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Summary

Nowadays the wind turbine is an integral part of the energy mix. For a long time, the horizontal axis
wind turbine (HAWT) was prioritised over the VAWT and consequently received a lot of attention
for research. However, during the oil crisis of 1973, the vertical axis wind turbine (VAWT) managed
to gain renewed interest as an alternative energy source. Around the year 1990, the significance
of the VAWT waned again until 2010. After 2010 the VAWT finally received the commitment
from researchers it deserved. For a long time, the potential of the VAWT has been neglected. As
of today, the three most important lift-based VAWT types are the curved-bladed VAWT, helical-
bladed VAWT and the straight-bladed vertical axis wind turbine (SB-VAWT). The SB-VAWT
proves to be the most potent candidate of the three. The SB-VAWT is an undisputed turbine
when it comes to manufacturability and costs. Moreover, the SB-VAWT reaches its highest peak
aerodynamic efficiency compared to its vertical counterparts. However, the self-starting capabilities
are poor. Because the SB-VAWT is the better choice overall, further improvement could result
in a new standard for the wind energy industry. VAWTSs are namely able to rotate regardless
of the wind direction whereas HAWTSs need turbine control for optimal operation. Besides that,
the gearbox and generator of the VAWT are located on the ground which reduces maintenance
and installation costs. Moreover, the VAWT is suitable to operate in suburban areas for domestic
purposes. In this work, the SB-VAWT is analysed for further improvement. Lastly, both solar
panel tracking systems and shape memory alloy (SMA) are discussed in the introduction. These
two subjects contribute to the concepts that are generated in this work but are not considered
during the final VAWT design process. Thus, both subjects are supplementary to the VAWT that
is analysed. The main research question of this work reads as follows:

”Does integrating actuation in a vertical axis wind turbine increase the maximum energy har-
vesting using the wind as an external stimulus?”

To answer this question, the fundamentals of wind energy and wind turbines have been ex-
plored. Furthermore, a suitable model has to be chosen for analysing the VAWT. Consequently,
the following research questions are developed:

e Which type of VAWT has the most potential to be enhanced?

e What are the key performance indicators (KPIs)?
— What factors influence the KPIs?
— What is a suited model for calculating the KPIs?

e Does morphing and/or moving the rotor blades result in enhanced self-starting capabilities
and overall performance of the VAWT?

First of all, the wind itself is analysed on how to extract energy from the incoming wind. After
the essentials of wind energy are comprehended, the state-of-the-art VAWT is discussed. A journey
from the 10th century to the present is made and some potential applications for the (near) future
are mentioned. Even an extraterrestrial application is shortly specified. Besides that, the different
existing VAWTs and their types are explored. After that, the design methodology is addressed.
Design criteria and design constraints of the VAWT design are stated. Thereafter, the design
parameters of the VAWT are analysed and examined by existing literature. In addition, the KPIs
are identified before the concepts are generated. By applying a morphological chart, two final
designs were chosen due to their same score. After evaluating both concepts, the concept which
contributes the most to this engineering field is chosen. This is also supported by literature which
indicated that there was a research gap present in one of the two concepts. The chosen candidate
is the V-VAWT. The V-VAWT is an SB-VAWT of which the two rotor blades are pointing outward
under an angle of 45 degrees due to actuating. The diameter of the turbine is 0.6m whereas the
height of the rotor blades is 0.4m.

Now that the final concept is chosen, both the V-VAWT and the SB-VAWT are analysed. First,
a computer-aided design (CAD) model by the means of SolidWorks is made from the V-VAWT and
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the SB-VAWT. After that, a model for analysing both VAWTSs has to be chosen. For modelling
both VAWTs, ANSYS Fluent simulation software is utilised. ANSYS Fluent uses computational
fluid dynamics (CFD) for evaluating the performance of wind turbines. The CAD models are
imported into ANSYS Fluent and meshed hereafter. The mesh exists out of two domains; a
stationary domain and a rotating domain. The stationary domain is modelled as a cube whereas
the rotating domain is modelled as a sphere. Wind speeds of 2, 3, 6 and 10 m/s. After setting up
the solution, the standard k& —w turbulence model is chosen. Afterwards, the dynamic mesh method
(DMM) is used for both turbines. With 15,000 time steps of 0.002 seconds, the first 30 seconds are
modelled. Dynamic meshing demands a lot of computing power. For this reason, the sliding mesh
method (SMM) is introduced to decrease the computing time. However, an estimation has to be
made for every tip-speed ratio (TSR). First of all, a relationship between the optimal TSR and
turbine solidity has been found in the literature. This made it possible to find the rotations per
minute (rpm) at the optimal TSR. Hence, the rpm for every TSR can be obtained. For every SMM
simulation, the turbine makes ten rotations for reliable results. Five TSR values were considered
using the SMM:

e (0.25
e 0.75
e 1.25
e 1.75
e 2.25

The simulation models were verified by increasing the inlet wind velocity. Validation of the models
was done by comparing the models to an experiment. The results of the DMM indicated that
the V-VAWT has poor starting capabilities as opposed to the SB-VAWT. In addition, the power
coefficient of the V-VAWT is lower than that of the SB-VAWT when the TSR is approximately
lower than 1 or higher than 2 using the SMM. Moreover, the average coefficient of lift of the SB-
VAWT is higher than that of the V-VAWT. However, the V-VAWT has a higher peak efficiency
than that of the SB-VAWT, but the absolute power output is lower at those Cp(\) data points.
Furthermore, the SB-VAWT has a wider operational range. For further validation of the model,
the SB-VAWT is also compared to the double-stream-tube model (DMST) which is provided by
QBlade software. Additionally, the experimental data shown by Yamada et al. (2011) is considered
for validation purposes. The data shows that the model is validated. It is not recommended to
implement actuation in order to receive the V-shape from the initial SB-VAWT. Even if the power
coefficient of the V-VAWT is higher at the optimal TSR, the absolute power output is worse than
that of the SB-VAWT. Thus, for small-scale VAWTS, it is not effective to morph the SB-VAWT
into a V-VAWT. That is also the case for the operational range. Still, it might be effective to
morph the SB-VAWT into a V-VAWT when the turbine is of a larger size.
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CHAPTER 1

Introduction

1.1 Research context

Following the Paris Agreement, the European Council committed to reduce greenhouse gas emis-
sions in 2030 by 40% compared to the base year of 1990. Furthermore, the contribution of renewable
energy sources to the total energy consumption of the European Union has to be at least 27% by
the year 2030[12]. In this report, a new innovation is proposed in order to contribute to this
energy transition by improving a straight-bladed vertical axis wind turbine (SB-VAWT) by using
actuation. Moreover, solar panel tracking systems are also considered.

1.2 Research problem

Many solar panels tend to be static as they are placed in a fixed position with respect to the sun.
To utilise their full potential, often solar tracking systems are used for increasing their efficiency.
However, additional actuation and control are generally necessary for arranging the solar panel in a
favourable position regarding the position of the sun. The two prevailing categories of solar panel
tracking systems are the single-axis tracking systems and the dual-axis tracking systems. The
single-axis tracking system is able to pursue the sun using only one axis of rotation (horizontal,
vertical or tilted), usually starting with respect to the sunrise in the east and tracking the sun
until it sets in the west. The dual-axis tracking system uses two axes together: The horizontal axis
and the vertical axis. Both tracking categories are depicted in Fig. 1 where (; is the tilt angle.
Furthermore, the main mechanisms of tracking can also be divided into four approaches:

B

Figure 1: Single-axis and dual-axis solar panel tracking systems

e Active tracking

Passive tracking

Chronological tracking

Manual tracking

Active tracking uses light-dependent resistor (LDR)) sensors in order to trigger actuation for aligning
the solar panel in an optimal position with respect to the sun. This results in a higher power
output[15][98]. However, it increases the complexity of the system as microcontrollers, actuation,
extra materials and more maintenance are necessary[52][41]. Another drawback of active tracking
is that LDR sensors are less capable of functioning during overcast days. An energy gain of 20% up
to 40% using active solar tracking is achievable depending on the type of actuation, single- or-dual
axis system, solar panel type and the weather[85]. The passive tracking approach only takes the
heat of the sun in consideration by using the heat for thermal expansion in specific materials.
This expanding and contracting behaviour of materials, due to temperature differences, results
in actuating the solar panel perpendicular to the sun. It is in theory possible to integrate shape
memory alloy (SMA) as an actuator for this kind of tracking system using the heat of the sun as
a stimulus. It also has an energy gain of 39% compared to static solar panels[96]. Also, a disorder
of balance between two states may be exploited. For example, a pressure difference between two
cylinders filled with a refrigerant liquid which are heated by solar radiation[48]. Fig. 2 shows such

Delft University of Technology 1 Thijs J. M. Eijkhout
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an arrangement. When the sun rises, one of the refrigerant cylinders that sees first light is radiated
with solar beams. The refrigerant liquid is heated which results in a rise in pressure and forces
the liquid to the other cylinder. Hence, the solar panel rotates around the pivot point with the
position of the sun. Passive tracking systems do not need actuation, are easy to install and have
low maintenance costs[11]. Nonetheless, their accuracy is rather low and strong dependence on
weather conditions. Also, their complexity is significantly increased when opting for a dual-axis
tracker which also influences the accuracy even more. Using the pressure difference method, an
energy gain of at least 23% may be achieved compared to fixed solar panels[35].

Refrigerant
cylinder

Refrigerant liquid

Solar panel

Solar radiation beams

Pivot point

Figure 2: Passive solar tracking systems using pressure differences due to solar radiation

Both active and passive tracking are a continuous process whereas chronological tracking op-
erates discontinuous. The solar panel rotates with a predetermined angle or angles, depending on
whether the system is single-axis or dual-axis. The rotation finds place after a certain interval in
order to move the solar panel in the preferred position with respect to the sun. Due to the fact the
solar panel only rotates during fixed periods, the amount of energy required for actuation is less
compared to active tracking[16][37]. Furthermore, chronological tracking is also the more efficient
option during overcast days as active tracking required LDR, sensors[120]. The preferred angle of
rotation is 15° per hour in the case of a chronological single axis tracker[100][110]. Depending
on the weather, the type of solar panel, whether the dual or single axis arrangement is used and
the actuation technology, chronological tracking improves the net energy production by 8.5% up
to even 40% as opposed to stationary solar panels[60][120]. The last mechanism is manual solar
tracking. This is a straightforward technique. The solar panels are manually adjusted for a certain
period. The sun has a lower altitude angle in the winter than it has in the summer. Therefore, the
tilt angle of the solar panel has to be adjusted in order to receive the best solar radiation during
that period. Manual tracking increases the energy gain between 10% to 17% depending on whether
the panels are adjusted once in a year or season, respectively[3]. This may even increase up to
31% when the angle is adjusted daily[132]. Manual tracking dramatically reduces the complexity
of the system as there is no controller and actuation needed. Also, when adjusting the angle, one
has the opportunity to clean the solar panels in order to reduce soiling. Wind energy also plays an
important role in the energy transition. By 2030, The Global Wind Energy Council estimates that
2.110 GW of power is generated using wind as a renewable energy source which accounts for 20%
of the global energy needs[29]. Besides the familiar horizontal axis wind turbine (HAWT), which
is used for large-scale energy harvesting, the alternative is a vertical axis wind turbine (VAWT)
which is used on a smaller scale. Examples of the HAWT and the VAWT are presented in Fig. 3
and Fig. 4, respectively.
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Figure 3: Horizontal axis wind turbines Figure 4: Helical-bladed vertical axis wind turbine

The main characteristic that the HAWT and the VAWT have in common, is that both of these
turbines extract energy from the wind in order to convert it to mechanical energy. The annual
energy output of wind turbines is often defined by the capacity factor. The capacity factor is
calculated by dividing the actual annual energy output by the maximum theoretical energy output
the turbine can achieve in the 8760 hours a year has. Needless to say, if there is no wind or the
wind speed at a given time is too low, the capacity factor of wind turbines decreases. Furthermore,
there are some key differences between the HAWT and the VAWT which are given in Table 1.

Table 1: Characteristics of HAWT and VAWT][13][59][97][102][127]

HAWT VAWT

Relatively high volume production Produces energy regardless of wind direction
Relatively high efficiency Axis of rotation is perpendicular to wind direction
Immune to backtracking effect Requires relatively little space

Requires a lot of space Relatively easy to maintain

Complex maintenance and installation Produces energy at low wind speeds
Self-starting Relatively low noise production

Turbine control is vital for optimal operation | Can be installed in urban areas

Produces quite an amount of noise Relatively low efficiency

Operational during high wind speeds Relatively low starting torque

High reliability Can be used for domestic purposes

Solar panels and wind turbines, both vertical axis and horizontal axis, are a well-established
technology that is proven to contribute to the energy transition. Nonetheless, integrating smart
materials into these structures is still an undiscovered field in engineering. A popular smart
material is Nitinol (Nickel Titanium Naval Ordnance Laboratory) which is accidentally discovered
by William J. Buehler and Frederick Wang in 1959[62]. During a meeting, a sample of Nitinol
was deformed. After the deformation, the sample was heated up and it returned to its original
shape. Therefore, the overarching name for these materials is called SMA. This process is called
the shape memory effect (SME). Another interesting characteristic of Nitinol is the relatively high
strain recovery it can achieve, namely up to 8%[128] which is called superelastic (also known as
pseudoelastic) behaviour. Besides Nitinol, there are a lot of other SMAs available. However, not
every SMA is commercially available due to the fact it can be a reasonably expensive material.
Common SMAs which are accessible for commercial use besides Nitinol are Cu-Al-Ni, Cu-Zn-Al

Delft University of Technology 3 Thijs J. M. Eijkhout



Morphing a Straight-Bladed Vertical Axis Wind Turbine Design: CFD-Based Analysis

and Ni-Ti-Cu [50][31][107]. Furthermore, there are two types of SMEs which are called the one-way
shape memory effect (OWSME) and the two-way shape memory effect (TWSME). OWSME occurs
when the SMA is plastically (but reversible) deformed after applying a load with the result that
the SMA can only return to its original shape after heating takes place. The OWSME process on
a macroscopic scale is shown in Fig. 5 whereas Fig. 6 presents the process on a microscopic scale
with the different possible crystal structures.
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Figure 5: Macroscopic one-way shape memory

offect Figure 6: Microscopic one-way shape memory effect

On the other hand, TWSME has two scenarios where it remembers two different shapes: One
deformed shape is remembered throughout the cooling process whereas the other deformed shape
is remembered during the heating procedure. Thus, an SMA with the TWSME has the ability
to memorialise two shapes: One for high temperatures and one for low temperatures. In order to
obtain these shapes, the original shape has to undergo a severe plastic, irreversible deformation.
The TWSME process is demonstrated on a macroscopic level in Fig. 7 and on a microscopic level
in Fig. 8. The commercial use of TWSME for SMAs is often proven to be inconvenient as the
material must be trained. Furthermore, the strain recovery declines to 50% compared to the strain
recovery for OWSME when using the same SMA[51][89][104]. Moreover, at higher temperatures,
the strain of TWSME for SMA declines considerably fast[68][69]. This is another argument that
the OWSME is preferred over TWSME considering reliability, consistency and costs.
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The phase transformation temperatures of a SMA are the martensite start temperature Mj,
martensite finish temperature My, austenite start temperature A5 and the austenite finish temper-
ature Ay. Fig. 9 shows all the relevant characteristics of SMA in a 3D-stress-strain-temperature
graph, where also ¢ represents the stress, T' the temperature and € the strain.
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Figure 9: 3D Stress-strain-temperature of shape memory alloys showing the shape memory effect and their
superelastic behaviour

1.3 Research objective

As mentioned before, little to no research has been done on integrating smart materials with
renewable energy sources such as wind and sun. Even hybrid innovations using the wind and
the sun as external stimuli simultaneously are still a fairly unexplored field. There are a lot of
challenges awaiting the energy transition to take place. Therefore, combining the VAWT with a
solar panel (tracking system) and integrating an actuator might drastically increase the efficiency
of such a hybrid power unit. Hence, the research goal is to apply actuation for mazimising the
energy output using wind energy as an external stimulus. During this work, combining all topics
proved to be challenging due to time constraints. Therefore, the main scope of this work is to
improve on existing VAWTs using actuation for a (temporarily) change of its shape increasing its
overall performance.

1.4 Research questions

The main research question developed for this thesis reads as follows:

”Does integrating actuation in a vertical axis wind turbine increase the mazimum energy har-
vesting using the wind as an external stimulus?”

To answer this question, the fundamentals of wind energy and wind turbines have been ex-
plored. Furthermore, a suitable model has to be chosen for analysing the VAWT. Consequently,
the following research questions are developed:

o Which type of VAWT has the most potential to be enhanced?
e What are the key performance indicators (KPIs)?

— What factors influence the KPIs?
— What is a suited model for calculating the KPIs?

e Does morphing and/or moving the rotor blades result in enhanced self-starting capabilities
and overall performance of the VAWT?

1.5 Research scope

Before proposing a design, a thorough literature review[34] has been carried out regarding SMA
characteristics, SMA applications, solar panels (and their tracking methods) and general charac-
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teristics of VAWTs. While there is much literature to find for each individual subject, there is
little to find when combining these aforementioned topics.

However, the research scope of this work is limited to VAWTs. Therefore, SMA actuation is
only considered as an option for VAWT actuation while also other methods of actuation are a
possibility. Likewise, the solar panel (tracking system) are considered supplementary. Moreover,
the conceptual designs only consider the straight-bladed vertical axis wind turbine (SB-VAWT)
for the reason that its counterparts are generally performing somewhat worse regarding certain
characteristics of a VAWT. This is supported by literature and will be explained later in this work.

1.6 Research outline

With regard to having a clear overview of this work, an outline has been made which is presented
in Fig. 10.

Wind power and the state of the art of vertical axis wind turbines

Design methodology

- Turbine design criteria & constraints
- Design parameters

- Key performance indicators

- Concept generation & evaluation

Simulation phase

Results

Conclusion

Figure 10: Research outline of this study

First of all the basic principles of wind energy are discussed. After that, the history and basic
mechanics of different VAWTSs are discussed. Moreover, the state of the art VAWT is discussed
with its (future) potential for society. Even extraterrestrial conditions are considered for the wind
turbine. After that, the design methodology is explained which covers the design criteria and
constraints. Besides that, the design parameters are revealed together with the key performance
indicators (KPIs). After setting up the design boundary conditions, VAWT concepts are generated
together with potential solar panel placement within the system. A final concept will be chosen
keeping the research gap in mind in order to contribute to this particular field of engineering.
The concept will be analysed with simulation software ANSYS Fluent and after the results and
concluding remarks will be discussed.
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CHAPTER 2

Background

2.1 Response time of SMA actuation

The temperature of a wire made of SMA can be increased due to Joule heating. As mentioned
before, the material undergoes a phase transformation because of this temperature increase which
results in relatively high actuation forces and large strains. Increasing the applied current decreases
the response time (the time required to reach maximum force) of SMA. Inducing a current of 1.5
ampere and 2 ampere on a 0.48 mm diameter Nitinol wire results in a response time of 10 seconds
and 5 seconds, respectively[30]. Furthermore, enlarging the diameter of an SMA wire will also
result in a higher response time if the same applied current is used[61]. In addition, for improving
the operational frequency of an SMA actuator, when using a spring or wire, a cooling method has
to be chosen[101].

2.2 Wind power

In order to understand the principles of wind power, a derivation is made. The kinetic energy Fj
consists of a certain mass of an object which carries out a transnational or rotational motion. In
the case of wind, this is the undisturbed wind speed V,, and the mass of the air mg;.. Hence, the
kinetic energy of advancing air is determined by (1).

1
Ek = imai,«Vfo (1)

Subsequently, the wind power P,;,q is realised by differentiating the kinetic energy with respect
to the time shown in (2) where 74, is the mass flow of the air.

dE, 1.,
sz'n = 7, — 3 Mair 2
T )

The mass flow of air in turn depends on the swept area A of the wind turbine blades, air density
Pair and V. The relationship between these variables is presented in (3).

ma'ir = Apauvoo (3)
Finally, by substituting (3) into (2), the wind power which can be converted into energy is given
by (4).

1
Pwind = §Apairvogo (4)

Analysing (4), the undisturbed wind speed has the largest effect on influencing the available wind
power that may be converted as the available wind power is proportional to the cubic of the
undisturbed wind speed. Thus, small variations of wind speed have a large effect on the available
wind power that is to be converted into electrical energy.

2.3 Power coefficient

The power coefficient C), is defined by dividing the actual mechanical power P, by the available
wind power as can be seen in (5).

Pm _ Pm
Pwind B %Apairvo?zj

C, = (5)

The amount of energy that can be extracted from an undisturbed wind stream flow is limited.
This phenomenon is called the Betz coefficient which limits the maximum mechanical energy that
can be converted from wind power by 59.3%[92].
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Figure 11: Power coeflicient versus tip-speed ratio of various wind turbines[129]

Figure 11 shows the C), of certain wind turbines versus the tip-speed ratio A. The TSR is
defined by (6), where w is the angular velocity and R is the rotor radius.

wR
A= ©

2.4 History of the VAWT

Using wind as an energy source has been a challenge for many centuries. The VAWT that the
Persians developed and built in the 10th century AD was used to automate irrigation and the
grinding of grain[17][112]. This kind of vertical axis windmill, which is depicted in Fig. 12, is the
first one known to be made by humanity. These windmills used drag forces as a consequence of
the wind in order to be operational.
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(a) Schematic front view (b) Schematic top view (c) Actual view
Figure 12: Persian windmill views[81]
The drag-type wind turbine as it is known today is called the Savonius wind turbine. This wind

turbine, patented by Sigurd Johannes Savonius in 1926[58], does have low efficiency and operates
at a TSR < 1[9]. The Savonius-type wind turbine suggested by Savonius is depicted in Fig. 13.
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Figure 13: The Savonius type wind turbine suggested by Sigurd Johannes Savonius

Wind turbine development progressed steadily for nearly the entire 20th century, owing primar-
ily due to advances in scientific understanding of aerodynamic lift from the aircraft industry[112].
The first lift-driven VAWT, which consisted of vertically orientated airfoil-shaped blades rotating
around an axis orthogonal to the flow direction, was patented in 1931 by French aeronautical and
military engineer Georges Jean Marie Darrieus[44]. The patent is shown in Fig. 14.

Figure 14: Darrieus’s patent displaying the curved bladed wind turbine with explanations (a) blade (f1)
top hub (f2) bottom hub (g) shaft[28§]

The design principle of this curved-bladed VAWT is that the blades are formed in a Troposkein
shape which has the advantage of reducing the stress in the blades[14][18]. This curved-bladed
VAWT design gained more recognition after the Arab oil embargo in 1973[112] because alternative
energy sources were in demand[112]. In 1988, Canada was the first country to take this design to
greater heights which resulted in the world’s largest VAWT that was ever built, as shown in Fig.
15. The VAWT has a swept area of 4000 m? with a height of 110m and a 64m diameter. The
structure weighs 880 tonnes and provides a power output of 3.8 MW/[108].
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Figure 15: Eole, the world’s largest VAWT[130]

But after this period, the interests began to move from the VAWT to the HAWT because the
HAWT was regarded as the better option of the two[115]. This is also visualised in Fig. 16 as in
the period between 1990 and 2005 when the publications concerning VAWTs somehow stagnated.
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Figure 16: Published documents on the topic of VAWTSs (data obtained from Scopus, keywords: Vertical
axis wind turbine)

However, the little attention that the VAWT received between 1990 and 2005 resulted that
small-scale VAWTSs (< 10kW) being a great candidate for suburban and peri-urban areas[53][84].
Furthermore, the VAWT excels in these areas due to the fact it even performs in the highly unstable
skewed wind flows and there is a low noise production because of the low TSR[72][80]. Therefore,
renewed interests in scientific undertakings with respect to VAWTs followed from 2005 and on.
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2.5 The state of the art VAWT

As of today VAWT technology is still gaining popularity as a result of its unique characteristics
and applications. As mentioned before the two main VAWT types are called Savonius and Darrieus
which use drag and lift as their aerodynamic force, respectively.

2.5.1 Savonius VAWT

The Savonius VAWT has excellent self-starting capabilities at the expense of operating at a low
range of TSR and has low efficiency. However, its greatest advantage is the simplicity of the
turbine, which results in high reliability[111]. A variant of the Savonius VAWT compared to the
conventional one is that the Savonius turbine has a helical geometry as is depicted in Fig. 17.

Figure 17: Schematic of a Savonius VAWT with a helical geometry

The helical Savonius turbine performs better than the conventional design considering the
stability of the generation of torque and the power coefficient[64][47]. However, due to the helical
shape of the blades, the manufacturing process is more complex than that of the conventional
blades. As a result of much interest in renewable energy technologies, the Savonius wind turbine is
also able to contribute to this. For example, to be part of a 3-in-1 wind, solar and rain harvesting
system[25] as is presented in Fig. 18. As mentioned before, the Savonius wind turbine operates at
a TSR < 1 and has a maximum power coefficient of 0.15. Therefore, the Savonius wind turbine is
not suited for a wide variety of applications.

Figure 18: Savonius turbine as part of a hybrid renewable energy system[25]
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2.5.2 Darrieus VAWT

The Darrieus type wind turbine on the other hand, has more variations when looking at the
design. Besides the suggested curved-bladed VAWT by Georges Jean Marie Darrieus, the Darrieus
VAWT also has a straight-bladed and a helical-bladed variant. These main three design options

are [)Iesenled in Flg ].9
Pﬁi
/,_/——"'q \

W

(a) Helical-bladed VAWT (b) Straight-bladed VAWT (¢) Curved-bladed VAWT

Figure 19: The three main VAWT design variations

There are many different Darrieus VAWT configurations possible[86], but all have deviated
from one of the three aforementioned types. A number of characteristics are compared between
the three turbines and are presented in Table 2.

Table 2: VAWT configuration comparison[45]

Characteristic Helical-bladed Straight-bladed Curved-bladed
Peak aerodynamic efficiency | ** HoAAk roEE
Manufacturability and cost * HAAK Hok
Self-starting ability HokAk Hok *
Structural stress Hox * Hoxx

Stall regulation control * oK *

Shaft torque ripple HoAk * *
Skewed inflow effect Negative Positive Negative
Blade tip vortices created Yes Yes No
Support struts required Yes Yes Optional
Guy cables required No No Yes

Note: A higher number of stars (*) is desirable.

It can be concluded that the SB-VAWT is generally the better option compared to the helical-
bladed and the curved-bladed VAWT. From 2005, renewed interest in VAWTSs resulted in new
applications where the VAWT can be utilised. Offshore wind energy started to become popular in
the 21st century. Usually, offshore HAWTs were installed due to their high power output. However,
because the turbine of the HAWT is established far above the base structure, the construction,
operation and maintenance costs prove to be challenging. This is even more true when operating
offshore[8]. The VAWT on the other hand has its mechanisms installed at its base structure which is
a huge advantage over the offshore HAWT. Besides the known disadvantages of the VAWT, the full
potential of (offshore) VAWTs did not fully come into its own. This is because the HAWT enjoyed
much more research and development as opposed to its vertical counterpart[59][36]. Nonetheless,
due to the revival of VAWT technology, new concepts are evaluated as can be seen in Fig. 20
where conceptual designs for offshore purposes are depicted.
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Figure 20: Conceptual designs of offshore VAWTs[8]

As of today, there are a few companies realising these offshore VAWTs. For example, in 2015
the Swedish company SeaTwirl managed to test their 30kW design which is shown in Fig. 21la.
SeaTwirl is currently planning on the installation of an extensive S2x unit. This pilot installation
should be finished in 2023 and will provide 1 MW][105]. The S2x VAWT is suited for locations
such as wind farms, remote places and fish farms.

Another project suggested by the company Wind Power Ltd is the Aerogenerator X, illustrated
in Fig. 21b. This 10 MW VAWT is generally half the height of a conventional HAWT. Due to the
fact that the drivetrain of the Aerogenerator X is located at its base, the centre of gravity lies low
which results in greater robustness during strong winds as opposed to HAWTs[114].

The company VertAx Wind Ltd proposed a design, seen in Fig. 21c, which is in an advanced
stage. Since 2004 many prototypes have been built and tested from 15 kW up to 1 MW. According
to the models, the VAWT is also expected to achieve an even higher power output of 6 MWII1].
What makes this design even more interesting, is the C-Gen technology[63]. The suggested innova-
tion from VertAx Wind Ltd in collaboration with the University of Edinburg results in zero cogging
torque. This technology massively improves the starting capabilities of the VAWT which results in
enhanced annual energy production[79]. As of May 2021, VertAx Wind Ltd is still occupied with
the goal of ultimately installing its large-scale offshore VAWT farm[124].

(a) S2x[105] (b) Aerogeerator X[6] V (¢) VertAx[1]

Figure 21: Three offshore VAWT projects currently in progress

Another unique application of the VAWT is using the wakes generated by vehicles on the
highway for producing energy. Although the power coefficient peaks at 0.00464, it is still able to
have a power output of 139.60 W per VAWT|[121]. As can be seen in Fig. 22, the VAWT is placed
at the central reservation in order to be subjected to both car lanes. This setup also benefits the
power output if there much traffic without congestion.
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Figure 22: Schematic of a VAWT placed at the highway

Even more interesting is the possibility that the VAWT might thrive on another planet. The
fact that Mars contains high wind speeds and a thin atmosphere results in quite low Reynolds
numbers varying from 5000 to 80000. Therefore, the airfoils of a VAWT experience either a
laminar or transitional flow. A SB-VAWT with a power output of 500 W, suggested by[65], has
been considered for this scenario. On top of this, lightweight designs should be considered because
of the circumstances on Mars[118]. An idea of how VAWTs are integrated on Mars is depicted in
Fig. 23.

Figure 23: Illustration of a straight-bladed (left) and a curved-blades (right) VAWT on Mars
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CHAPTER 3

Design methodology

The overview of the design methodology is presented in Fig. 24. The design methodology is partly
inspired by the Delft design guide[123].

ol e ) e el e e

| ;

Figure 24: Design methodology

3.1 Design criteria

First of all, the design criteria are defined. The following design criteria of the power unit have to
be met:

e Actuation integration

e Adaptive to wind (and solar) circumstances

3.2 Design constraints
Each design constraint will be analysed in order to support future design approaches.
o Geometry
e Viable performance model
o Availability
o Testability

3.2.1 Geometry

The height and the width of the system is limited due to the fact one should be able to test the
design in a wind tunnel. Moreover, limiting the size will also reduce the costs in order to make
a prototype. Last but not least, by limiting the dimensions, the building time reduces which is
another advantage for creating spare parts or adjusting parts. The open jet facility (OJF) at the
TU Delft provides a test section of 2.85m by 2.85m. In order to compensate for the blockage
effect[57], the front area of the hybrid power unit should not exceed 5% of the cross-section of the
test section[117] which is approximately 0.4 m?.

3.2.2 Viable performance model

With the aim of predicting the performance of the VAWT, a feasible performance model should
be selected. For analysing the performance of a VAWT, three models are generally used:

o Momentum-based models
e Vortex-based models

e Viscous-based models - Computational Fluid Dynamics (CFD)
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Momentum-based models Momentum-based models used for the VAWT have evolved over
time. Back in 1878, W. Froude suggested the blade element theory (BET) which is a mathematical
procedure in order to discover the behaviour of propellers[38]. It entails dismantling a blade into
several small components and calculating the forces acting on each of these small blade elements.
The downside of this theory is the modelling of the induced velocity.

Because of this, the actuator disk theory of W. Rankine[93], introduced in 1865, is used to
overcome this issue. The actuator disk theory implies that the rotor acts like an infinitely thin
disk. Due to the undisturbed wind stream which flows around the disk, a mathematical derivation
can be made. A correlation between the power output, torque, induced velocity and radius of the
rotor can be found using this theory.

In 1926, H. Glauert combined the two aforementioned theories into the blade element momen-
tum (BEM) theory[40]. The BEM theory was able to determine the local forces acting on the
blade, as well as calculate the induced velocities at the blade.

It was not until 1974 when R. Templin suggested the first performance model specialised for
VAWTSs, Namely the single-stream tube (SST) model[119]. The SST model entails that the whole
VAWT is surrounded by a single-stream tube. The flow velocity is assumed to be constant on both
the downstream and upstream sides of the swept area.

A year later the SST model was improved by J. Strickland in 1975. Instead of using only one
stream tube for the turbine, multiple stream tubes are considered in his suggested multiple-stream-
tube (MST) model[113]. For each stream tube, the BEM theory is applied.

One of the main issues with the MST model is the fact it does not differentiate between the
upwind zone and the downwind zone[78]. In 1986, B. Newman invented the double actuator disk
theory[82]. By using two interference factors in this theory it is possible to calculate every velocity
for every zone.

Then, in 1986, M. Paraschivoiu managed to combine the double actuator disk theory with the
MST model. This results in the double multiple stream tube (DMST) model[88]. The predecessors,
the SST model and MST model of the DMST model, were both not able to determine how the
velocity in the upwind zone is influencing the downwind zone. The DMST model provides the
solution for each individual wind zone.
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Figure 25: Evolution of momentum-based models until 1974
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Vortex-based models One of the key characteristics of vortex-based models is that they assume
that the airflow in the wake is a potential flow[106]. The influence of vorticity which is present in
the wake of the rotor blades is used in order to determine the velocity fields. Fig 27 presents a
schematic of the vortex based model.

Figure 27: Vortex model schematic with vortex strength I" for a rotor blade element[56]

Viscous-based models Viscous-based models present in the CFD domain exist out of turbu-
lence modelling. Fig. 28 shows the available models in ANSYS Fluent[75], a prominent fluid
simulation software. The Reynolds Averaged Navier-Stokes (RANS) based models are very popu-
lar and generally preferred in the industry due to their robustness[74]. Especially the standard k—e
model is an extensively used model for industrial applications because of its adequate accuracy
for a wide range of flows[126][70]. The standard k — e model is the most widely-used engineering
turbulence model for industrial applications because of its robustness and reasonable accuracy for
a wide range of flows.

Increased computational cost per iteration

| RANS based models |—>| Detached Eddy Simulation Model |——>| Large Eddy Simulation Model

> One-Equation model
Spalart-Allmaras

\4

Two-Equation models
Standard k — €
Renormalization Group k — € Increased computational

Realizable k — € cost per iteration
Standard k — w

Shear Stress Transport kK — @
Reynolds Stress Model
k — kl — w Transition
Shear Stress Transport Transition

Figure 28: Turbulence models available in ANSYS Fluent
The advantages and disadvantages of the various models are presented in Table 3.

3.2.3 Availability

All the components, materials, software and hardware are essential for making the design. The TU
Delft is able to provide most of the aforementioned and everything needed outside the TU Delft
should also be available in a relatively short term.

3.2.4 Testability

As mentioned before, the VAWT part of the system should be tested in the open jet facility.
Besides that, sensors and software are required to analyse the test results.
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Momentum-based model[19]

Vortex-based model[54]

Viscous-based model[10]

e Obtains fast qualitative re-

e Able to accurately pre-

e Able to compare
results with experimen-
tal data.

sults. dict near wake velocities | ¢ Capable of working
Advantages e Fast computation f?r more precise simula- with different turbine
time. tions. solidities along
with different tip-speed
ratios.
e Limited to solidities
below 0.2.
e The algorithm is not
accurate for small.
wind turbines at small tip
speed ratios.
o Neglects dynamic e Additional turbulence
stall. modelling  may  be
. . . required to capture
o Neglects effect of wake in- | e High computational unsteady effects.
. teraction. time
Disadvantages e Computational domain

e 1D simplification
causes inaccuracies by
neglecting span-wise e Can be computationally
velocity and 3D expensive.
effects on the blade

e Assumes potential flow is often required.

e Considers the flow as
homogeneous, incom-
pressible, steady-state

flow; no frictional drag or
non-rotating wake.

Table 3: Advantages and disadvantages of momentum, vortex and viscous-based models

3.3 VAWT design parameters

3.3.1 Tip speed ratio

Recall from (6) that the TSR depends on the rotor radius, the angular velocity of the blades and
the undisturbed wind stream. When the angular velocity is getting too small, the wind passes
through the swept area of the turbine without affecting the blades in order to make the turbine
rotate. On the other hand, if the angular velocity is too high, the rotating blades are blocking the
wind flow. This results in a reduced power extraction from the wind. Also, each turbine has its
optimal TSR where the power coefficient is at its maximum[91].

3.3.2 Swept area

The swept area of a wind turbine describes the area where the wind is directly passing through.
The power output of a wind turbine is directly related to the swept area of the rotor blades. The
swept area of a SB-VAWT is given by (7).

A=DH (7)

As one can see in Fig. 29, the rotor diameter and the blade height are given by D and H,
respectively. As the diameter increases, wind turbines need to be able to endure higher levels of
centrifugal forces. Also, bending moments are increased across the swept area of the turbine.
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D

Figure 29: Swept area of a VAWT

3.3.3 Aspect ratio

The aspect ratio A, defines the ratio between the blade height and the rotor radius is shown in

(8).

H H
A = — = —
"T D 2R (8)
A lower AR results in a higher Reynolds number at the blades[20]. The local Reynolds number
Re, of a turbine blade is given by (9), where ¢ is the chord length, W the relative wind velocity
and v the kinematic viscosity of the air.

cW
Rec = 7 (9)

Also, the lower the AR, the lower the rotation per minute (rpm) of the VAWT is due to the fact
that the moment of inertia increases while the radius increases. Two VAWTs with the same swept

area but with different AR are depicted in Fig. 30.

R

Lower efficiency Higher efficiency

Figure 30: Two VAWTSs with the same swept area but a different aspect ratio
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3.3.4 Strut-blade ratio and configuration

The number of struts connected to a wind turbine blade and the way the struts are arranged has
an impact on how the VAWT performs. The arrangement where the struts are perpendicular to
the tower and the blades is presented in Fig. 31a. This configuration has the advantage that the
only two forces that are transferred through the strut are compression and tension. The other
configuration, depicted in Fig. 31b, has the struts arranged at an angle which results in an extra
bending moment at the tower of the VAWT. However, placing the struts at an angle leads to a
lower centre of gravity and a reduction of the tower size. The most important difference between
the two configurations is that horizontal struts have a T-joint for connecting the strut to the tower
and the blades which results in less interference drag than when that is not the case[46][32].

(a) (b)

Figure 31: (a) Struts connected perpendicular to the tower and blades with the bending moment graph
shown (b) Struts connected at an angle to the tower and blades with the bending moment graph shown.

Another important aspect to consider is how many struts are used to support a blade. For
straight blades VAWTSs there are three common support strut configurations which are presented
in Fig. 32. Both the squared-supported and the overhang-supported configurations generate more
parasitic drag than the cantilever-supported configuration due to the fact more struts generate more
parasitic drag[55]. However, opting for the cantilever-support results in higher bending moments
across the rotor blade. The placement of the support struts has a huge influence on the bending
moment acting on the rotor blade. To minimise the bending moment across the rotor blade, the
struts should be placed at 21% from the length of the rotor blade with respect to each of the blade
tips[7][43].

(a) Squared-supported (b) Overhang-supported (c¢) Cantilever-supported

Figure 32: Three different support strut configurations with their representative bending moment graphs.
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3.3.5 Turbine solidity

The solidity of a wind turbine is defined by dividing the total area of all rotor blades by the swept
area. For a Darrieus type VAWT, the solidity S is described by (10), where N is the number of
blades.
g NcH Nc¢ Nc
~ DH D 2R
Increasing the solidity of a VAWT increases the self-starting capability but at the expense of
operating in a rather wide range of TSR. Additionally, the peak of the power coefficient is less
than when the solidity is lower[76]. Low solidity is therefore not desirable when one wants to avoid
low torque due to early stalling low lift[33]. For design purposes, the TSR is of great importance
and is also dependent on solidity. Because of this, a thorough study has been executed and finds a
new correlation between the optimal TSR \,,; and solidity[95] which is given by (11). For medium
to low wind speed conditions, it is a viable tool for wind turbine design purposes.

Aopt = 2.693570-329 1,605 (11)

(10)

Hence, a trade-off has to be made when solidity is considered as low solidity gives a lower coefficient
of power over a large TSR range whereas high solidity results in a higher coefficient of power in a
shorter range of TSR. Also, the number of blades should not be too large as it results in a largely
dispersed wake which is unsuitable for deploying multiple VAWTSs together[90].

3.3.6 Airfoil type

The airfoil type of the rotor blades is generally defined by the standard of the National Advisory
Committee for Aeronautics (NACA). These so-called NACA airfoils have been thoroughly tested
and because of that, a numerical designation for each type of airfoil has been formulated[2]. Each
type of airfoil is defined by NACA followed by 4 digits:

e The first digit is the percentage of the maximum camber of the chord length.
e The second digit is the location of the maximum camber divided by ten.
e The last two digits display the maximum thickness as a percentage of the total chord length.

For example. Fig. 33 contains the plot of a NACA 2412 airfoil. Therefore, the maximum camber
is 2% which is located at x = 0.4 due to the second digit. The last two digits display the maximum
thickness of the chord which is 12% of 1.

NACA 4 Digit Series: NACA 2412
0.4

0.3F

Mean camber line
0.1 Maximum thickness

Yy

v /

Maximum camber
Chord line

1 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
X

Figure 33: Plot of the asymmetrical airfoil NACA2412
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These geometrical features have a significant influence on the performance of the VAWT. Lift,
drag and the stall angle depend on the thickness and camber of the airfoil, excluding Reynolds
number[71]. Additionally, the location of the maximum camber and thickness of the airfoil also
contribute to its performance. For increased self-starting capabilities, opting for an asymmetrical
airfoil over a symmetrical airfoil proves to be desirable[73][49]. On the other hand, when considering
only symmetrical airfoils, the most promising airfoil starting at low wind speed is the NACA
0021[83][109]. Especially when TSR < 3, NACA 0021 should be chosen[27] whereas TSR > 5 a
lower thickness for a symmetrical airfoil should be preferred[99].

3.3.7 Pitch angle

Recall that ¢ is the angle between the relative wind velocity and the tangential velocity of the
rotor blade. Furthermore, both the angle of attack (AoA) and relative wind velocity are a function
of the azimuth angle # which vary as the blades are rotating. When the rotor blades are fixed,
then the AoA is equal to ¢, but not when a pitch angle § is introduced as can be seen in Fig. 34.

VYVVYVYVY
Vo

Figure 34: Forces and velocities acting on an outward pitched rotor blade
When a blade points outwards (toe-out) with respect to its trajectory, there is a negative pitch

angle. The pitch angle is positive when it points inwards (toe-in) with respect to its trajectory.
The toe-out, fixed and toe-in positions of the rotor blade are depicted in Fig. 35.

.

Figure 35: Three different possible pitch angles

Thus, the pitch angle is given by (12). Needless to say, the pitch angle influences the power
coefficient positively and negatively depending if the rotor blade is in an upwind or downwind
region.

f=a—0o (12)
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Moreover, the AoA is dependent on the TSR and the azimuth angle as is shown by (13) in the
case of a fixed blade (8 = 0°).

o = tan-! (nw;%) (13)

Adjusting the pitch angle for every AoA proves to be complex for modelling, controlling and man-
ufacturing[4]. However, pitch control systems improve self-starting capabilities, better efficiency
and increased range of operations[66][42]. If a small but fixed negative pitch angle is chosen for
every AoA, the VAWT performs better or worse depending on upwind and downwind regions. Yet
the turbine performs better than when the pitch angle is zero[94][24](23].

3.4 Key performance indicators

A key performance indicator (KPI) of the VAWT defines how well the VAWT performs in a certain
area. Four KPIs for the VAWT are defined.

3.4.1 Operational range

Provided that the wind speed strongly varies, the VAWT should be operational in a wide range
of TSR while avoiding the power coefficient to drop too sharply before it reaches zero. In order
to operate at a wide variety of wind speeds, the starting torque of the turbine should be min-
imised. Adjusting the mass moment of inertia of a VAWT does not have a noticeable effect on the
starting torque and its final speed[21]. Thus, the torque coefficient, should be as high as possible.
Furthermore, increasing A4, also results in a higher operational range.

3.4.2 Peak efficiency

While limited by the number of Betz, the power coefficient determines the ratio of how much
electrical power actually is produced divided by the total wind power that is generated by the
wind turbine. The peak of the power coefficient takes place at the optimum tip-speed ratio Ap:.

3.4.3 Average power coefficient

The average power coefficient Cyp. is found by (14), which indicates the best overall performance
of the VAWT.
[Amee G, () dA

0

Cope = (14)

)\max

The maximum TSR \;,q; is where the wind turbine is still able to generate power which is clarified
in Fig. 36 together with the APC curve.

Cp [_]

2L 1%

Average power coefficient

A[-]

Figure 36: Example of a Cp,(\) diagram with the average power coefficient

3.4.4 Absolute power output

The last KPI is the absolute power output of the VAWT. For example, a VAWT might have a
higher peak efficiency but a lower absolute power output. One might opt for a VAWT which has
a higher absolute power output and a lower peak efficiency depending on the situation.
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3.4.5 Key performance indicator analysis

There are many factors which influences the KPIs. For the SB-VAWT, many technical adjustments
or design aspects have an impact on certain aforementioned KPIs. A summary of which technical
adjustment or design aspect influences the KPIs of the SB-VAWT is given in Table 4

Strategy Operational | Peak Average power | Absolute power | source
range efficiency | coefficient output

Gurney flap + + + + [134]

Linkage system + + + [26]

J-shaped airfoil - + [22]

Increased solidity || - + [103]

Decreased solidity || + - [103]

Table 4: Effects on key performance indicators

Furthermore, the airfoil could be asymmetrical or symmetrical. Moreover, the thickness of the
airfoil can be increased or decreased. The geometry of the airfoil does have an impact on the
Cp(A) curve as is shown in Fig. 37. Overall the airfoil should not be too thick and making it
asymmetrical does not result in huge changes when the two first digits are kept between 00 and
65. High digit symmetrical NACAOOxx airfoils manage produce a high power output in low speed
zones (TSR<3) whereas low-digit symmetrical NACA0Oxx airfoils produces a higher power output
in a high speed range (TSR>5)[99].

02 : . 02 : ; 02 . . : .
—8—NACAGSIS —8— NACAN0IS .
—8— NACA0020 ~
-2 - NACA3520 &-NACAEE20 -4 NACAD020 L
—m— NACAG6520 ~#=NACAG525 5&55‘. —m— NACAD02S B o
~0— NACASS20 —O-NACA6S30 | g ~0— NACAN030 /
GOl 1 Joat 4 Joat .
o ¥
0 [~y } t } 0 } } " f 1Y A | : '
0.2 -
=
8]
0.1 4
1
0
2.5

Figure 37: Airfoil geometry effects on the coefficient of power and the coefficient of torque[131]

3.5 Concept generation

To develop conceptual designs, a morphological chart has been made. Moreover, the coordinate
system used for the concepts is elucidated in Fig. 38.

Z X

Figure 38: Coordinate system adopted for the conceptual designs
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Turbine solidity vs. optimal TSR

Optimal tip speed ratio
N e »
] W w [9)] E=S (9]
P
e

n
T
{
I

0.2 0.3 0.4 0.5 0.6 0.7

Solidity

0.8

Figure 39: Turbine solidity vs. optimal tip-speed ratio

Certain design parameters are fixed due to design constraints or are left out because it has
already been confirmed which option is more suitable. For appropriate testing conditions, the
swept area is constrained by approximately 0.4m?. Hence the maximum width is set by 0.6m and
also the height is limited by 0.6m. Furthermore, (8) shows that a lower A, is desirable. Therefore,
every design has a fixed AR. This fixed A, of 1.5 is the quotient of 0.4m blade height and 0.6m
rotor radius. The morphological chart with its functions and options is presented in Table 5.

Moreover,
Table 5: Morphological chart for the adaptive smart material system
Function H Option 1 ‘ Option 2 ‘ Option 3 ‘ Option 4
Number of 9 3 4
rotor blades
Strut-blade ratio 1 2
Turbine solidity Average (S = 0.5) High (S = 0.8)
SMA actuation Rotor blade rotates | Rotor blade rotates
around z- or z-axis around y-axis
NACA airfoil
CA airfol Symmetrical 00xx Asymmetrical 24xx Asymmetrical 44xx
geometry
NACA airfoi
© a.lrfoﬂ xx18 xx21
chord thickness
Solar panel Fixed Flexible
structure
Solar panel . .
. Chronological Active Manual None
tracking method

By using the morphological chart, five concepts will be generated and discussed. All concepts

are constructed in the 3D computer-aided design (CAD) software programme SolidWorks. Fur-
thermore, recall that there is a relation between the optimal TSR and turbine solidity which is
given by (11). This is also shown in Fig. 39 The morphological chart contains three fixed values
for the solidity. With the solidity as a function of the optimal TSR, the chord length of each rotor
blade can be calculated for every concept. This is true because (10) shows that the only variable
that is not present in the morphological chart or held as a constant, is the chord length.

Delft University of Technology 27 Thijs J. M. Eijkhout



Morphing a Straight-Bladed Vertical Axis Wind Turbine Design: CFD-Based Analysis

3.5.1 Concept 1

The first concept will be explained in more detail as it contains similar characteristics which other
concepts also possess. First of all, the gearbox and the generator of the VAWT are integrated
within the cube. The fixed solar panel is positioned on top of the structure and is chronologically
actuated. The chronological single-axis tracking method results in an improved efficiency of the
solar panel up to 25%[100]. The visual representation of the first concept is presented in Fig. 40

whereas its functions and options are shown in Table 6.

Table 6: Functions and options regarding

concept 1

Function H Option
Number of 9

rotor blades

Strut-blade ratio 1

Turbine solidity

Average (S =0.5)

SMA actuation

Rotor blade rotates

around y-axis

NACA airfoil
geometry

Symmetrical 00xx

NACA airfoil

xx18
chord thickness
Sol 1
olar pane Fixed
structure
Sol 1
olar pane Chronological

tracking method

Figure 40: Concept 1

Furthermore, the SMA actuation for the first concept implies that the rotor blades rotate
around the y—axis. Fig. 41 shows two scenarios of the top view of the first concept. When the
wind direction is known, the rotor blade which receives the wind in the upwind region points
outward whereas the rotor blade in the downwind region points inwards. This is made possible
due to initiating SMA actuation which are located on the struts.

=

s

ind direction

I

ind direction

L

Figure 41: Top view of the neutral position and with the SMA actuation initiated
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3.5.2 Concept 2

The characteristics of the second concept are shown in Table 7 and the CAD model itself is
presented in Fig. 42. The second concept has a fixed solar panel, which is locked to the rod.
Each rotor blade at both ends of the support strut is divided into two parts. The two parts are
connected to a rotary SMA actuator.

Table 7: Functions and options regarding
concept 2

Function ‘ ‘ Option

Number of 9
rotor blades
Strut-blade ratio 1

Turbine solidity Average (S =0.5)
SMA actuation Rotor blade rotates

around x- or z-axis

NACA airfoil
geometry
NACA airfoil

Symmetrical 00xx

xx21

chord thickness
Sol 1

olar pane Fixed
structure
Solar panel

. None

tracking method Figure 42: Concept 2

If SMA actuation is established, the rotor blades are rotating outward with respect to the
support strut as can be seen in Fig. 43. This arrangement increases the self-starting capabilities[5].

Z

Figure 43: Front view of concept 2
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3.5.3 Concept 3

As can be seen in Fig. 44 and Table 8, the turbine exists out of four rotor blades supported
by two struts. The dual solar panels contain LDR sensors to make active solar tracking possible.
Moreover, the same method of SMA actuating is present here regarding the first concept. However,
this concept has two additional rotor blades.

Table 8: Functions and options regarding

concept 3

Function H Option
Number of 4

rotor blades

Strut-blade ratio 2

Turbine solidity High (S =0.8)

SMA actuation

Rotor blade rotates

around y-axis

NACA airfoil

geometry

Asymmetrical 44xx

NACA airfoil

xx15
chord thickness
Sol 1
olar pane Fixed
structure
Sol 1
olat pane Active

tracking method

3.5.4 Concept 4

Figure 44: Concept 3

Concept number four includes an umbrella-like solar panel which consists of a flexible (thin-filmed)
solar panel. Furthermore, the SMA actuation is the same as in concept 1 except concept 4 has one

rotor blade more.

Table 9: Functions and options regarding

concept 4

Function H Option
Number of 3

rotor blades

Strut-blade ratio 2

Turbine solidity

Average (S = 0.5)

SMA actuation

Rotor blade rotates

around y-axis

NACA airfoil

geometry

Asymmetrical 24xx

NACA airfoil

xx18
chord thickness
Solar panel Flexible
structure
Sol 1
olar pane None

tracking method

Figure 45: Concept 4
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3.5.5 Concept 5

The characteristics of the fifth concept are presented in Table 10 and the visualisation is displayed
in Fig. 46. The structure of the solar panel is fixed and there is no tracking method integrated

into this concept.

Table 10: Functions and options regard-

ing concept 5

Function H Option
Number of 9

rotor blades

Strut-blade ratio 1

Turbine solidity

Average (S =0.5)

SMA actuation

Rotor blade rotates

around z- or z-axis

NACA airfoil

geometry

Symmetrical 00xx

NACA airfoil

xx21
chord thickness
Sol 1
olar pane Fixed
structure
Sol 1
olar pane None

tracking method

Figure 46: Concept 5

The SMA actuation in this concept results in both rotor blades pointing outward, creating a
V-shape as can be seen in Fig. 47. This shape might increase the self-starting capabilities of the

VAWT.

Figure 47: Front view of concept 5
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3.5.6 Concept 6

Concept 6 has the same SMA actuation mechanism as the first concept but also has one rotor blade
more. This concept contains many solar panels which can be manually adjusted. For example, if
one correctly adjusts the solar panels monthly, 17% more efficiency is gained[34]. However, because
of the VAWT, shadow flicker occurs. Therefore, the true efficiency gained by adjusting the solar
panel manual may be lower.

Table 11: Functions and options regard-

ing concept 6

Function H Option
Number of 3

rotor blades

Strut-blade ratio 2

Turbine solidity High (S =0.8)

SMA actuation

Rotor blade rotates

around y-axis

NACA airfoil

geometry

Symmetrical 00xx

NACA airfoil

xx18
chord thickness
Sol
olar panel Fixed
structure
Sol 1
olar pane Manual

tracking method

3.6 Concept evaluation

Figure 48: Concept 6

In pursuance of choosing the most suitable concept, a decision matrix has been established as
can be seen in Table 12. The assembly time represents how much time it takes to assemble the
The material cost speaks for itself. Manufacturability
represents how easy the components are produced. The noise emission of the concept determines
how much aerodynamic noise is created due to the flow of air over the rotor blades. The lower the
TSR, the lower the aerodynamic noise is from wind turbines[39][77].

concepts concerning their components.

Table 12: Decision matrix

Criteria H Weight H Concept 1 [ Concept 2 [ Concept 3 [ Concept 4 [ Concept 5 [ Concept 6
Assembly time 0.2 3 3 2 2 3 2
Material cost 0.1 3 3 2 2 3 2
Manufacturability 0.3 4 3 2 3 4 3
Noise emission 0.3 3 3 4 3 3 4
Durability 0.1 2 2 4 3 2 3
Total score M1 [ 32 2.9 2.8 2.7 3.2 3
[ Scale | 1 | Poor

2 | Unsatisfactory

3 | Satisfactory

4 | Very satisfactory

5 | Excellent

As two concepts have the same score, a decision has to be made between the two designs.
Concept 1 is more complex since one rotor blade has to point inward whereas the other rotor

Thijs J. M. Eijkhout

32

Delft University of Technology



Morphing a Straight-Bladed Vertical Axis Wind Turbine Design: CFD-Based Analysis

blade has to point outward. Moreover, the direction of the wind is required to point the rotor
blades in the correct position. For concept 2, the direction of the wind is not necessary when
morphing the rotor blades. Last but not least, optimising pitch angles regarding rotor blades has
already shown that it improves the self-starting capabilities of the VAWT[42][133][67]. However,
concept 2 morphs into a V-shape which is not well explored yet in the field of VAWTSs regarding
self-starting capabilities and overall performance which was observed by [122]. Other developed
and undeveloped VAWTs are illustrated in Fig. 49 and the undeveloped V-VAWT is highlighted.

Darrieus VAWT
(Curved and straight blades)
1925

—

Curved-blades Straight-blades

1968 mid-1970s 1 [ ] 1
1 1 1 1
| S b b S S
Guy-wired || Variable-Geometry | | Variable-Pitch || Delta(A)- ;i Diamond- || Wiv-rotor
Phi (§)-rotor || (Musgrove-rotor) | :  (Giromill) |1 retor il rotor |
16810 |!  mic1970s0 (i 1976l0 i i
early-1990s |} 1988 P1 eary-1980s | i(W 11 (Undeveloped); {1
more than 100K | ¢ i :
Guy-wired &
Fixed on Tower/
Cantilevered
Phi (b)-rotor
early-1990s to
mid-2000s
loss than 100 kW
Fixed on Tower/ Fixed-Pitch Articulating Tilted H-rotor Helical H-rotor
Cantilevered (H-rotor) H-rotor
Phi (¢p)-rotor 2005 to Presant 1935 1o Present
less than 1 W less than 100 kW
mid-2000s to late-2000s to | | 2006 o Present 100K =
Present Present est 2015 st 2014
more than 100 kW | | more than 100 kW | | kess than 100 kW move than 100 kW more than 100 kW

QI 8

Figure 49: Timeline of various vertical axis wind turbine configurations[122]

Hence, concept 2 will be chosen as the final design considering it contributes more to the field
of wind turbines.

3.7 Final concept expectations

The surface area of the V-VAWT is 0.173m as opposed to the surface area of the SB-VAWT which
is 0.24m. The difference in surface area is noticeable in Fig. 50. A lower surface area results in
the turbine can extract less wind energy.

—

S8 &8

Figure 50: Schematic front view of SB-VAWT and the V-VAWT with gearbox and generator

In addition, the aspect ratio is analysed. The V-VAWT has a lower aspect ratio compared to
the SB-VAWT. As mentioned before, a lower aspect ratio results in higher efficiency. Assuming
a rotor angle of 45 degrees, the V-VAWT has a lower surface area compared to the SB-VAWT.
The expectation is that the SB-VAWT has a better starting compared to the V-VAWT due to
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its higher surface area. However, the V-VAWT should have a higher efficiency in a certain TSR
range or at a specific TSR. Due to the complex geometry of the NACA 0021 rotor blades and the
incoming turbulent wind, numerical analysis with the means of CFD is necessary for solving the
behaviour of the turbine. Only then the expectations can be confirmed.
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CHAPTER 4

Simulation phase

In this chapter, the CAD model will be utilised in ANSYS Fluent to simulate and analyse the
performance of the VAWT. Both the neutral state and the actuated state will be covered during
the simulations. ANSYS Fluent uses five steps in total for the simulation:

1. Geometry
2. Mesh
3. Setup
4. Solution
5. Results

In this chapter, the first four steps are considered whereas the fifth step will be discussed in the
next chapter as the results will be examined more extensively. The VAWT will be simulated in an
environment that matches the dimensions of the OJF which is a low-speed wind tunnel located at
the Delft University of Technology. A schematic of the OJF is shown in Fig. 51.

Figure 51: Schematic of the open jet facility[87]

4.1 Step 1: Geometry

The geometry of the wind tunnel is defined by expressing the dimensions in terms of the rotor
radius R. The top view of the CAD model, which is imported in ANSYS Fluent, is visualised in
Fig. 52.
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Figure 52: Top view of the geometry dimensions expressed in terms of the radius R

The CAD model is divided into two regions: an exterior part and an interior. The exterior
part is represented as the stationary zone whereas the interior part is defined by a rotating zone.
A 3D view of the CAD model is depicted in 53.
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Figure 53: 3D view of the geometry dimensions expressed in terms of the radius R

Furthermore, the rotating zone contains the VAWT of which the characteristics are shown in
Table 13. Only the two rotor blades are modelled.

Number of blades 2

Turbine radius (m) 0.30

Rotor blade height (m) | 0.40

Chord length (m) 0.15

Rotor blade airfoil NACA 0021

Table 13: Overview of the characteristics of the vertical axis wind turbine

4.2 Step 2: Mesh

After setting up the right geometry for the VAWT, an appropriate mesh has to be chosen. The
ANSYS Fluent version used limits the number of cells/nodes by a maximum of 512,000. When a
CAD model is being meshed, the model is divided into cells, nodes, faces and edges. For example,
Fig. 54 shows a simple 3D computational grid with the aforementioned.

L L 2
L

/. Nodes
Face‘__ RELLE TLL Edge

—7/—'/ Cell

Figure 54: Simple 3D computational grid

The rotating zone, containing the rotor blades, is a cylinder in which the mesh is unstructured.
The mesh of the cylinder consists of prisms and hexahedrons. The unstructured mesh grid of the
stationary zone also consists of prisms and hexahedrons. The unstructured meshes of the zones
are presented in Fig. 55.
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Figure 55: Unstructured mesh grid of the stationary and rotating zone

The region surrounding the rotor blades contains a mesh that exists out of tetrahedrons and
prisms. Furthermore, inflation layers are integrated into the mesh.

Figure 56: Unstructured mesh grid and inflation layer surrounding the rotor blades

After running the simulations with this mesh, the calculation time what immense. Therefore,
the geometry and the mesh were adjusted so that the number of cells and nodes was decreased.
The beam has been substituted by a cube as a stationary domain. The cylinder is replaced by a
sphere instead of a rotating domain. The new geometry is visualised as a wireframe in Fig. 57.

Figure 57: SB-VAWT mesh (left) and V-VAWT mesh (right)

The rotor blades were also adjusted by increasing the inflation layer number to five which can
be seen in Fig. 58.
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Figure 58: Intersection of the rotating domain

4.3 Step 3: Setup

The student version of ANSYS Fluent can utilise up to three cores of the central processing unit.
Furthermore, the double-precision option is enabled. The boundary conditions are defined in Table
14.

Inlet Velocity function:
Sliding mesh method 2(1 — exp—0™%)
Sliding mesh method 3(1— exp%)
Sliding mesh method 6(1 —exp 01)
Dynamic mesh method 10(1 — exp 01"
Outlet Atmospheric pressure
Walls No-slip
Turbulence model SST k —w
Solver Transient, pressure-based
Pressure-velocity coupling algorithm | SIMPLE

Table 14: Boundary conditions and parameters

Moreover, the kK — w SST turbulence model has been chosen for the calculations. The k — w
SST turbulence has good near wall behaviour as well as far field accuracy. After the model and the
boundary conditions are defined, the dynamic mesh method (DMM) is enabled. Dynamic meshing
is excellent for this scenario as the domain boundaries of the inner rotating part are adjusted
over time. Thus, the computational grid can change its shape over time in order to adjust to the
changing conditions. Besides the DMM, the sliding mesh method (SMM) is also used for the lower
wind speeds for relatively low computational time and accurate results.

4.4 Step 4: Solution

The pressure-velocity coupling is used as a solution method for the simulations. The Semi-Implicit
Method for Pressure Linked Equations algorithm is used. The time step size At is defined by (15),
where C' is the average cell size and V,,; the velocity of the outer rim of the rotating domain.
Therefore, the time step size is set to be 0.002 seconds is used for the DMM. The time step size for
the SMM is not the same for every simulation. The rpm of the VAWT depends on the incoming
undisturbed wind speed and the according TSR. The time step size depends on the angular velocity
and has to be calculated keeping in mind that every rotation consists out of 360 degrees. Thus,
the time step is chosen accordingly so that the turbine rotates one degree during one time step.
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For every simulation using the SMM, ten rotations are considered.

(15)

4.5 Model verification

To verify the simulation model, the angular velocity is analysed. The velocity inlet is varied with
5, 7.5 and 10 as values for the terminal velocity. Recall that the terminal velocity of 10 is also
present in Table 14. In order to analyse the angular velocity, the following function is used: ’\%.
During the first time steps, the TSR will be very low as the turbine barely rotates. The turbine
radius is constant but the undisturbed wind speed will be varied. Hence, the expectations are that
the angular velocity will behave accordingly due to the different undisturbed wind speeds. The
velocity inlet function reaches its terminal velocity after approximately 300 time steps of 0.002
seconds. The inlet velocity function has been varied with four terminal velocities: 2.5, 5, 7.5 and
10. Each velocity function reaches its terminal velocity after approximately 0.6 seconds which is

depicted in Fig. 59.

1 2 T T T T T

Terminal velocity
\

25

Undisturbed wind speed (m/s)

O 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Time (s)

Figure 59: Undisturbed wind speed functions as the inlet boundary condition

What also can be concluded from the functions and the graphs, is that the velocity function
with 10 as terminal velocity, also has the greatest acceleration. Due to this, it is also expected
that the angular velocity does increase with each function. After carrying out four simulations,
the results are presented in Table 15.
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Inlet velocity function [m/s] | w [rpm)]

2.5(1 — exp~o1) 0.0002077997002440194
5(1 — exp o 1) 0.0008223377517424524
7.5(1— exp%) 0.0013824814232066270
10(1 — exp— o) 0.0024218306255837280

Table 15: Wind turbine angular velocity at ¢ = 0.6s

As expected, if the terminal velocity increases, the angular velocity also increases.

4.6 Model validation

To validate the simulation model, the data of a real experiment by Swalwell et al. is used[116]. A
NACA 0021 airfoil is used at a Reynolds number of 3.5 - 10°. The data was obtained due to the
pressure taps present on the airfoil. The airfoil was subjected to three different turbulence flow
intensity I of 0.6%, 4% and 7%. Recall that the Reynolds number of an airfoil with a certain chord
length is calculated by (9). For the validation, the following parameters, presented in Table 16,
have been used for maintaining a Re, of 3.5 - 10°.

Parameter value /function

Inlet velocity function [m/s] 35(1 — exp%)
Kinematic viscosity of air [Pa - s] | 1.7894 - 1075
Turbulence intensity [-] %

Chord length [m] 0.15

Table 16: Parameters used for model validation

After running the simulation, the airfoil is analysed. The contour plot of the pressure acting
on the airfoil is depicted in Fig. 60.

Figure 60: Pressure contour plot acting on the rotor blade

With the contour plot of the pressure known, the data is extracted in order to obtain the
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coefficient of pressure. The coefficient of pressure is given by (16) where P, is the static pressure.

P— P,

16
%pair VOZO ( )

Cpressure =
After extracting the data from ANSYS Fluent, the obtained data is joined with the experimental

findings of Swalwell et al. The pressure coefficient versus distance = over chord length c is visualised
in Fig. 61
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Figure 61: Experimental data from Swalwell et al. (2001) combined with simulation data

The simulation data does indeed come close to the experimental data from Swalwell et al.
Therefore, the simulation model is validated. The largest deviation found between the experimental
data and the simulation data is 9.3%.
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CHAPTER 5

Results

Both the SB-VAWT and the V-VAWT are simulated. Each simulation took roughly 15,000 time
steps to complete with ten iterations per step size with a step size of 0.002 seconds. That means
that the first 30 seconds are simulated for both cases. Fig. 62 shows the angular velocity versus the
time of the VAWTs. Both VAWTSs have an initial angular velocity of zero before the undisturbed
wind speed arrives at 0.1 seconds.

2 : :
——w (V-VAWT)
——w (SB-VAWT)
15} N
/
= /)
5 1 L
3 j‘-
05} 7 1
/
.

0 5 10 15 20 25 30
Time [s]

Figure 62: Angular velocity versus time at Voo = 10 m/s

After DMM, the SMM was used for the other simulations. The coefficient of lift versus the
azimuth angle is plotted in Fig. 63 during an undisturbed wind speed of 2 m/s. Moreover, the
coefficients of power and torque during an undisturbed wind speed of 2 m/s are depicted in Fig.
64.

1 : : — —
V_=2misat A=1.25

——C_ (V-VAWT)
———C, (SB-VAWT)

0.2 . . . . . . . . . . .
0 30 60 90 120 150 180 210 240 270 300 330 360

Azimuth angle

Figure 63: Coefficient lift versus azimuth angle at Voo =2 m/s

After simulating the first cases, the inlet velocity was increased from 2 m/s to 3 m/s. The
coefficient of torque and the coefficient of power were again plotted against the TSR which is
illustrated in Fig. 65.
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Figure 64: Coefficient of power and coefficient of Figure 65: Coefficient of power and coefficient of
torque versus TSR at Voo =2 m/s torque versus TSR at Voo =3 m/s

Furthermore, the results of the KPIs are presented in Table 17. The C,(\) curves do not
intersect at Ajq.. Therefore, linear interpolation is used for obtaining A,..,. For the absolute
power output, only the case where TSR equals 1.25 is considered. This is due to the fact that the
difference between the coefficient of power and torque is the largest at that point regarding the
two turbines.

Voo = 2m/s Voo =3 m/s
SB-VAWT V-VAWT SB-VAWT V-VAWT
Peak efficiency 0.189 0.204 0.207 0.222
KPI Average power coefficient | 0.1011 0.1032 0.1106 0.1144
Operational range 0<TSR<2.354 0<TSR<2.271 | 0<TSR<2.397 0<TSR<2.309
Absolute power output 1.88 W 1.55 W 290 W 249 W

Table 17: Key performance indicator results

After the considering the wind speeds of 2, 3 and 10 m/s for both turbines, the model will be
further validated by comparing the SB-VAWT to experimental and analytical data during a wind
speed of 6 m/s. First, the DMST model provided by the software of QBlade is used. Secondly, the
experimental data from Yamada et al. (2011) is observed. The results of the CFD, analytical and
experimental data is presented in Fig. 66.
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Figure 66: SB-VAWT data comparison
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CHAPTER 6

Conclusion

The main research question was as follows:

”Does integrating actuation in a vertical aris wind turbine increase the maximum energy har-
vesting using the wind as an external stimulus?”

After defining the design criteria and constraints, the KPIs were identified. Thereafter, the
CFD model software (ANSYS Fluent) and a matching turbulence model (SST k —w) were chosen.
The results indicated that integrating actuation for increased energy harvesting using the wind as
an external stimulus did not have a desirable effect on morphing the SB-VAWT into a V-VAWT
under an angle of 45 degrees. For the energy transition to take place, the focus is now shifting faster
to renewable energy sources. The VAWT is a potential candidate for also playing a role in this
energy transition due to its unique characteristics compared to the already widely used HAWT.
For example, the VAWT has its gearbox and generator located at the bottom of the turbine which
makes installation and maintenance more convenient. They are also omnidirectional regarding
the wind direction and are suitable for (sub)urban areas. The SB-VAWT proves to be the most
potent candidate of the Darrieus (lift-based) VAWTs. Moreover, the SB-VAWT has superior self-
starting capabilities over the V-VAWT considering the DMM with an inlet wind speed of 10 m/s.
Furthermore, the average coefficient of lift of the SB-VAWT is higher than that of the V-VAWT.
This was done by the SMM with an incoming wind speed of 2 m/s. However, the V-VAWT has a
higher power coefficient approximately when 1<TSR<2 (in which also the optimal TSR lies). But
if the absolute power output is considered in that region, the V-VAWT performs worse than the
SB-VAWT. This is also the case when the inlet wind speed is 3 m/s. The average power coefficient
of the two turbines is very similar during an inlet wind speed of 2 and 3 m/s. The last KPI, the
operational range, is also in favour of the SB-VAWT. Little research has been done on (variants
of) the V-VAWT. Therefore, the SB-VAWT was further validated using experimental data from
Yamada et al. (2011) and by utilising the analytical DMST model from the QBlade software with
an inlet wind speed of 6 m/s. This work shows that morphing the rotor blades has significant
effects on the KPIs. The V-VAWT is not a shape that should be preferred when morphing the
rotor blades. Further research should be looking into other shapes in which the SB-VAWT can be
changed. In addition, this work did not consider a force analysis such as the impact of centrifugal
forces on both turbines. A thorough mechanical analyse should be made for investigating the
consequences of these forces. If there is a promising shape for (temporarily) increasing the overall
performance of the SB-VAWT, one should also make a trade-off between the structural reliability
and the increased overall performance of the VAWT. Moreover, the extra energy due to actuation
should also be taken into consideration. The VAWT suggested in this work has excellent dimensions
in order to be tested in the OJF located at the TU Delft or similar wind tunnels. The mesh is also
able to be improved even further. It is possible to add an additional region for each separate rotor
blade. Likewise, a study can also look into the least amount of nodes and cells that are acquired for
obtaining consistent results. Thereafter, a less computational demanding turbulence model might
come available that suits the CFD model. In other words, an optimum can be found concerning
the mesh size and the turbulence model. Lastly, for utilising the energy one can harvest from one
square meter, it can be beneficial to include solar panels (with a tracking system). This will result
in a hybrid power unit that can be connected to an inverter. For actuation, it might be interesting
to look into SMA as SMA actuators do not have many parts and have a relatively large power
density compared to conventional actuators.
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Abstract—Wind turbines have proven to be an essential part
for the green energy mix. However, the focus was mainly on
the horizontal axis wind turbines whereas the vertical axis
wind turbine did not receive that amount of attention. In this
work a straight-bladed vertical axis wind turbine (SB-VAWT)
is explored which can temporary adjusts its rotor blades in
order to increase its overall performance. Also, shape memory
alloy (SMA) as an actuator is shortly investigated as a potential
addition to the wind turbine. After generating and evaluating
several concepts, the vertical axis wind turbine shaped in a V
(V-VAWT) was still undeveloped and proves to be a potential
candidate. There is a relationship between the turbine solidity
and the optimal TSR which directly affects the coefficient of
power. For design purposes, this is an excellent instrument
to utilise. The overall performance of the V-VAWT and the
SB-VAWT were compared using computational fluid dynamics
(CFD) software from ANSYS Fluent. The SB-VAWT and the
V-VAWT have the same solidity. Both the dynamic mesh and
sliding mesh methods were executed with mainly the standard
k-¢ turbulence model. The results indicated that the SB-VAWT
performs better regarding the starting capabilities whereas the
V-VAWT performs better at the optimal tip-speed ratio (TSR).
However, the V-VAWT does not have a higher absolute power
output compared to the SB-VAWT at every TSR. The SB-VAWT
is overall the better candidate considering the peak efficiency,
average power coefficient, absolute power output and operational
range. Therefore, it is not desirable to morph the SB-VAWT into
a V-VAWT.

Index terms - vertical axis wind turbine, VAWT, CFD,
actuation, structural adaption

1. INTRODUCTION

For decreasing the dependence on grey energy, alternative
sustainable energy sources are the obvious direction society
has to take. Wind and solar are the main renewable energy
sources used for the energy transition. For example, the
capacity of offshore wind farms has increased from 4.117 MW
in 2011 to 18.814 MW in 2017 [1]. These wind farms exist
mainly of one type of wind turbine, namely the horizontal axis
wind turbine (HAWT). Besides the HAWT, there is the less
popular vertical axis wind turbine (VAWT). Both the turbines
extract their energy from the incoming wind, but they are
very different in many ways. Besides that, they both have
their advantages and disadvantages. The HAWT enjoyed a
surge in interest after the oil crisis. Thus, the HAWT received
technological development whereas the VAWT gained little
attention in order to be improved. That changed when many

countries were phasing out their grey energy sources such as
natural gas and (lignite) coal. With renewed interests in the
design of the VAWT, the VAWT gained more resources for
further improving its design and performance. The HAWT
is suited for high-volume production but requires a lot of
space. Furthermore, turbine control is required for optimal
operation whereas the installation and maintenance are rather
complex. Installing and maintaining a HAWT is challenging as
the gearbox and the generator are located tens of meters high
in the hub of the wind turbine. The VAWT is omnidirectional
regarding the incoming wind. Besides that, VAWTs are able to
operate in turbulent wind conditions. Furthermore, they have
a low cut-in speed which makes them potential candidates for
urban areas. Moreover, its gearbox and generator are located
close to the ground which facilitates maintenance. The main
disadvantage of the Darrieus VAWT is that the self-starting
capabilities are poor. The Savonius VAWT does not experience
self-starting issues as the turbine is drag based whereas the
Darrieus wind turbine is lift based. The abbreviation VAWT
in this work refers to the straight-bladed Darrieus VAWT. In
recent years, many suggestions have been done on improving
the performance of the VAWT. For example, experiments with
linkage systems have been carried out. The linkage system,
shown in Fig. 1, shows that the angle of attack is varied in
the upwind and the downwind region. As a result of this,
the efficiency is increased compared to the situation where
rotor blades are fixed [2]. Additionally, the rotor blade itself
could also be adjusted for enhancing the performance of the
VAWT. For instance, the gurney flap and the J-airfoil are
depicted in Fig. 2 and Fig. 3, respectively. Depending on

Wind direction

— Main link Support link
—
—_—
—

’ rc;?“eor: ' Offset link
—_—
—_

Fig. 1: Linkage system
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A

Fig. 2: Airfoil with a gurney flap

T~

Fig. 3: J-shaped airfoil

the location of the airfoil, the gurney flap is able to reduce
aerodynamic loads and able to increase the coefficient of
power [2] [3]. The J-airfoil is able to experience drag and lift
simultaneously due to its concave area resulting in increased
self-starting capabilities [4]. Lastly, the shape of the VAWT
could also be changed. For instance, Fig. 4 shows how an SB-
VAWT is adjusted by placing the rotor blades under an angle.
Inclining the rotor blades under a 45-degree angle, the VAWT
has better self-starting capabilities [5]. Thus, the geometry of
the VAWT has an impact on the overall performance. This
was also mentioned in [6] where different VAWT geometries
were considered. The V-rotor, highlighted in red in Fig 5, is
considered undeveloped. There are not many studies which
have investigated the potential of the V-rotor. Besides that,
temporarily morphing the VAWT into another geometry might
also be beneficial for the overall performance. In this work,
a new innovation will be analysed by integrating actuation in
an SB-VAWT for morphing and/or moving the rotor blades
for increasing its overall performance. First of all, a VAWT
design will be proposed. After that, a CFD analysis will be
conducted using ANSYS Fluent.

II. VAWT DESIGN

The design criteria for a newly suggested VAWT read as
follows:

« Adaptive to wind circumstances

« Actuation integration
In addition, the design constraints are defined by:

« Geometry

o Testability

o Availability

« Viable performance model
The geometry of the design should not be too large in order to
test the wind turbine in a wind tunnel. Moreover, the software
has to be available for choosing the performance model. In

Fig. 4: Geometrical configurations [5]
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Fig. 5: Development of different geometries [6]
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this scenario, ANSYS Fluent is used. After generating multiple
concepts, the V-VAWT is chosen as the final design. By imple-
menting two linear actuators on the support struts, the blades
are able to rotate around the pivot point transforming the SB-
VAWT into the V-VAWT. Shape memory alloy (SMA) is a
suitable candidate as SMA actuators have a very high power
density [8]. Therefore, an SMA actuator can be relatively
smaller than its conventional counterparts. Also, the airfoil
chosen for the two rotor blades is the NACA 0021. The NACA
0021 has good starting capabilities and performs well when the
TSR is lower than three [9]. The diameter D is 0.6m whereas
the blade height H is defined as 0.4m. The chord length ¢ is
0.15m which results in a VAWT with solidity S of 0.5. The
solidity is given by (1), where IV is the number of blades. A
schematic of the VAWT is presented in Fig. 6 together with
the gearbox and the generator.
Ne

S=- (O]

Each key performance indicator (KPI) reads as follows:
« Peak efficiency
« Average power coefficient
« Operational range
« Absolute power output
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Linear actuator

V(=

Fig. 6: Final concept

The peak efficiency is defined by the highest coefficient of
power operating at an optimal TSR. The coefficient of power
is given by (2). P,
3PAVE
Here, P, is the mechanical power the VAWT produces, p the
density of air, A the surface area of the VAWT and V,,, the
undisturbed wind speed. The operational range is defined by
the amount of TSR the VAWT is able to operate. The TSR A
is given by (3), where w is the angular velocity and R is the
turbine radius. WR

Voo
Furthermore, a relationship was found between the optimal
TSR A,y and the turbine solidity S [11]. This relationship,
given by (4), was suited for this VAWT design.

Aopt = 2.693579-329 _ 1,605 )

III. CFD ANALYSIS

During the CFD simulations, both the SB-VAWT and the
V-VAWT were investigated at different wind speeds. First of
all, two computer-aided design (CAD) models were made.
The outer part consists of a cube which is a stationary zone.
Within the cube, there resides a sphere which contains the
rotor blades. The inner part functions as the rotating part. Both
meshes are shown in Fig. 7. For the CFD analysis two methods
are used; namely the dynamic mesh method (DMM) and the
sliding mesh method (SMM). The simulations were carried
out with different undisturbed wind velocities. Moreover, the

C, = 6)

A (3)

Fig. 7: SB-VAWT mesh (left) and V-VAWT mesh (right)

Fig. 8: Inflation layers at the rotor blades

VAWTs rotate ten times during the simulations for receiving
reliable results. The k—w SST turbulence model was also used
due to the fact it has good near-wall behaviour as well as far-
field accuracy [10]. The parameters and boundary conditions
used during the simulations are shown in Table I. The inlet
velocity functions were defined as an expression to avoid
very large peaks during the beginning of the simulations. Five
inflation layers, illustrated in Fig. 8, were also introduced at
the rotor blades in order to coop with the velocity gradients.
An overview of the no-slip walls, inlet, outlet and rotating
zone is illustrated in Fig. 9.

Inlet Velocity function:

—Time

2(1—exp 01 )

Sliding mesh method

—Time
Sliding mesh method 3(1—exp~ 01 )
—Time
Sliding mesh method 6(1 —exp~ 0.1 )
—Time
Dynamic mesh method | 10(1 —exp™ 0.1 )

Outlet Atmospheric pressure
Walls No-slip

Turbulence model SST k —w

Solver Transient, pressure-based
Pressure-velocity coupling algorithm | SIMPLE

TABLE I: Boundary conditions and parameters

The SMM was used for calculating the coefficient of power
and the coefficient of torque C,, at five different TSRs
which are presented in Table II. The relationship between the
coefficient of power and the coefficient of torque is given by
(5). The dynamic mesh method is only used during a terminal
inlet velocity function of 10 m/s. A relatively high undisturbed
wind speed quickly identifies the dynamic behaviour of both
turbines from a standstill.

Cp=XCm 5)

Al | 025 075 125 175 225

TABLE II: Tip-speed ratio overview

IV. RESULTS
First of all, the results of the DMM are illustrated in Fig.
10. Moreover, for the SMM simulations, the coefficient of lift
plotted against the azimuth angle is depicted in Fig 11. The
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Outlet ;
0.9 V =2 m/sat \=1.25
08 ———C_ (V-VAWT)
07 ——C_ (SB-VAWT)

0 30 60 90 120 150 180 210 240 270 300 330 360
Azimuth angle ¢

Inlet

Fig. 11: Coefficient of lift versus azimuth angle

Fig. 9: Computational domain

according plots for the coefficient of power and the coefficient

of torque are presented in Fig. 12 and Fig. 13. Furthermore, V =2mis

the results of thé KPIs are defined ir} Table III. The C},()\) o z (V-VAWT) )
curves do not intersect the TSR-axis. Therefore, a linear 0.2 ” Cp (SB-VAWT) //_G\
extrapolation has been carried out for obtaining the operational =

range. The absolute power output is only considered at a TSR //

of 1.25 because there the difference is the greatest between o /

the two turbines. Besides that, the SB-VAWT is also simulated
using Voo = 6 m/s. The experiment of Yamada et al. in 2011
used the same parameters except for the airfoil. Yamada et
al. used the NACA 0020 which will be used for validation
purposes. The NACA 0020 and the NACA 0021 have very
similar characteristics. Moreover, QBlade software is also used

0.1

\
o

for validation. QBlade uses the analytical double-stream-tube 00 025 05075 1 125 1.5 1.75 2 225 2.5
TSR
V. =2mis
1.8 0.2 o G, (V-VAWT)
V_=10mis A C, (SB-VAWT)
1.6 ———w (V-VAWT)
1.4} [E——w(sB-vAWT) / —_
£ ™
1.2 © D
T 1 0.1 . \
e
308 \
0.6
0.4 0
0.2 0 02505075 1 125 15175 2 22525
y — TSR
0 R
0 5 10 15 20 25 30

Time [s] Fig. 12: Power coefficient and torque coefficient versus time

Fig. 10: Angular velocity versus time
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Voo = 2m/s Voo =3 m/s
SB-VAWT V-VAWT SB-VAWT V-VAWT
Peak efficiency 0.189 0.204 0.207 0.222
KPI Average power coefficient 0.1011 0.1032 0.1106 0.1144
Operational range 0<TSR<2.354 0<TSR<2.271 | 0<TSR<2.397 0<TSR<2.309
Absolute power output at TSR=1.25 | 1.88 W 1.55 W 290 W 249 W
TABLE III: Key performance indicator results
0.4
Vw= 6m/s
- 0.35 O SST k-w model
vw- 3mis “# Yamada et al., 2011 (Experiment)
0.2 o (;p (V-VAWT) 0.3 4 QBlade (DMST)
’ o C,(SBVAWT)
o
o]
0.1
0
0 0 025 05 075 1 125 15 175 2 225 25
0 02505075 1 12515175 2 22525 TSR
TSR Fig. 14: SB-VAWT data comparison
vV _=3mis
C, (V-VAWT)
0.2 ° C'" ESB VAWEF) to the V-VAWT, but the V-VAWT is able to take over the
O CmlSE SB-VAWT considering the angular velocity.
B (2) The SB-VAWT experiences more lift overall compared to
£ ™~ the V-VAWT.
© (3) The V-VAWT has a higher coefficient of power and a
01 higher coefficient of torque between a TSR of approxi-
mately 1 and 2 as opposed to the SB-VAWT.
(4) The V-VAWT has a smaller operational range than the
SB-VAWT.
(5) The SB-VAWT has a higher absolute power output at

o0&

0 02505075 1 12515 175 2 22525

TSR

Fig. 13: Coefficient of power and coefficient of torque versus
time

model (DMST). The results of the validation process are
presented in Fig. 14.
V. CONCLUSION

(1) The applied DMM with V,, = 10 m/s shows that the
SB-VAWT has better self-starting capabilities compared

every TSR in comparison with the V-VAWT.
(6) The DMST model has similar results compared to the
SST k —w model expect after at a TSR of approximately
1.75
Thus, the V-VAWT does indeed have a higher coefficient of
power at the optimal TSR than the SB-VAWT. However, the
absolute power output of the V-VAWT lies lower at the optimal
TSR. Therefore, the V-VAWT is not desirable as opposed to
the SB-VAWT. The SB-VAWT is overall the better option and
actuating the rotor blades temporarily into a V-shape is not
recommended.
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Figure 68: General mesh settings
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Figure 86: CAD model V-VAWT
CHAPTER C
Matlab codes
close all
clear all

Y%Matlab code Thijs Eijkhout — 4385993

%Morphing a Straight—bladed Vertical Axis Wind Turbine Design: CFD
Based Analysis

Yo

%Dynamic mesh method

O = readmatrix(’DataFile.xlsx ', 'range’, 'M3: M15003 ") ; %omega [rpm]| SB—
VAWT

Omegan = transpose (O.n);

lambda_n=linspace (0,30,15001) ;

O.a = readmatrix ('DataFile.xlsx ', 'range’, 'L3:L15003"); %omega [rpm] V-
VAWT

Omega_a = transpose (O.a);

lambda_a=linspace (0,30,15001) ;

figure (1) ;

plot (lambda_a, Omega_a, ’'r’, lambda_n,Omegan, 'b’);

title (legend, *V_{\infty}= 10 m/s’);

ax = gca;

ax.FontSize = 12;

xlabel ("Time [s]’);

ylabel ("\omega[rpm] ") ;

legend ( 7\ omega (V-VAWT) ', ’\omega (SB-VAWT) ’);

VO

%Terminal velocity functions.

Time=linspace (0,1,500) ;

V_1=2.5%(1—exp(—Time/0.1));

V_2=5%(1—exp(—Time/0.1));

V_3=7.5%(1—exp(—Time/0.1));

V_4=10%(1—exp(—Time /0.1) ) ;

plot (Time, V_1, Time, V_2, Time, V.3, Time, V_4);
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xline (0.6)

hold off

legend ("V_{2.5}7,'V_{5}7,'V_{7.5} 7 ,"V_{10} ")
title (legend , Terminal velocity )

xlabel ("Time (s)’);

ylabel (’Undisturbed wind speed (m/s)’);

grid on

ylim ([0 12]);

xlim ([0 0.7]);

%Swalwell et al. (2001) experimental data and simulation data for

static validation.
RX = readmatrix(’'DataFile.xlsx’, 'range’, "A29: A43”’

)

= readmatrix('DataFile.xlsx ', 'range’, 'B29:B43");
= readmatrix( 'DataFile.xlsx ', 'range’, C29:C43");
= readmatrix

?

readmatrix ( 'DataFile.xlsx ', 'range’, "F29:F43"
readmatrix ('DataFile.xlsx ', "range ’, "H29:H45");
BY = readmatrix(’DataFile.xlsx ’, 'range’, G29:G45");
plot (RX, RY, 'r—o’ ZX,ZY, 'b—s’ ,CX,CY, '¢—d’ ,BX,BY, 'k—"");

)

)
( )
(’ )
(’DataFile.xlsx’, ’range’,’D29:D43");
= readmatrix ( 'DataFile. xlsx ', 'range ', "E29:E43")
( )
( )
(7

SRGRNE
|

legend (’Swalwell et al. (2001) I = 0.6%’,’Swalwell et al. (2001) I = 4%

", Swalwell et al. (2001) I = 7%, Simulation I = 7%")
hold on
xlabel ("x/c’);
ylabel ("C_{Pressure}’);
hold on
ylim([—3 1.5]);
xlim ([0 1]);
%Solidity vs optimal TSR function
S=0:0.05:0.8;
L=2.693%S."(—0.329) —1.605;
plot (S,L)
grid on
xlabel (7 Solidity ")
ylabel (’Optimal tip speed ratio’)
title (’Turbine solidity vs. optimal TSR’)
%Results dynamic validation SB-VAWT
%Yamada et al. (2011) experimental data
YX = readmatrix ('DataFile.xlsx ', 'range’, "A51:A76"7);
YY = readmatrix (’DataFile. xlsx ' 'range’, 'B51:B76");
YXi =linspace (min(YX), max(YX), 300); %nterpolation Vector
YYi = interpl (YX, YY, YXi, ’pchip’);
%Qblade DMST data
QX = readmatrix (’DataFile.xlsx’, 'range’, "C51:C707);
QY = readmatrix(’DataFile.xlsx’, 'range’, ' D51:D70");
QXi =linspace (min(YX), max(YX), 300); %Interpolation Vector
QYi = interpl (QX, QY, QXi, ’'pchip’);
%SST k—omega model data
OX = readmatrix (’DataFile.xlsx’, 'range’, "A19:A247);
OY = readmatrix(’DataFile.xlsx’, 'range’, ' 119:1247);
OXi =linspace (min (0X), max(0OX), 300); %Interpolation Vector
OYi = interpl (OX, OY, OXi, ’'pchip’);
plot (OX,Q0Y, "bs ) ;
hold on
plot (YX,YY, ’gx');
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hold on

plot (QX,QY, 'k )

hold on

plot (OXi,0Yi, " b');

hold on

plot (YXi,YYi, "~g’);
hold on

plot (QXi,QYi, '~k’);
hold on

err = 0.013%ones(size(YY));
errorbar (YX,YY,err, 'g’)

legend (’SST k—\omega model’,’Yamada et al., 2011

(DNSST) *) ;
title (legend, "V_{\infty}= 6 m/s’);
ax = gca;
ax.FontSize = 12;
grid on
xlabel ("TSR");
ylabel ("C{p}");
ylim ([0 0.4]);

xlim ([0 2.5]);

xticks (0:0.25:2.5) ;
ZWIND SPEED 2 m/s
%Coefficient of power

(Experiment )’

CpV = readmatrix(’DataFile.xlsx’, 'range’, "H3:H8");
CpSB = readmatrix (' DataFile.xlsx’, 'range’ [ "13:18");
TSR = readmatrix(’'DataFile.xlsx ', 'range’,’J3:J8");

TSRi =linspace (min(TSR), max(TSR), 300); %Interpolation Vector

Cpi_V = interpl (TSR, Cp-V, TSRi, ’'pchip’);

Cpi_SB = interpl (TSR, Cp.SB, TSRi, ’'pchip’);

t = tiledlayout (2,1);

t.TileSpacing = ’tight ’;

nexttile

plot (TSR,Cp_V, 'ro ") ;

hold on

plot (TSR,Cp-SB, 'b" ") ;

hold on

plot (TSRi,Cpi_V, "1 );

hold on

plot (TSRi, Cpi_SB, ~b’");

hold on

legend (’C_p (V-VAWT)’,’C_p (SB-VAWT) );
title (legend , "V_{\infty}= 2 m/s’);
ax = gca;

ax.FontSize = 12;

xlabel ("TSR")

xlim ([0,2.5]);

xticks (0:(2.5/10):2.5);

ylabel ("C_{p} ")

ylim ([0,0.25]) ;

yticks (0:0.1:0.2);

set (gecf, "Position’,[100 100 100 100])
nexttile

%Coefficient of torque

CmV = readmatrix(’DataFile.xlsx’, 'range’, 'E3:E8");
CmSB = readmatrix (’DataFile.xlsx’, 'range’, "F3:F87);
TSR = readmatrix (' DataFile.xlsx’, 'range’,’J3:J8");

)

"QBlade
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TSRi =linspace (min(TSR), max(TSR), 300); %Interpolation Vector
Cmi_V = interpl (TSR, Cm.V, TSRi, ’pchip’);

Cmi_SB = interpl (TSR, CmSB, TSRi, ’'pchip’);

plot (TSR,Cm.V, "ro ) ;

hold on

plot (TSR,Cm SB, 'b" ") ;

hold on

plot (TSRi,Cmi -V, 1) ;

hold on

plot (TSRi,Cmi SB, ~b’);

hold on

legend (’Cam (V-VAWT) ’, 'Com (SB-VAWT) ") ;

title (legend, "V_{\infty}= 2 m/s’);

ax = gca;

ax.FontSize = 12;

xlabel ("TSR’)

xlim ([0,2.5]);

xticks (0:(2.5/10):2.5);

ylabel ("C_{m} ")

ylim ([0,0.25]) ;

yticks (0:0.1:0.2) ;

set (gef, "Position’ [[100 100 100 100])

%Average power coefficient

APCSSB = trapz (TSR, Cp-SB)/2.25;

APCV = trapz (TSR, Cp.V) /2.25;

VO

%Coefficient of lift VVAWT & SB-VAWT at 2 m/s and TSR=1.25
CL_V= readmatrix (’'DataFile.xlsx’, 'range’, "A79:A439");

CL_SB= readmatrix(’DataFile.xlsx’, 'range’, "B79:B439 ") ;
Theta= readmatrix (’DataFile.xlsx ', range’, C79:C439"7);
plot (Theta ,CL_V, 'r’, Theta, CLSB,’'b’);

legend ('C_L (V-VAWI) ', C.L (SBVAWT)');

title (legend, "V_{\infty}= 2 m/s at \lambda=1.25");
ax = gca;

ax.FontSize = 12;

xlabel (’Azimuth angle \theta’)

xlim ([0,360]) ;

xticks (0:30:360) ;

ylabel ("C_{L}")

ylim ([—0.2,1]);

yticks (—0.2:0.1:1);

VO

YWIND SPEED 3 m/s

%Coefficient of power

Cp-V = readmatrix (' DataFile.xlsx’, 'range’, "H11:H16");
Cp-SB = readmatrix(’'DataFile.xlsx’,'range’, ’T11:116");

TSR = readmatrix (’'DataFile.xlsx ', 'range’, J3:J8");

TSRi =linspace (min(TSR), max(TSR), 300); %Interpolation Vector
Cpi.V = interpl (TSR, Cp.V, TSRi, ’'pchip’);

Cpi_SB = interpl (TSR, Cp-SB, TSRi, ’'pchip’);

t = tiledlayout (2,1);
t.TileSpacing = ’"tight’;
nexttile

plot (TSR,Cp.V, "rs ") ;
hold on

plot (TSR,Cp-SB, 'bd ") ;
hold on

plot (TSRi,Cpi_V, 1 7);
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hold on

plot (TSRi,Cpi_SB, " b’);

hold on

legend (’C_p (V-VAWT)’,’C_p (SB-VAWT) ’);

title (legend , "V_{\infty}= 3 m/s’);

ax = gca;

ax.FontSize = 12;

xlabel ("TSR’)

xlim ([0,2.5]);

xticks (0:(2.5/10):2.5);

ylabel ("C_{p} ")

ylim ([0,0.25]);

yticks (0:0.1:0.2);

set (gef, "Position’,[100 100 100 100])

nexttile

hold on

%Coefficient of torque

CmV = readmatrix(’DataFile.xlsx’ | 'range’, 'El11:E16");
Cm-SB = readmatrix (’DataFile.xlsx’, 'range’, "FI11:F167);
TSR = readmatrix (’'DataFile.xlsx ', ‘'range’, J3:J8");
TSRi =linspace (min(TSR), max(TSR), 300); %Interpolation Vector
CmiV = interpl (TSR, Cm.V, TSRi, ’pchip’);

Cmi_SB = interpl (TSR, CmSB, TSRi, ’'pchip’);

plot (TSR,Cm.V, "rs ") ;

hold on

plot (TSR,Cm SB, "bd ") ;

hold on

plot (TSRi,Cmi_-V, "1 ");

hold on

plot (TSRi,Cmi_SB, b ") ;

hold on

legend (’C.m (V-VAWT) ’,’Cm (SB-VAWT) ’);

title (legend, *V_{\infty}= 3 m/s’);

ax = gca;

ax.FontSize = 12;

xlabel ("TSR’)

xlim ([0,2.5]);

xticks (0:(2.5/10):2.5);

ylabel ("C_{m} ")

ylim ([0,0.25]);

yticks (0:0.1:0.2);

set (gef, "Position’,[100 100 100 100])

%Average power coefficient

APCSB = trapz (TSR, Cp-SB) /2.25;

APCV = trapz (TSR, Cp_V) /2.25;

T

YWIND SPEED 6 m/s

%Coefficient of power

Cp-SB = readmatrix ( 'CmCpTSR. xlsx ', "range ’, 7119 :124 ") ;
TSR = readmatrix ( 'CmCpTSR. xlsx ’, "range ", ’J3:J8");
TSRi =linspace (min(TSR), max(TSR), 300); %Interpolation Vector
Cpi-SB = interpl (TSR, Cp.-SB, TSRi, ’'pchip’);

plot (TSR,Cp_SB, "bd ") ;

hold on

plot (TSRi,Cpi_SB, b ’);

hold on

legend ("C.p (V-VAWT) ");

title (legend , "V_{\infty}= 6 m/s’);
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ax = gca;

ax.FontSize = 12;

xlabel ("TSR)

xlim ([0,2.5]) ;

xticks (0:(2.5/10):2.5);

ylabel ("C_{p} ")

ylim ([0,0.25]) ;

yticks (0:0.1:0.2);

set (gef, "Position’ ;[100 100 100 100]);
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