofold: a large downwind clearance be-
hind the test setup (11.5 m) and a low blockage ratio (≈ 2 %). Because of
the small blockage ratio, no blockage corrections need to be applied (block-
age corrections are negligible for values below 5 % (Battisti et al., 2011;
Howell et al., 2010; Ross and Altman, 2011)). The unperturbed incoming
flow velocity U0 is kept at 10.7 m/s with a turbulence intensity of 2 % for
all further described experiments.

An upwind Pitot-static tube measures the velocity of the incoming flow
with an uncertainty of 0.13 %, see Figure 6.2. It is positioned 3.8 m up-
stream of the turbines. A one-dimensional traverse system is used to mea-
sure the velocity in the wake behind the turbines. This traverse system
moves a vertically mounted arm equipped with five sensors: four Cobra
probes and one Aeroprobe Corporation-Standard omniprobe (Figure 6.3).
The Cobra probes and omniprobe provide three-dimensional velocity mea-
surements of the flow field with an uncertainty of 5 % and 2 % respectively.
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Omni- 
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Cobra 
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Figure 6.3: A mechanical arm equipped with five
sensors, is used to measure the wake behind the
rotors.

The sampling frequency is 2000 Hz for the Cobra probes and 500 Hz for the
omniprobe. A spectral analysis of the measurements indicated that the Co-
bra probes reliably capture frequencies up to 250 Hz while the omniprobe
can measure up to around 40 Hz (the rotors turn at 20 Hz).

6.2.3 Geometric convention
The linear and rotational coordinate systems are represented schematically
in Figure 6.4. The streamwise direction corresponds to the x-axis with the
positive direction along with the incoming flow. The horizontal, lateral di-
rection corresponds to the y-axis and goes from left to right when facing
downwind. The positive z-axis points vertically upwards and z = 0 m cor-
responds to the rotor mid span. The velocity components in the x-, y- and
z-direction correspond to u, v and w respectively.

The azimuthal angle θ is considered zero when the rotor is perpendicular
to the wind direction (independent of the rotational direction). For 90° <
θ < 270°, a blade moves along with the main wind direction, referred to as
downwind moving blades. A blade moving between 270° < θ < 90° moves
against the wind direction, referred to as an upwind moving blade.
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Figure 6.4: A schematic representation of the linear and
rotational coordinate system.

6.2.4 Characterised wake range
Three-dimensional velocity measurements are carried out at several down-
stream vertical planes, i.e. planes defined by the yz-axes (Figure 6.5). For
the isolated and 1.2D inner-downwind configurations, measurements were
carried out at the 1D, 4D, 6D, 8D, 12D, 16D and 21D planes (expressed
in rotor diameters). For the 1.3D inner-downwind and inner-upwind con-
figurations, only the 4D, 6D and 12D planes are characterised. Two types
of plane resolutions are used for the measurement (Figure 6.5b) and are
indicated with the corresponding lines on Figure 6.5a.

The wake is represented by the normalised streamwise velocity which is
defined by the ratio of the pointwise measured streamwise velocity u, and
the unperturbed wind speed U0. The unsteadiness of the flow is defined
as the ratio of the streamwise velocity fluctuations Su and the average
streamwise velocity (Iu = Su

U0
). Because the wake is characterised discretely,

a spatial representation of the wakes is presented using contour plots based
on linear interpolation.

6.3 Results

6.3.1 Isolated vs paired
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1D 4D 6D 8D 12D 16D 21D
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U0
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1.2D I-D

1.3D I-D

1.3D I-U

(a)
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(b)

Figure 6.5: Schematic top-view (a) and front-view (b) representations of the
measurement positions. The solid lines/frame and dashed lines/frame correspond
to high- and low-resolution measurements respectively.

Streamwise velocity deficit

The wake of an isolated VAWT is compared with the wake of the 1.2D
inner-downwind configuration at three heights: z = 0 m and z = ±0.25 m
(figures 6.6 and 6.7). The downwind projected boundaries of the rotors are
indicated with two solid lines per rotor perpendicular to the abscissa.

The isolated VAWT wake is asymmetric and deflects towards the region
behind the upwind moving blade (figures 6.6a to 6.6c). This asymmetry
is caused by the variation of the aerodynamic forces along θ. Increasing λ
reduces this azimuthal variation and will in turn induce a more symmetric
wake (Khosravi et al., 2016). The direction of the deflection depends on op-
erating conditions of the VAWT rotors, such as the occurrence of dynamic
stall (Bergeles et al., 1991; Boudreau and Dumas, 2017; Peng et al., 2016;
Rolin and Porté-Agel, 2015). The two wakes of the 1.2D inner-downwind
configuration are similar to the isolated VAWT wake, figures 6.7a to 6.7c.
A high velocity channel is observed between these two wakes. At mid-
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span this high velocity channel persists up to x/D = 6 and only dissipates
after that, Figure 6.7b. Some differences with the isolated wake can be
observed further downwind around the middle of the paired configuration.
Two closely-spaced VAWTs influence each other’s incoming flow field by
countering the natural deflection of the flow around the middle of the pair
(as illustrated by the actuator cylinder (Madsen et al., 2013a) results in
Figure 6.8). Paired VAWTs extract more energy near the middle of the
pair and in the downwind part of the rotation (Alexander and Santhanakr-
ishnan, 2020; Zanforlin and Nishino, 2016). Because of this, and because of
the presence of a second wake (obstructing replenishment), the normalised
velocities are lower near the middle of the pair (figures 6.7a to 6.7c).

Streamwise flow unsteadiness
Two aerodynamic characteristics are mainly responsible for shed vortices in
the wakes of VAWTs and induce unsteadiness in the flow:

1. unsteady aerodynamics around the blades leading to a significant vari-
ation of the circulation (also leading to dynamic stall in some cases).
Because of the variation of the circulation and Kelvin’s theorem (stat-
ing that the total circulation moving with the flow is constant), shed
vortices are induced along the blade span of a VAWT;

2. tip vortices at the extremities of the blades which vary in intensity
over one rotation due to the varying circulation.

These two characteristics induce distinct unsteady regions and are visu-
alised with horizontal and vertical cross-sections of the wakes (figures 6.10
and 6.11). Similar to Figure 7.5, the black lines on Figure 6.10 indicate
the downwind projected boundaries of the rotors. Likewise, the frames on
Figure 6.11 indicate the position of the rotors.

For the isolated configuration, the first region (on figures 6.9b to 6.9d,
above the upper downwind projected boundary of the rotor and on figures
6.11b at y/D = −1 around z/(H/2) = 0) arises from the unsteady aerody-
namics to which the blades are exposed (Tescione et al., 2014). The reduced
frequency, k, allows to estimate the ‘magnitude’ of the unsteady aerodynam-
ics and can be approximated for VAWTs by the chord-to-diameter ratio
(Simão Ferreira, 2009). Because k > 0.05 (here k = 0.1), the aerodynamics
of the rotors induce a significant variation of the circulation around the
aerofoil, leading to an unsteady bound vortex. This vortex is at the origin
of the free vortices shed in the wake. The most significant variation of the
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(a) z = −0.25 m = −0.625(H/2)

(b) z = 0 m = 0(H/2)

(c) z = +0.25 m = +0.625(H/2)

Figure 6.6: Streamwise normalised velocities in xy-planes at different heights for
the isolated configuration.
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(a) z = −0.25 m = −0.625(H/2)

(b) z = 0 m = 0(H/2)

(c) z = +0.25 m = +0.625(H/2)

Figure 6.7: Streamwise normalised velocities in xy-planes at different heights for
the the 1.2D inner-downwind configuration.
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(a) (b)

Figure 6.8: Flow field based on the actuator cylinder model to illustrate the
differences around (a) a single and (b) paired VAWTs. (The used actuator cylinder
model is described in De Tavernier and Ferreira (2019), where it is used for a
different application.)

circulation occurs for 0° < θ < 100°: the relative velocity to which a VAWT
blade is exposed increases as the blade moves upwind and the angle of attack
becomes more favourable (De Tavernier et al., 2018a). This explains why
the highest unsteadiness is behind the upwind moving blade but, similar to
the streamwise velocity deficit, the location of this region also depends on
the operating conditions of the VAWTs (Battisti et al., 2011; Bergeles et al.,
1991; Posa et al., 2016; Rolin and Porté-Agel, 2015). The unsteadiness in
the flow is also the result of sheared flow as this region corresponds to the
edge of the wake (Figure 7.5). Furthermore, dynamic stall would induce
regions of unsteadiness behind the downwind moving blade. Dynamic stall
thus either occurs for θ < 90° or, more likely, the high λ limits the angles
of attack sufficiently as such that dynamic stall does not occur.

It can be noted by comparing figures 6.11a and 6.11b, that the develop-
ment of unsteadiness in the flow seems to be postponed near z/(H/2). A
free vortex shed in the wake needs to build out of the interaction between
two shear layers. A large scale separated structure will therefore only be-
come apparent at a certain distance downstream Bearman (1984). Another
possible explanation to why the unsteadiness only seems to be developed
at x/D = 4 is presented by Boudreau and Dumas (2017). They observe
that tip vortices propagate towards the spanwise midplane. However, the
streamwise distance between the positions where the near wake was mea-
sured is too large in order to analyse this in more detail in the present
study.

Compared to the isolated configuration, the 1.2D inner-downwind con-
figuration also exhibits this zone of increased unsteadiness (figures 6.10b to
6.10d outside the downwind projected boundaries and on figures 6.11d at
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y/D = ±1 around z/(H/2) = 0). The flow unsteadiness is slightly more
significant behind the (adjacent) downwind moving blades of the paired
configuration than for the isolated configuration. In this region, the high
velocity channel between the wakes induces significant shear leading to this
increased unsteadiness. Some differences may be observed near the middle
of the pair (compare the regions behind the downwind moving blades on
figures 6.9b to 6.9d and figures 6.10b to 6.10d, and also the region on Figure
6.11b between 0 < y/D < 1 around z/(H/2) = 0 with the region on Figure
6.11d, between −0.60 < y/D < 0.6 around z/(H/2) = 0).

The second region is characterised by the tip vortices. Above and be-
low the turbine (Figure 6.10, at planes z = ±0.5 m), tip vortices are the
most prominent characteristic in the wake of both configurations (Tescione
et al., 2014). These develop in the streamwise direction (on figures 6.9a,
6.9e, 6.10a and 6.10e, the unsteady regions follow the downwind projected
boundaries or on figures 6.11a and 6.11c near z/(H/2) = ±1). Because
z = ±0.5 m is above or below the rotors, very little momentum is taken
from the flow confirming the presence of tip vortices. Noticeably, these tip
vortices are not as prominent behind the downwind-moving blade as a re-
sult of the locally lower circulation around the aerofoil (De Tavernier et al.,
2018a).

The wakes of the VAWTs also exhibit central unsteady regions which
are caused by the shaft of the turbine. These are most pronounced at
z = 0 m (figures 6.9c and 6.10c), near the top of the shaft. The influence of
the shaft is also distinctly noticeable on Figure 6.11a near z/(H/2) = 0 at
y/D = 0 or for the paired configuration on Figure 6.11c by the two regions
at z/(H/2) = 0.

Three-dimensional wake characteristics
The three-dimensional characteristics of the wakes are further studied by
means of vertical cross-sections in the wake of the isolated VAWT and
the 1.2D inner-downwind VAWT configuration, Figure 6.12. The black
frames on the figures indicate the position of the rotors and the colour
scales indicate the local magnitude of the normalised streamwise velocity.
The vectors on the figures correspond to the sum of the v and w velocity
components.

The vectors suggest the presence of tip vortices in the near wake. Behind
the upwind moving blade, tip vortices create similar flow patterns as was
shown by Bachant and Wosnik (2015); Rolin and Porté-Agel (2018). At
y/D = −0.5 near z/(H/2) = 1, a clockwise rotating motion is observable
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(a) z = −0.50 m = −1.25(H/2)

(b) z = −0.25 m = −0.625(H/2)

(c) z = 0 m = 0(H/2)

(d) z = +0.25 m = +0.625(H/2)

(e) z = +0.50 m = +1.25(H/2)

Figure 6.9: Flow unsteadiness in xy-planes at different heights for the isolated
configuration.
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(a) z = −0.5 m = −1.25(H/2)

(b) z = −0.25 m = −0.625(H/2)

(c) z = 0 m = 0(H/2)

(d) z = +0.25 m = +0.625(H/2)

(e) z = +0.5 m = +1.25(H/2)

Figure 6.10: Flow unsteadiness in xy-planes at different heights for the isolated
configuration (left) and the 1.2D inner-downwind configuration (right).
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(a) x = 1D

(b) x = 4D

(c) x = 1D

(d) x = 4D

Figure 6.11: Flow unsteadiness at two downwind positions be-
hind the isolated configuration (left) and 1.2D inner-downwind
configuration (right).

and at y/D = −0.5 near z/(H/2) = −1, an anticlockwise rotation can
be observed. Behind the downwind moving blade (y/D = 0.5), the tip
vortices are less distinguishable. This differs from the observations of Rolin
and Porté-Agel (2018), where they also observe significant tip vortices in
this region. Further downwind, at x/D = 4, the rotating motions behind
the upwind moving blade become the main replenishment mechanism and
tip vortices behind the downwind moving blade appear to be dissipated.
This is similar to the findings of Rolin and Porté-Agel (2018).

To compare, the same downwind cross-sections in the wake of the 1.2D
inner-downwind configuration are illustrated in figures 6.12c and 6.12d. No
particularly different mechanisms between the isolated and paired configu-
ration are observed. To some degree, the wake extends further above and
below the adjacent blades compared with the isolated configuration. This
could point to a more pronounced power extraction in the middle of the
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(a) x/D = 1

(b) x/D = 4

(c) x/D = 1

(d) x/D = 4

Figure 6.12: Streamwise normalised velocities in yz-planes at dif-
ferent downstream distances for the isolated configuration.

pair.

6.3.2 Influence of the direction of rotation
The wakes of the VAWTs deflect towards the region behind the upwind
moving blades and in paired configurations the direction of rotation thus
influences the wake, Figure 6.13. Pairs with inner-downwind moving blades
induce and outward deflection: their wake exceeds beyond the downwind
projected boundaries of the rotors (black lines on Figure 6.13a). This is not
the case for the wake of paired VAWTs with inner-upwind moving blades.
For this configuration, high-momentum flow is rapidly retrieved beyond the
projected boundaries of the pair (the red region beyond the upper and lower
black lines of Figure 6.13b).

Because of the outward deflected wake for the inner-downwind configu-
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(a)

(b)

(c)

(d)

Figure 6.13: Streamwise normalised velocities and streamwise
flow unsteadiness in xy-planes at z = 0 m = H/2 for the 1.3D
inner-downwind configuration (left) and the 1.3D inner-upwind
configuration (right).
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ration, interaction between the two individual wakes remains limited. Un-
steady flow regions propagate outwards and allow the previously identified
vortices to develop freely, Figure 6.13c. For the inner-upwind configuration
the two individual wakes propagate towards each other inducing substantial
interaction and hence unsteadiness behind the middle of the pair, Figure
6.13d near x/D = 4. This unsteady region dissipates rapidly and is sugges-
tive of vortex suppression (Chan et al., 2011; Craig et al., 2016).

Figure 6.14 shows contour plots of the streamwise velocity deficits in
several yz-planes. The lateral velocity components are plotted above by
means of vectors and are discussed in Section 6.3.3. On Figure 6.14a, the
two wakes of the inner-downwind pair remain distinguishable. Each wake
clearly extends higher and lower behind the upwind moving blades, induced
by the more important tip vortices on that side (y/D = ±1). On the down-
wind moving part of the rotation, tip vortices are so small that they barely
induce a streamwise velocity deficit. Further downwind (x/D = 12, Fig-
ure 6.14c), the outwards expansion results in a relatively large region of
reduced normalised velocities. At x/D = 12, the velocity in the wake is
approximately 0.75U0, which covers a region larger than the dimensions of
the rotors. On the other hand, the inner-upwind configuration exhibits a
unified wake (Figure 6.14d). Further downstream (Figure 6.14f), the wake
is centrally contained in a region where u = 0.5U0. This region migrates
downwards behind the centre of the pair, where the floating floor obstructs
replenishment from the bottom. Outside of this low-velocity flow, the nor-
malised velocities range around 90 % of the unperturbed flow for the regions
beyond y/D = ±1.

6.3.3 Replenishment mechanisms
Based on an analysis of the mean kinetic energy budget, Rolin and Porté-
Agel (2018) are able to conclude that the mean flow directions in the wake
of a VAWT are more important for the replenishment of the wake than
turbulent fluxes. Similarly, based on a turbulence kinetic energy budget
analysis, they find that the sheared flow between the wake and unperturbed
flow is found to be the predominant cause for the generation of turbulence
across the wake (and not turbulence induced by vortices within the wake).

On Figure 6.14, the sums of the v - and w -velocity components are indi-
cated with vectors and illustrate the different wake replenishment mecha-
nisms. A normalised vector with magnitude 1 is added as a reference (vector
with symbol ~1y). The vectors on Figure 6.14a indicate an important replen-
ishment of the wake of the 1.3D inner-downwind configuration from the top
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(a) x = 4D = 2 m

(b) x = 6D = 3 m

(c) x = 12D = 6 m

(d) x = 4D = 2 m

(e) x = 6D = 3 m

(f) x = 12D = 6 m

Figure 6.14: The image of the wake of paired VAWTs depends on the direction of
the inner moving blades. Left: 1.3D inner-downwind moving blades, right: 1.3D
inner-upwind moving blades.
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(a) (b)

Figure 6.15: Schematic representation of the general re-
plenishment of the wake of the inner-downwind configu-
ration (a) and inner-upwind configuration (b).

centre region of the wake. As observed by Rolin and Porté-Agel (2018), the
upper replenishment is influenced by the tip vortices (around z/(H/2) = 1).
The replenishment from the bottom is less substantial because of the pres-
ence of the floor.

For the inner-upwind configuration, v and w indicate that the wake
replenishment occurs mostly downwind of the upper, outer corners (Figure
6.14d). The flow in the wake contains a downward vertical component
which explains the bottom-concentrated wake at x/D = 12 (Figure 6.14f).
Furthermore, vortex-like motions can be identified. For the 1.3D inner-
downwind configuration, four rotating motions are identifiable at x/D = 6.
These are less easily distinguishable for the 1.3D inner-upwind configuration
(Figure 6.14e). Here, the horizontal contraction of the wake induces a
central spanwise expansion of the wake.

The general perpendicular velocity components in the wake for both
configurations are presented schematically in Figure 6.15. The schematic
is based on the wake at x = 6D, i.e. figures 6.14b and 6.14e (it can be
noted that the flow structures are slightly different at x = 4D). Several
studies have identified similar vortex-like motions in studies of the wakes of
isolated (Rolin and Porté-Agel, 2018; Ryan et al., 2016) or paired VAWTs
(Brownstein et al., 2019; Lam and Peng, 2016).

6.3.4 Quantitative wake properties
We define the following nomenclature to ease the quantitative comparison
of the properties of the wake (Figure 6.16):

- The equivalent diameterDeq = 2D+s, with s the spacing between the
VAWT rotors. This equivalent diameter is used to normalise distances
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for the paired configurations;

- The lowest normalised velocity retrieved per considered velocity pro-
file is indicated with (u/U0)min;

- The lateral distance ψ (normalised by Deq) between (u/U0)min and the
lateral centre of the configuration. Note that the position of y/D = 0
differs for the isolated and paired configurations.

- The wake width δ (normalised by Deq) between the points where the
velocity reaches 80 % of U0. For paired configurations it includes the
region between the turbines, regardless whether the speed is above
or below 0.8U0. The choice for 80 % (as opposed to the customary
99 %) was required to guarantee that end points were found within
the spatial range for all downstream positions;

- The highest retrieved magnitude of unsteadiness per considered ve-
locity profile Iu,max.

Note that, for the quantitative comparison of the wakes in different con-
figurations, the analysis is reduced to a two-dimensional analysis at the
mid-plane z = 0 m.

General development of the velocity profiles
Figure 6.17 illustrates the velocity profiles at different downwind distances
of a VAWT rotor in isolation and in paired configurations. The velocity
profiles of the isolated rotor are plotted in order to allow comparison with
a rotor in paired configuration turning the same direction. Several obser-
vations can be made:

- At x/D = 1, the normalised velocity for the 1.2D inner-downwind
configuration is higher at y/D = 0 than for the isolated configuration
(Figure 6.17a).

- The initial high velocity channel between the turbine starts to dissi-
pate from x/D > 4 because of turbulent mixing, Figure 6.17a. From
x/D = 8 onwards, the wake has a relatively uniform shape and at
x/D = 21, a deficit of 20 % is still present.

- The velocity profiles in the wake of inner-downwind configurations are
similar to the isolated configuration (blue and orange curve overlap
on figures 6.17a and 6.17b).
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Figure 6.16: Schematic of a velocity profile to indicate the nomenclature of the
isolated (a) and paired (b) wake properties.

- For the inner-upwind configuration, the deflection of the wakes is ob-
structed because of the adjacent wake and induces different shapes of
the velocity profiles (blue and orange curve do not overlap on Figure
6.17c).

- The inner-upwind configuration exhibits a small recovery delay in the
far wake, e.g. at x/D = 12 (Figure 6.17c).

- Regions where the rate of change of u/U0 is large with respect to y/D
induce significant shear and hence turbulence. The flow in the centre
of the inner-downwind wake will be more subjected to shear than
in the centre of the wake of inner-upwind configurations (compare
velocity profiles at x/D = 6 near y/D = 0).
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(a) Isolated configuration vs 1.2D inner-downwind configuration

(b) Isolated configuration vs 1.3D inner-downwind configuration

(c) Isolated configuration vs 1.3D inner-upwind configuration

Figure 6.17: The numerical values of the velocity profiles at z = 0 for several
downwind positions where the isolated configuration (orange) is compared to the
paired configurations (blue).
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(a) Lowest normalised velocity (b) Lateral position of (u/U0)min

(c) Wake thickness (d) Highest levels of unsteadiness

Figure 6.18: Comparison of the wake properties for the isolated configuration
and the paired configurations. The three abscissa scales correspond to downwind
distances normalised with D or Deq.

Velocity deficit
The decay of (u/U0)min is similar for the isolated and paired configurations
(Figure 6.18a). Around x/D = 4, (u/U0)min ≈ 0.07 for all configurations.
At x/D = 12, the isolated configuration has recovered to about 0.75U0.
This is only 3 % higher than for the two inner-downwind configurations.
The inner-upwind configuration exhibits a recovery of (u/U0)min to just
over 60 %. Considering D and Deq, the 75 % recovery occurs at x/Deq = 5.4
for the 1.2D inner-downwind configuration and x/Deq = 5.2 for the 1.3D
inner-downwind configuration.
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Lateral migration
For x/D = 4, ψ is identical for the isolated configuration and the inner-
downwind configurations, Figure 6.18b. From x/D > 4, ψ increases more
significantly for the isolated configuration than for inner-downwind pairs.
For the inner-upwind configuration, ψ continuously decreases and ψ ≈ 0
near x/Deq(1.3D) = 5.2 indicates that (u/U0)min is located at the middle
of the pair. (The large difference of ψ between the isolated and 1.2D inner-
downwind configuration at x/D = 1 is explained by the different positions
of y/D = 0.)

Width
At x/D = 8, the wakes of the inner-downwind pairs expand up to 1.6Deq

while the isolated configuration exhibits an expansion of 1.8D at x/D =
8 (Figure 6.18c). Further downstream the 0.8U0 limit is almost reached
explaining the abrupt narrowing of the isolated wake. The 1.3D inner-
upwind wake barely expands but rather contracts as it develops.

Flow unsteadiness
Both inner-downwind configurations exhibit levels of Iu similar to the iso-
lated configuration as these unsteady regions are mostly at the outside edges
of the wake. For the 1.3D inner-upwind configuration the unsteady region
is near the middle of the pair, where the flow also benefits from an acceler-
ation. The unsteadiness in the flow dissipates rapidly for this configuration
(Figure 6.18d).

6.3.5 Comparison with literature
Previously, Lam and Peng (2016) reported on wake measurements of co-
and counter-rotating VAWTs. Table 6.1 compares design and operational
parameters of their study with the present study. The most notable differ-
ences are the tip-speed ratio, rotor solidity σ and inter-turbine distance. To
identify the influence of operational parameters or geometrical parameters,
both studies are compared based on mid-span velocity profiles at 4D and
6D, Figure 6.19.

At 4D, the velocity deficit observed in this study is significantly larger
than the one observed by Lam and Peng. These differences are likely to be
caused by different power coefficients (no power coefficient is reported in
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Table 6.1: Comparison of the design and operation parameters between the rotors
of Lam and Peng (2016) and the present study.

Lam and Peng Present
Rotor type H-Darrieus H-Darrieus
Number of blades 5 2
Diameter, D [m] 0.300 0.500
Height, H [m] 0.300 0.800
Blade chord, c [m] 0.060 0.050
Solidity, σ [-] 1.0 0.2
Tip-speed ratio, λ [-] 1.0 3.0
Unperturbed velocity, U0 [m/s] 12.8 10.7
Turbulence intensity, I0 [-] 1.11 2.0
Blockage ratio, ε [-] 3.6 2
Reynolds number, Rec [-] 1.7× 105 1.0× 105

Inter-turbine distance [-] 2D 1.2-1.3D

Lam and Peng (2016)). Furthermore, the velocity deficit measured by Lam
and Peng appears to be sensitive to the direction of rotation, i.e. velocities
are higher for the inner-upwind configuration than for the inner-downwind
configuration (figures 6.19a and 6.19b vs figures 6.19c and 6.19d). This
effect is not observed in the present study and the influence is likely to be
caused by the different values of λ. At λ = 1, dynamic stall will be promi-
nently present. The authors hypothesize here that the azimuthal angle at
which dynamic stall occurs is sensitive to the proximity of a second VAWT.
This sensitivity depends whether dynamic stall occurs around the middle
of the pair or at the outer edges of the pair. For the inner-downwind config-
uration, dynamic stall vortices will be shed at the outer edges of the pair.
However, for the inner-upwind configuration, dynamics stall vortices are
shed near the middle of the pair, in the central high velocity channel. Such
differences are believed to induce different velocities in the wake according
to the direction of rotation.

The inter-turbine spacing in the study of Lam and Peng is 2D. In the
inner-upwind configuration (figures 6.19c and 6.19d) the minimal velocity
is retrieved at the same absolute y/D-values for both studies. A more
pronounced deflection of the wake is thus observed in the study of Lam
and Peng. Different values of λ are again expected to be the cause for
the different deflections. The mechanical power of a turbine is defined by
Pmech = τω (τ = torque, ω = rotational speed). For a slow turning VAWT,
the ratio τ/ω is larger than for a fast turning VAWT (considering similar
power coefficients). This suggests that the deflection of the wake is most
influenced by the reaction to the aerodynamic forces, which engage on the
flow.
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(a) x = 4D (b) x = 6D

(c) x = 4D (d) x = 6D

Figure 6.19: Comparison of the velocity profiles in the wake at z = 0 m of the
present study with the data of Lam and Peng (2016) in black.

Lastly, Lam and Peng conclude that the average velocity in the wake of
the inner-upwind configuration recovers to approximately 80 % at a down-
wind distance of 2Deq. In this study, an 80 % recovery of the average velocity
in the wake is only observed at 5.2Deq.

6.4 Conclusions

This experimental study demonstrates the influence of pairing VAWTs on
their wakes. Different directions of rotation of paired VAWTs induce very
different wakes. Paired configurations where the middle blades move down-
wind induce a similar wake as isolated configurations. This is because the
deflection of the wake is directed outwards. For inner-upwind pairs, the
wake is unified and centred. In such a configuration, the wakes deflect
towards each other inducing a centrally narrow wake.

The lengths of the wakes of the studied paired configurations are similar
to the isolated configuration but the wake of the inner-upwind configuration
exhibits a small delay of the recovery. The wake width of inner-downwind
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configurations is also comparable to the isolated configuration while the
inner-upwind configuration induces a much smaller wake. Finally, the re-
plenishment mechanisms also differ significantly based on the direction of
rotation. Similar to previous observations on isolated VAWT wakes, tip
vortices appear to play an important role for the replenishment of the wake
of inner-downwind configurations. This replenishment mechanism seems to
be influenced for inner-upwind configurations. Here, the horizontal contrac-
tion of the wake induces a central spanwise expansion of the wake.

Pairing VAWTs exhibits advantages with regards to the performance,
e.g. Vergaerde et al. (2020), and can potentially be used for applications
in wind farms. For floating offshore applications, the benefits of paired
VAWTs can be complemented with benefits for the floating platforms. Two
side by side VAWTs placed on a same platform have several advantages:
an increased performance, a narrow wake (considering the wake of paired
VAWTs vs two wakes of isolated VAWTs), the possibility to induce a zero
net-generator torque on a floating platform and the possibility to orient the
platform by varying the torque of each rotor individually.



7

Influence of the direction of
rotation on the wake of paired

vertical-axis wind turbines

Summary

In Chapter 6, the wake of an isolated VAWT is compared to the
wake of paired VAWTs. The influence of the direction of rotation is
also addressed. However, the information contained in the presented
wake measurements allows for a deeper analysis on the influence of
the direction of rotation. In this chapter, wake features are studied
into more detail based on the influence of the direction of rotation.
The analysis of the three velocity components and the spectral con-
tent of the measurements provides important contributions to the
understanding of the wake of counter-rotating VAWTs.

7.1 Introduction

The performance enhancement of paired VAWTs is influenced by the di-
rection of the adjacent blades Alexander and Santhanakrishnan (2020);
De Tavernier et al. (2018a); Giorgetti et al. (2015); Peng et al. (2020); Zan-
forlin and Nishino (2016). In Chapter 5, the performance of VAWTs placed
1.3D apart was presented for the inner-downwind configuration and for the
inner-upwind configuration. Compared to the performance of the isolated
configuration, the inner-downwind configuration exhibited an improvement

147
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1.3D1.3D

H

D Figure 7.1: Schematic representation of
the straight bladed H-type Darrieus ro-
tor models placed 1.3 diameters apart.
The height H is 0.8 m and the diameter
D is 0.5 m.

of 13 % while the inner-upwind configuration exhibited an improvement of
16 %.

In Chapter 6, the wake of a single VAWT was compared to three paired
configurations. One of the main conclusions stated that the wake is signif-
icantly influenced by the direction of rotation. Furthermore, the wake of a
VAWT exhibits three-dimensional characteristics. Here, the differences be-
tween the wake of the inner-downwind and the inner-upwind configuration
are discussed in more detail. The three components of the velocity in the
wake are decomposed and discussed individually. This discussion is also
complemented with a spectral analysis of the wake at two heights.

7.2 Methodology

The experimental setup, characterised wake range, measuring equipment
and post-processing are extensively discussed in Section 6.2. Here, only the
main characteristics of the wake measurements which are relevant for the
study of the direction of rotation are summarized.

7.2.1 Experimental setup
The spacing between the two rotors is 1.3 diameters centre-to-centre. Two
paired configurations are considered:

1. The inner-downwind configuration, where the blades at the middle of
the pair move along with the wind (Figure 7.2, top);

2. The inner-upwind configuration, where the blades at the middle of
the pair move against the wind (Figure 7.2, bottom).

The GVPM wind tunnel of PoliMi is used in this study because of its
large test section (width × height × length = 13.8 m × 3.8 m × 35 m). The
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Figure 7.2: Comparison of the inner-
downwind configuration (top) and the
inner-upwind configuration (bottom).

blockage induced by the setup is 2 % and is considered negligible. Based on
U0 = 10.7 m/s, the average chord based Reynolds number, defined as:

Rec =
cλU0

ν
, (7.1)

is 110 000 (ν = kinematic viscosity). The turbulence intensity in the wind
tunnel is 2 %.

7.2.2 Characterised wake domain and measuring equip-
ment

The wake of the paired VAWTs is characterised at three downwind dis-
tances. Downwind positions are normalised by D (an equivalent diameter
is also defined, see Section 7.2.3). Measurements have been carried out at
downwind distances (x-direction) of 4D, 6D and 12D. Each downwind posi-
tion was characterised at 34 lateral positions (y-direction) and at 5 different
heights (z-direction).

The reference value of z = 0 m corresponds to the mid-span height of the
rotors. An upwind Pitot-static tube measures U0. A vertical arm equipped
with 5 sensors at different heights (4 Cobra probes and 1 omniprobe) is
moved laterally to measure the wake. Three-dimensional velocity compo-
nents are measured, defined by u, v and w in the direction of x, y and z
respectively.

The lateral range of the measurements spans 2 m. Within this specified
range, measurements are carried out with lateral intervals of 62.5× 10−3 m
(0.125D when normalised). Table 7.1 summarizes some important charac-
teristics of the measurements.



150
CHAPTER 7. INFLUENCE OF THE DIRECTION OF ROTATION ON

THE WAKE OF PAIRED VAWTS

Table 7.1: Used sensors and corresponding parameters

Probe type x/D [-] y/D [-] z [m] fs [Hz] ∗

Pitot-static tube −7.5∗∗ 0 0.00 2000
Cobra probe 4, 6, 12 −2 < y/D < 2 ±0.25, ±0.50 2000

∆y = 0.125
Omniprobe 4, 6, 12 −2 < y/D < 2 0.00 500

∆y = 0.125
∗fs = sampling frequency
∗∗ negative value refers to upwind distance.

7.2.3 Post-processing
The results presented in here are based on discrete measurements in the
wake of various VAWT configurations. In order to create a spatial represen-
tation of the wake, contour plots are presented using a linear interpolation,
figures 7.3, 7.5, 7.6, 7.7 and 7.8.

An equivalent diameter Deq is defined for the paired configuration by
taking into account the spacing between the turbines s which is 0.3D:

Deq = 2D + s. (7.2)

The further presented figures all depict downwind distances as x/D
in order to maintain clarity. However, to compare turbines of equal size
and power, Deq is introduced. Figure 7.2 compares downwind distances
normalised by D and Deq.

Table 7.2: Comparison of downwind distances normalised by D and Deq

x/D x/Deq

4 1.74
6 2.61
12 5.22

7.3 Wake of an isolated vertical-axis wind turbine

Measurements in the wake at mid-span of an isolated VAWT are used as
a baseline to compare afterwards with the paired configurations. The blue
curves in Figure 7.4a correspond to velocity measurements at three down-
wind distances (4D, 6D and 12D). The blue vertical lines on the figure
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correspond to the outer dimensions of the area swept by the VAWT in iso-
lation. On Figure 7.4a, each left blue line corresponds to the location of the
upwind moving blade and each right blue line corresponds to the location
of the downwind moving blade.

The asymmetric wake of the VAWT is retrieved in these measurements,
i.e. the lowest velocity retrieved in each velocity profile is located behind the
upwind moving blade.The location of the lowest velocity and magnitude of
the deflection depends on operating conditions and geometric parameters
Bergeles et al. (1991); Boudreau and Dumas (2017); Peng et al. (2016);
Posa (2019); Rolin and Porté-Agel (2015). VAWTs typically exhibit this
asymmetric wake induced (amongst other parameters) by the aerodynamic
variation along the azimuthal position. A blade moving against the wind is
exposed to higher wind speeds and different angles of attack than a blade
moving along with the wind. The lateral asymmetry of the wake thus
depends on the direction of rotation of the rotor.

In Figure 7.4b, the velocity profiles of the isolated VAWT have been
shifted along y/D to allow comparison with a paired rotor turning the
same direction (discussed in Section 7.4.1). In this figure, the left and right
vertical blue lines still correspond to the location of the upwind moving
blade and downwind moving blade.

7.3.1 Induced wake velocities
The streamwise velocity deficit in the wake of an isolated VAWT has ex-
tensively been discussed in Section 6.3.1. In this section the perpendicular
velocity components (v- and w-component, normalised by U0) are presented
for the isolated VAWT wake to allow further comparison with the paired
configurations.

Figure 7.3 confirms several wake characteristics described earlier, such
as the vertical influx behind the downwind moving blades. On Figure 7.3a,
the intensely red region indicates upwards moving flow. The opposite is
true for the intense blue region on Figure 7.3c, characterised by downward
moving flow. The vertical flows have a magnitude of around 10 % of the
unperturbed flow velocity. It is noteable that the mid span plane is charac-
terised by significant perpendicular flow movements, in the vertical direction
(Figure 7.3b) but also in the lateral direction (Figure 7.3e) However, the
magnitude of the lateral velocities is generally lower than the vertical ve-
locities, allowing to conclude that vertical influx is mostly responsible for
the wake replenishment.
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(a) z = −0.25 m

(b) z = 0.00 m

(c) z = 0.25 m

(d) z = −0.25 m

(e) z = 0.00 m

(f) z = 0.25 m

Figure 7.3: Vertical normalised velocities (left) and lateral normalised velocities
(right) in xy-planes at different heights for the isolated configuration.

7.4 Wake velocity of paired vertical-axis wind tur-
bines

7.4.1 Mid-span velocity
The wake of the paired configurations is compared to the wake of the iso-
lated configuration by means of their corresponding mid-span velocity pro-
files (Figure 7.4). The outer dimensions of the area swept by the second
rotor are indicated with grey vertical lines. Two wake characteristics are
compared: the lowest normalised velocity and the width of the wake, here
defined as the region where the flow velocity is below 0.8U0.

At downwind distance 4D and 6D, the magnitude of the minimum nor-
malised velocity in the wake of the paired configurations is similar to the
isolated configuration. For the three configurations, the minimum velocity
is reduced to below 10 % of its unperturbed condition at x/D = 4 and re-
covers to about 40 % at x/D = 6. The position of the minimum normalised
velocity, however, differs for the inner-upwind configuration and the iso-
lated configuration (e.g. Figure 7.4b at 6D). The wake of the closely spaced
second VAWT thus obstructs the normal deflection.
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Further downwind (x/D = 12), the minimum retrieved velocity in
the wake is about 75 % for both the isolated configuration and the inner-
downwind paired configuration, Figure 7.4a . For the inner-upwind paired
configuration the minimum velocity is recovered to 65 % of U0, Figure 7.4b.

The inner-downwind pair exhibits a relatively wide wake influenced by
the location of the large velocity deficits which are near the outer edges
of the pair. For the inner-upwind paired configuration, the large velocity
deficits are located around the centre of the wake. Thus, at 12D, the wake
width of the inner-downwind configuration has increased to 1.7Deq (similar
to the expansion of the isolated wake with respect to D), while the inner-
upwind pair only expands up to 1.1Deq.

7.4.2 Streamwise velocity

A VAWT pair with inner-downwind moving blades exhibits two individual
wakes deflecting outwards, figures 7.5a to 7.5e. The result is a relatively
large wake. This is not the case for the wake of an inner-upwind pair, figures
7.5f to 7.5j. Here, the two originally-independent wakes deflect towards each
other resulting in a narrower wake. At mid-span (z = 0 m, Figure 7.5h),
normalised velocities of u/U0 = 1 are retrieved almost immediately outside
the downwind-projected boundaries of the rotors (indicated with the solid
black lines on the figures). The measurements here presented agree well
with the measurements presented by Lam and Peng (2016).

Layers in the wake below z = 0 exhibit similar flow velocities in both
configurations, independent of the direction of rotation. In both configura-
tions the flow is reduced to 0.5U0 at x/D = 4. The location of this reduced
flow is at the outside of the pair for the inner-downwind configuration and
at the middle of the pair for the inner-upwind configuration. However, the
inner-upwind configuration also induces a region where the flow is reduced
to 0.5U0 under the VAWTs, Figure 7.5f. Vertical induced velocities are
responsible for the vertical expansion of the wake. This feature remains
absent in the inner-downwind configuration, Figure 7.5a.

Above mid-span, the vertical expansion of the wake of the inner-upwind
pair also induces a narrow channel of normalised flow around 0.5U0, figures
7.5i and 7.5j. Outside of the centrally reduced flow velocity, magnitudes of
the flow range around u/U0 = 1. Even above the VAWT rotors, the inner-
upwind configuration still exhibits this narrow channel, 7.5j, which is not
present for the inner-downwind configuration. Here, reduced flow velocities
are located at the outside of the pair. Above the VAWTs, this reduced
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(a) Isolated and inner-downwind configuration

(b) Isolated and inner-upwind configuration

Figure 7.4: Velocity profiles at mid-span for three downwind distances of the
isolated configuration (blue) and the inner-downwind and inner-upwind configu-
rations (orange). The velocity profile of the isolated configuration is shifted along
y/D to compare its velocity profile with a rotor turning the same direction in the
paired configurations. The solid vertical lines indicate to the outer dimensions of
area swept by the VAWTs.
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flow is mostly dissipated where minimal flow velocities range around 0.8U0,
Figure 7.5e.

7.4.3 Vertical velocity
The vertical velocity component w indicates vertical influx of high velocity
flow into the wake. Figure 7.6 illustrates this vertical velocity component
normalised by U0, i.e. w/U0. According to Rolin and Porté-Agel (2015)
and Bachant and Wosnik (2015), the vertical influx in the wake is mainly
driven by the presence of tip vortices in the wake. Because of the variation
along the azimuthal position, the direction of rotation of the VAWT pair
widely influences the vertical influx, mostly with respect to the location
where vertical influx occurs. The planes at z = 0.25 m indicate a downward
influx with a magnitude around 0.1U0 (figures 7.6c and 7.6f, blue zones).
The inner-upwind configuration differs however, from the inner-downwind
configuration with a central region of upwards moving flow (central red
zone in Figure 7.6f). This upwards moving flow induces locally sheared
flow resulting in turbulence near the middle of the pair (observed in Section
7.5). The vertical influx appears to be more significant at z = 0.25 m for
the inner-downwind configuration than for the inner-upwind configuration
(no red regions are observed in Figure 7.6c). This is also different from
the isolated configuration, where small upward moving flow regions can be
observed at z = 0.25 m (Figure 7.3c).

At mid-span (z = 0.00 m), the vertical flow exhibits a substantially
different image from the previously-described higher planes. In the near
wake, both the inner-downwind and inner-upwind configurations indicate
upwards moving flow. Further downwind, between x/D = 4 and 6, the
former one exhibits two independent regions of downwards moving flow. At
mid-span, the downwards vertical influx thus remains the dominant influx
promoting the recovery of the wake.

The wake of the inner-upwind configuration at mid-span is characterised
by similar vertical movements. A major difference consists of the fact that
the flow moves downwards at the centre of the pair. Upwards moving flow
replenishes the wake from the outer sides of the pair. The vertically sheared
flow regions (white regions), correspond well with the images created based
on the streamwise flow unsteadiness (Section 6.3.2).

Vertical influx in the wake also occurs at lower heights, figures 7.6a and
7.6d. The flow escapes the wake vertically behind upwind moving blades.
The regions behind downwind moving blades are regions of high velocity
flows entering the wake. The result is one central region of upward moving
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(a) z = −0.50 m

(b) z = −0.25 m

(c) z = 0.00 m

(d) z = 0.25 m

(e) z = 0.50 m

(f) z = −0.50 m

(g) z = −0.25 m

(h) z = 0.00 m

(i) z = 0.25 m

(j) z = 0.50 m

Figure 7.5: Streamwise normalised velocities in xy-planes at different heights
for the inner-downwind configuration (left) and the inner-upwind configuration
(right).
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(a) z = −0.25 m

(b) z = 0.00 m

(c) z = 0.25 m

(d) z = −0.25 m

(e) z = 0.00 m

(f) z = 0.25 m

Figure 7.6: Vertical normalised velocities in xy-planes at different heights for the
inner-downwind configuration (left) and the inner-upwind configuration (right).

flow behind the centre of the inner-downwind configuration. This similar
region is divided into two regions of vertically upwards moving flow for the
inner-upwind configuration, where the downwind moving blades are at the
outside of the pair, Figure 7.6d.

7.4.4 Lateral velocity
Similar to the vertical influx, the lateral flow velocities are illustrated in
Figure 7.7. Here, the v -component of the velocity is isolated and normalised
by U0, i.e. v/U0. The magnitudes range between −0.1 m/s (blue) to 0.1 m/s
(red). Negative velocities indicate a movement of the flow downwards on the
figure (in reality, to the right when looking downwind). Positive velocities
indicate flow moving upwards on the figure (in reality, to the left when
looking downwind).

The findings correspond to the discussion in Section 6.3.3. In general,
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the flow behind the VAWTs in inner-downwind configuration moves out-
wards, figures 7.7d to 7.7f. The magnitude of the outward lateral move-
ment is highest at mid-span height, Figure 7.7e. The opposite is true for
the inner-upwind configuration, where the flow moves towards the region
behind the centre of the configuration and induces a contraction of the
wake.

The lateral flow directions behind each VAWT remains consistent for
the different configurations. Behind a clockwise-turning VAWT, the flow
has a generally negative lateral velocity component. The lateral velocity
has a positive value behind anticlockwise-turning VAWTs. Figures 7.6 and
7.7 confirm the general flow movements illustrated in Figure 6.15.

Similar to the differences observed between the two paired configura-
tions for the vertical velocities, differences are also present when compar-
ing the lateral velocities. Whereas the vertical influx at z = 0.25 m was
more pronounced for the inner-downwind configuration than for the iso-
lated configuration, the lateral influx seems to be more pronounced for the
inner-upwind configuration compared to the isolated configuration. Fur-
thermore, substantial differences with regards to the lateral influx can be
observed between the inner-upwind configuration and the isolated config-
uration (compare e.g. Figure 7.7f with Figure 7.3f). It appears that the
lateral influx is a more dominant mechanism for the replenishment of the
wake of the inner-upwind configuration.

7.5 Wake unsteadiness of paired vertical-axis wind
turbines

The unsteadiness in the flow is defined as:

Iu =
Su
U0

(7.3)

where Su corresponds to the local standard deviation of the streamwise
velocity. The property gives insights on the occurrence of unsteady aerody-
namics and sheared flow inducing higher turbulence, Figure 7.8. A region
of high unsteadiness deflects outwards for the inner-downwind rotating pair
(Figure 7.8a) and contracts for the inner-upwind rotating pair (Figure 7.8b).
This discussion presents a comparison of the unsteadiness at z = 0.25 m.
The unsteadiness at other heights is presented in Appendix B.2 but remains
undiscussed.

The configurations differ from each other with regard to the streamwise
distance that the unsteadiness propagates. There appears to be a can-



7.5. WAKE UNSTEADINESS BEHIND PAIRED VAWTS 159

(a) z = −0.25 m

(b) z = 0.00 m

(c) z = 0.25 m

(d) z = −0.25 m

(e) z = 0.00 m

(f) z = 0.25 m

Figure 7.7: Lateral normalised velocities in xy-planes at different heights for the
inner-downwind configuration (left) and the inner-upwind configuration (right).

cellation mechanism (such as described by Chan et al. (2011) and Craig
et al. (2016)) enhancing the dissipation of the unsteadiness for the inner-
upwind configuration, Figure 7.8b. Flow regions where Iu exhibits magni-
tudes around 0.15 are almost completely dissipated at x/D = 6. On the
other hand, for the inner-downwind configuration, such magnitudes persist
until x/D = 8.

The unsteadiness in the flow also differs around the middle of the pair.
While almost no increase in Iu is observable between the rotors of the inner-
downwind configuration, some increase is observed between the rotors of
the inner-upwind configuration. The inner-upwind configuration exhibits
centrally located levels of unsteadiness around Iu = 0.15. The analysis of
vertical influx contributes to the understanding of this as this is a location
of highly sheared flow.
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(a) z = 0.25 m (b) z = 0.25 m

Figure 7.8: Turbulence intensity, defined as Iu, in xy-plane for the inner-downwind
configuration (left) and the inner-upwind configuration (right).

7.6 Spectral content

The spectral content of the wake measurements reveals the presence of pe-
riodic disruptions in the flow. This spectral analysis focusses on x/D = 4 at
two different heights, z = 0.00 m and z = 0.50 m. A power spectral density
(PSD) is calculated for each lateral position. These PSDs are graphically
represented alongside each other to create a three-dimensional view of the
PSD in the wake, Figure 7.9. The x-axis corresponds to the frequency scale,
f . The y-axis corresponds to the normalised lateral position, y/D (the dif-
ferent PSDs are plotted side-by-side along this axis). The vertical z-axis
(logarithmic) shows the magnitude of the PSD which also corresponds to
the colour scale. By means of indication, the centre position of each VAWT
is projected on the vertical plane with a solid line (at f = 0). The dashed
lines on either side of the solid lines indicate the outside boundaries of the
swept area of the respective VAWT.

A common observation of the four spectra is that the PSDs are high
behind the upwind moving blades. Depending on the direction of the wake
deflection, these high levels of unsteadiness occur at the outside of the pair
(inner-downwind configuration) or at the middle of the pair (inner-upwind
configuration).

At mid-span of the inner-downwind configuration, the broadband un-
steadiness (between 0 Hz and 20 Hz) are retrieved over the complete span of
the paired configuration, including the spacing between the turbines (Fig-
ure 7.9a). However, the energy of the PSD between the turbines is slightly
lower than directly behind the turbines. In Section 7.4.2, a high velocity
channel was observed between the two turbines. This high velocity locally
enhances the dissipation of vortices. On the other hand, y/D = 0 corre-
sponds to the most energetic frequencies retrieved in the mid-span wake of



7.7. CONCLUSIONS 161

the inner-upwind configuration, Figure 7.9c. However, for both configura-
tions, the spacing between the turbines is a region characterised by a rapid
decay towards the level of unsteadiness in the free stream (blue PSDs at
the outside of the pairs).

The spectral content at z = 0.50 m is more sensitive to tip-vortices as
the rotor dimensions are exceeded at z = 0.40 m. Three regions where the
PSD is high are observed in Figure 7.9b: two behind the upwind moving
blades (y/D = ±1.1) and one between the two turbines (y/D = 0). At
20 Hz, the rotational frequency, energetic peaks are retrieved behind the
upwind moving blades and in between the two turbines. More peaks are
also observed between the two turbines at 40 Hz, corresponding to the blade
passing frequency. There are suggestive of periodic disruptions such as the
ones identified by Simão Ferreira (2009).

In contrast, Figure 7.9d does not exhibit as many energetic peaks. The
high energy frequencies are again located behind the upwind moving blades
(between y/D = ±0.5). Furthermore, some energetic peaks are observed at
f = 20 Hz but none are observable at the blade passing frequency of 40 Hz.

In general, the PSDs are high behind the upwind-moving blades. Thus,
especially in this azimuthal range, the rotors are a source of unsteadiness in
the form of e.g. vortical structures and sheared flow leading to turbulence.

7.7 Conclusions

The wake of closely spaced counter-rotating paired VAWTs exhibits a sen-
sitivity to the direction of rotation. The wake of a pair where the inner
blades move downwind deflects outwards, while the opposite is true for the
wake of a pair where the inner blades move upwind.

In the streamwise direction, the two configurations exhibit similar ve-
locity magnitudes. However, the wake differs just above and below the
VAWT pair. In the inner-upwind configuration, the wake of the VAWTs
expands vertically inducing velocity deficient flow regions above and below
the VAWT dimensions. This vertical expansion is induced by the lateral
deflection of the wakes towards each other, leaving the flow no other escape
than vertically.

The vertical influx is comparable for the two pairs, i.e. vertical influx
from above or below the wake occurs mostly behind the downwind moving
blades. The region behind the upwind moving blades is a region where
velocity deficient flow leaves the wake vertically.

The mid-span wake is characterised by unsteadiness even though the ro-
tation frequency and blade passing frequency can be identified. Disruptions
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(a) z = 0.00 m

(b) z = 0.50 m

(c) z = 0.00 m

(d) z = 0.50 m

Figure 7.9: Spectral content of the wake velocity measurements at x/D = 4
at two different heights for the inner-downwind configuration (a and b) and the
inner-upwind configuration (c and d).
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propagate mostly behind the upwind moving part of the rotation. Around
the middle of the pair, interaction between the two VAWTs is responsible
for locally higher unsteadiness.

At higher positions, the disruptions (amongst which tip-vortices), are
concentrated behind the upwind moving part of the rotation. This mech-
anism induces large differences between the inner-downwind and inner-
upwind moving blades. The high velocity channel between the VAWTs
is also a region of increased unsteadiness.

To conclude, the wake of a VAWT migrates behind the upwind-moving
blades. These are located at the outside of the pair for the inner-downwind
configuration. The result is a relatively large wake deflecting outwards.
Because the upwind moving blades are located at the middle of the pair
for the inner-upwind configuration, this configuration induces a narrower
wake. In terms of their wake, the inner-upwind configuration is thus the
most promising configuration for wind farm power production optimization.

All streamwise distances have been expressed in terms of the diameter,
D. For the paired configuration an equivalent diameter, Deq indicates that
the wake is relatively shorter than for isolated rotors. A paired configuration
produces more than twice more energy than an isolated configuration (two
rotors and a substantial power increase). Paired VAWTs thus allow for
higher power densities in wind farms than isolated VAWTs.





8

Conclusions

8.1 Summary

Closely spaced counter-rotating vertical-axis wind turbines (VAWTs) have
been observed to exhibit a power improvement compared to VAWTs in iso-
lation. This led to an increasing interest in the subject. In Chapter 1,
several studies on paired VAWTs are discussed and compared. The conclu-
sions of these studies vary. Observed power improvements range between
negligible increases to increases above 70 %. In general, most studies seem
to agree on improvements between 10 % and 20 %. However, uncertainty on
the optimal direction of rotation persists (adjacent-passing-blades moving
downwind versus upwind).

Although paired VAWTs gained their popularity through the demonstra-
tion of their potential in open field tests, the subject is nowadays widely
dominated by numerical studies. Very little experimental studies on the
subject allow a quantitative comparison of VAWTs in isolation and paired
configurations. Because of the varying results of numerical studies and the
severe lack of experimental tests, this study presents a set of controlled wind
tunnel experiments on closely spaced counter-rotating VAWTs.

The experimental study of paired VAWTs is supported by an introduc-
tory chapter on the aerodynamic operation of an isolated VAWT (Chapter
2). The unsteady aerodynamics under which VAWTs operate are explained
through different levels of complexity. Afterwards, the aerodynamic dis-
cussion focusses on the operation of paired VAWTs. A kinematic analysis
presents the main impact of pairing VAWTs. More detailed aerodynamics
of paired VAWTs are discussed by comparing several numerical solutions
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from the literature. The differences between the various numerical studies
emphasize the need for experimental validation.

Chapter 3 summarises the challenges of experimental wind tunnel tests.
General concepts are discussed such as blockage effects and dynamic simi-
larity. Earlier studies available in the literature are also discussed. These
studies point out several difficulties of VAWT wind tunnel models. The
most frequent challenges related to VAWT wind tunnel models are exces-
sive miniaturisation, friction or vibration. The chapter points out the im-
portance of a thorough characterisation of the experimental setup.

The objective of Chapter 4 is to elaborate on the complete development
process of the VAWT wind tunnel test setup, from design to aerodynamic
interpretation. The effect of the design choices and structural characteristics
of the setup can be traced in the measured torque. The structural dynamics
of the experimental setup influence unsteady measurements significantly.
This is demonstrated based on the analysis of the spectral content of the
measured torque. An extensive modal analysis of the VAWT rotor allows to
link modal vibrations to their contaminating effect on the measured torque.
In addition, the dynamics of the sensors and setup are found to be important
contributions to the contamination of dynamic measurements. To interpret
unsteady torque measurements, the complete experimental setup needs to
be dynamically characterised.

In Chapter 5, wind tunnel tests on the performance of individual and
paired H-type Darrieus VAWTs are reported. The turbines in the paired
configuration are closely spaced, at 1.2 and 1.3 rotor diameters shaft to
shaft, and are counter-rotating. Two directions of rotation were studied, one
where the adjacent (inner) blades move along with the incoming flow, and
one where the adjacent blades move against the wind. The wind tunnel tests
confirm a net increase in the power coefficient of the paired configuration
compared to twice the power coefficient of an individual turbine. We found
average relative increases in the power coefficients between 13 % and 16 %,
which is consistent with numerical studies available in the literature.

Because of the power benefits, it makes sense to study the potential
of closely spaced counter-rotating VAWTs for wind farm production op-
timisation. With this objective in mind, the wake of an isolated VAWT
is compared experimentally to the wake of closely spaced counter-rotating
VAWTs. In Chapter 6, wind tunnel tests focussed on comparing the wake
of an isolated VAWT and paired VAWTs are reported. Because of aero-
dynamic variations over one rotation, the wake of an isolated VAWT de-
flects towards the region behind its upwind moving blade. The direction
of rotation thus directly influences the deflection of the wake. For paired
configurations, it is possible to use this wake deflection as an advantage.
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The direction of rotation of the paired VAWTs has such a significant
influence on the wake that it is studied in more detail in Chapter 7. A
pair of counter-rotating VAWTs where the inner blades move along with
the wind, exhibits a wake which is very similar to the wake of an isolated
VAWT. A pair of counter-rotating VAWTs where the upwind moving blades
are at the centre of the pair, exhibits a particularly narrow wake. With the
benefit of a power improvement and a narrow wake, closely spaced counter-
rotating VAWTs exhibit promising characteristics to improve the power
density in a wind farm.

8.2 Main contributions

The main contributions to demonstrate the feasibility of improving the
power of VAWTs by placing them in closely spaced counter-rotating can
be summarized as follows:

- For the first time, the power improvement of closely spaced counter-
rotating Darrieus VAWTs is confirmed through controlled experiments.

- The experimentally-observed improvements range between 13 % and
16 %. The magnitude of the improvement depends on the direction of
adjacent (inner) moving blades. Configurations with adjacent blades
moving upwind exhibit a higher performance increase.

- The wake of various paired VAWT configurations is thoroughly char-
acterised experimentally by means of three-dimensional velocity mea-
surements.

- The wake of an isolated VAWT is compared experimentally to the
wake of paired VAWTs up to 21 diameters downwind.

- Wind tunnel tests indicate the influence of the direction of rotation
on the wake of paired VAWTs. These wakes are compared through
experimental measurements up to 12 diameters downstream.

- The characterisation of the structural dynamics of the drive-train
and rotor dynamics contribute to the understanding of experimen-
tal VAWT studies.

- The study on the influence of sensor dynamics presents valuable in-
sights towards the development of experimental setups allowing de-
tailed instantaneous measurements.



168 CHAPTER 8. CONCLUSIONS

8.3 Suggested future work

The influence of rotor design on the efficiency of closely spaced counter-
rotating VAWTs remains a relatively unexplored subject. On one hand,
some numerical studies have been reported using the Taguchi method. On
the other hand, no experimental work on the influence of rotor design on
paired VAWT performance has been reported. The aspect ratio and solidity
are two design parameters that are believed to influence the efficiency of
paired VAWTs.

Likewise, the aerodynamic performance of paired VAWTs exposed to
unsteady inflow velocities remains unexplored. Open-field studies on paired
VAWTs have been reported but array-configurations mainly remain the
focus of such publications. The performance of paired VAWTs in unsteady
conditions is believed to affect the efficiency of the configuration. However,
the influence of asynchronous rotation rates, accelerating and decelerating
rotation rates are unknown.

Measurements of the instantaneous torque as a function of azimuthal
angle of the VAWTs can serve as a benchmark for the comparison of the
same property for paired VAWTs. Understanding how the torque is spread
over a full rotation for a pair of VAWTs will help close the gap for controlling
the performance enhancement.

Paired VAWTs have been proven to perform aerodynamically better
than isolated ones. However, besides the aerodynamic interaction between
closely spaced counter-rotating VAWTs, the structural impact on the rotors
and components have to date not been studied. Paired VAWTs are believed
to induce structural vibrations that should become the topic of further
research.

Previous tests indicated that the VAWT rotors tend to synchronize with
a relative phase difference around a mean value of about zero. In this study,
the VAWTs were left to synchronize spontaneously while observing the nat-
urally preferred phase difference. Imposing a relative phase difference will
allow to compare the performance enhancement as a function of this phase
difference. This will result in the optimal performance enhancement for one
pair of VAWTs.

The wake of an individual VAWT rotor is asymmetric with a longer
horizontal recovery distance on one side depending on the rotational direc-
tion of the rotor. The wake of two, counter-rotating VAWTs is symmetric.
Therefore, a deliberate desynchronization or difference in torque load should
effectively steer the direction of the wake. The study of the control over this
deflection allows for the development of denser wind farms. The possibility
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of wake steering can also be explored through the use of co-rotating VAWTs.
The challenge for both co- and counter-rotating configurations is to deflect
the wake without losing the performance advantage of paired VAWTs.

Furthermore, paired VAWTs exhibit potential for offshore applications.
However, few experimental studies on floating VAWTs have been performed.
Experimental studies on floating paired VAWTs have not yet been reported.
The interaction between the kinematics and dynamics of the floating plat-
form and the aerodynamics of the paired VAWTs is expected to present
several challenges.

Finally, floating paired VAWTs exhibit appealing advantages such as a
means of orientating the platform without mooring system. This theoretical
proposition remains to be explored in experimental work. The possibility
to orientate a floating platform by influencing the net torque in unsteady
conditions remains difficult to predict, especially when considering that the
kinematics of the water surface will impact such operation.
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Data reduction

During a test, the turbines are kept at a constant rotational speed for a
least 60 s. These subsets of constant speed, and thus constant rotational
speed, are referred to as a plateau. Every identified plateau is then averaged
to obtain one data point on a CP (λ) curve. A plateau gets accepted when
all the following conditions are satisfied:

1. The voltage generated by the turbines individually is above 20 V;

2. The voltage generated by the turbines individually is below 70 V;

3. The power generated by the turbines individually is above 30 W;

4. The rotational speed of the rotors is above 850 rpm;

5. The standard deviation of the rotation speed for a plateau is lower
than

√
10 rpm;

6. The duration of a plateau is longer than 10 s;

7. The slope of a plateau is less than 0.05 rpm/s to assure that the ro-
tational speed remains constant;

8. The relative rpm difference for paired configurations is smaller than
10 % (only for paired configurations).

An example of the identified plateaus is presented in Figure A.1 for
a timeseries with increasing Ω. A second example, with constant Ω, and
identified plateaus is presented in Figure A.2
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(a)

(b)

Figure A.1: Example 1 of (a) τ -measurements and (b) Ω-measurements with the
corresponding identified plateaus

(a)

(b)

Figure A.2: Example 2 of (a) τ -measurements and (b) Ω-measurements with the
corresponding identified plateaus



174 APPENDIX A. DATA REDUCTION

For each plateau the error on τ , ω and U0 are then used to calculate the
error on CP and λ using classic error propagation techniques (Equation A.1
and A.2 respectively). For the calculation of the error of CP , a correlation
between τ and ω is expected. The other variables are not expected to be
correlated for the present experiments.

σ2
CP

=

(
∂CP
∂τ

)2

σ2
τ +

(
∂CP
∂ω

)2

σ2
ω +

(
∂CP
∂ρ

)2

σ2
ρ +

(
∂CP
∂U0

)2

σ2
U0

+ 2

(
∂CP
∂τ

)(
∂CP
∂ω

)
σ2
τω

(A.1)

σ2
λ =

(
∂λ

∂ω

)2

σ2
λ +

(
∂λ

∂U0

)2

σ2
U0

(A.2)

Here, the covariance is defined based on the average torque τ and average
rotational speed ω over the plateau:

σ2
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B

Complementary wake
renderings

B.1 Far wake structures

Figure B.1: Color scale for the measurements presented below

(a) (b)

Figure B.2: Turbulence intensity at x = 8D = 4 m behind an isolated VAWT
(left) and paired VAWTs in inner-downwind configuration (right).
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(a) (b)

Figure B.3: Turbulence intensity at x = 12D = 6 m behind an isolated VAWT
(left) and paired VAWTs in inner-downwind configuration (right).

(a) (b)

Figure B.4: Turbulence intensity at x = 16D = 8 m behind an isolated VAWT
(left) and paired VAWTs in inner-downwind configuration (right).

(a) (b)

Figure B.5: Turbulence intensity at x = 21D = 10.5 m behind an isolated VAWT
(left) and paired VAWTs in inner-downwind configuration (right).
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B.2 Streamwise turbulence intensity - influence of the
direction of rotation

(a) z = −0.50 m

(b) z = −0.25 m

(c) z = 0.00 m

(d) z = 0.25 m

(e) z = 0.50 m

(f) z = −0.50 m

(g) z = −0.25 m

(h) z = 0.00 m

(i) z = 0.25 m

(j) z = 0.50 m

Figure B.6: Turbulence intensity, defined as Iu, in xy-plane for the inner-
downwind configuration (left) and the inner-upwind configuration (right).
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