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ABSTRACT

The article presents the results of the Computational Fluid Dynamics (CFD) research on a vertical axis wind
turbine with a variable swept area. The tested turbine has four sets of blades, each of which consists of two
moving parts. By changing the angle between these parts, it is possible to change the swept area of the turbine
wheel to adjust the characteristics of the turbine to the current wind speed. In the case of strong wind, it is pos-
sible to fold blades to protect the rotor against damage. The 3D-CFD model was tested using the ANSYS Fluent
software. The four rotors differing in the blade angle were analyzed. The tests were carried out for different
wind speeds. The results are presented as pressure and velocity distributions as well as streamlines around the
rotor. In addition, the waveforms of the torque acting on a single blade and on the entire rotor are shown. The
average rotor torque was also calculated. These findings enabled us to create the characteristics of the power
factor for different rotational speeds of the rotor. The results show that the adjustment of the swept area makes

the z-turbine have a flexible operating range.
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INTRODUCTION

Wind energy is an increasingly popular and
competitive energy source that helps reduce
greenhouse gas emissions and sustainably use
natural resources. Wind energy can be used to
produce electricity and mechanical energy, which
makes it a valuable source. It is a form of kinetic
energy generated by the movement of air or wind
and is created by differences in temperature and
atmospheric pressure on Earth. The process of
harnessing wind energy in wind turbines involves
converting air movement into mechanical en-
ergy through the rotation of rotors. The amount
of mechanical energy generated by wind turbine
depends on several factors such as wind speed,
rotor size, the aerodynamic efficiency of blades,
and the amount of time the wind blows with a suf-
ficient force [1, 2].

There are many methods to harness wind en-
ergy. One way is domestic wind turbines known
as micro wind turbines. These are small turbines
designed to produce electricity or mechanical
energy for individual households, businesses or
smaller communities. They are installed on pri-
vate land and buildings such as houses, farms or
small businesses to harness wind energy as a re-
newable energy source. They enable individuals
and communities to use wind energy to generate
their own electricity or other types of energy.

One such a type of wind turbines is verti-
cal axis wind turbines (VAWTs) with rotors that
rotate around a vertical axis unlike in tradition-
al horizontal axis wind turbines (HAWTs) that
have rotors that rotate around a horizontal axis.
VAWTs are distinct for is a vertical arrange-
ment of rotors, which resembles a large tower
with blades mounted around it. There are many
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different designs and configurations of VAWTs,

but they tend to be more compact than traditional

horizontal-axis turbines [3]. Some characteristics
of these turbines are summarized below:

e Compared to HAWTs, VAWTs tend to be
smaller and less bulky, so they are more suit-
able for installation in areas with limited space
such as building roofs or urban areas.

e VAWTs are more flexible when it comes to
wind direction, as they do not require constant
tracking of wind direction as HAWTs do. As a
result, they can work efficiently even if wind
directions change.

e VAWTs tend to show less efficiency compared
to HAWTs in constant wind speeds, especially
in strong and stable winds.

o VAWTs can start at lower wind speeds com-
pared to HAWTs, so they are better in areas
where winds are less intense.

The last feature is essential because given
the average wind speed in Poland at a height of
10 m, which is 3.8 m/s (max. 4.9 m/s), Figure 1,
one can easily estimate an average power den-
sity of 80 W/m? (max. 200 W/m?) under these
very conditions [4].

Most VAWT turbines can begin operation
at wind speeds as low as 2-3 meters per second
(m/s) or even lower. This is advantageous be-
cause they can generate power even at low wind

speeds, which can be important in areas with
weaker winds. However, VAWT turbines need
stronger winds to reach full power. Typically, tur-
bines reach full power in the 10-15 m/s range. At
these wind speeds, rotors reach optimum rotation
so that they can generate the most electricity.
Vertical axis wind turbines (VAWTs) come
in various designs and configurations. They can
be classified into different types in terms of their
design, i.e aerodynamic features, blade and rotor
arrangement or type of axis. Here are some of the
most common classifications of VAWTs [6]:

Classification by rotor arrangement:

e single-axis VAWT: rotors rotate around a sin-
gle vertical axis.

e two-axis VAWT: rotors rotate around two
vertical axes, forming an “H”- or “X”-like
structure.

Classification by design:

e Darrieus turbine: characterized by “C”- or
“S”-shaped blades placed around a central
tower.

e Savonius wind turbine: consists of half-circle-
shaped blades that rotate around a central axis.

Classification by configuration:

e single-rotor VAWT: consists of a single rotor
and is mainly used in small scales such as do-
mestic installations.

Fig. 1. Map of average wind speeds in Poland at an altitude of 10 m above sea level [5]
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e multi-rotor VAWT: consists of multiple rotors
that rotate independently, which can increase
its efficiency.

Different turbines have different efficien-
cies. The efficiency of a vertical axis wind
turbine (VAWT) depends on many factors, in-
cluding its design, size, technology and wind
conditions it is used. Modern VAWT designs
are performing better and gaining in popular-
ity. Average VAWT efliciencies typically range
from 20% to 40% [7] but can vary in the type
and quality of a particular turbine. This is well
illustrated in the graph of the dependence of
the torque coefficient C_ and aerodynamic ef-
ficiency C,on the speed ratio TSR.

The torque coefficient is the ratio of the torque
generated by the wind turbine T to the dynamic
pressure pd, turbine radius R and area A [8]:

M M

Pa-A-T %-A-r-p-vz

Cm (1

where: C — torque coefficient of the turbine [-],
M — torque of the turbine [Nm],
p,— dynamic pressure [Pa],
A — swept area [m?],
r — blade maximal radius [m],
p — air density [kg/m?],
v —wind speed [m/s].

The aerodynamic efficiency of a vertical axis
wind turbine (VAWT) can be expressed by a formu-
la that takes into account the use of kinetic energy
of the wind and the generation of mechanical en-
ergy by the rotor. The formula for the aerodynamic
efficiency of a VAWT turbine is as follows [9]:

P P
it el
7 P A-v

where: C — aerodynamic efficiency of the tur-
bine [-],
P, — power of turbine [W],
P —power of the wind [W].

Output mechanical power is the mechanical
energy generated by the turbine rotor and depends
on rotor speed and torque. Wind kinetic power is
the energy contained in the wind flow that passes
through the rotor. Wind kinetic power depends on
wind speed at the turbine input and its density. It
is worth noting that aerodynamic efficiency is one
of the factors affecting the overall efficiency of a
turbine. The overall efficiency of a turbine, which

also takes into account mechanical and electrical
losses, will be lower than aerodynamic efficiency.
The second component for evaluating wind
turbine efficiency is tip-speed ratio (TSR), is an
indicator used in wind turbine efficiency analysis.
It determines the relationship between the speed
of rotor blade tips and wind speed, which affects
the efficiency of the wind turbine. The definition
of TSR is the ratio of the peripheral speed of rotor
blade tips of a wind turbine to the wind speed at
the same point [10]. The formula for TSR can be
written as follows:
s [ORNY
TSR = 7 3)
where: TSR — tip-speed ratio,
o — the angular velocity of the tips of the
turbine rotor blades,
r —radius of distribution of the tips of the
turbine rotor blades,
V' —wind speed.

When the TSR value is too small, it means
that rotors are too slow compared to wind speed
and do not use the full potential of the available
kinetic energy of the wind. Conversely, when
the TSR value is too high, rotors rotate too fast
and there may be losses due to shading effects
or overloading of the turbine. The optimal TSR
value varies in the type and design of the wind
turbine as well as wind speed. In practice, differ-
ent turbine models and sizes have different ranges
of optimal TSR values. Optimizing TSR is a key
aspect of wind turbine design to achieve its maxi-
mum performance and efficiency in operation.

Most of the wind turbines in use today are
shown in Figure 2 by their rotor power coefficient
and tip-speed ratio. As can be seen in the chart, the
theoretical power coefficient which limits in ad-
vance the possible performance of wind turbines is
also presented. The presented solutions have some
disadvantages due to their design, so each type of
the turbines covers only a part of the chart’s field.
As can be seen, HAWT turbines are located in this
statistic in the range of the larger values of the ver-
tical and horizontal axes, while VAWTSs are in their
range of the fields closer to the smaller values.

The advantages and disadvantages of vertical
turbines are summarized [12]. Among the advan-
tages of vertical-axis wind turbines (VAWTs) are:
e flexibility to wind direction: VAWTs are more

flexible than traditional horizontal axis wind

turbines (HAWTSs) in responding to changes
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Fig. 2. Rotor power coefficient and Tip-Speed Ratio relationship
graph for different wind turbine design solutions [11]

in wind direction. They can operate efficiently
even in variable and unpredictable winds.
small footprint: VAWTs occupy a smaller hor-
izontal footprint than HAWTs, which makes
them more suitable for installation in space-
constrained areas such as urban rooftops, ur-
ban areas or low-wind sites.

low noise emissions: compared to HAWTS,
VAWTs typically generate less noise dur-
ing operation, which can be advantageous in
terms of public acceptance and noise sensitiv-
ity around turbines.

a capability to operate at low wind speeds:
VAWTs tend to start operating at lower wind
speeds than HAWTs, so they can use winds of
lower strength to generate power.

On the other hand, the disadvantages of verti-

cal axis wind turbines (VAWTs) include:
e Jlowerefficiency: VAWTs, compared to HAWTs,

tend to have lower efficiency, which means that
they convert less energy into electricity. Their
aerodynamics are more complicated, which af-
fects overall efficiency.

complicated design: VAWTs can be more costly
to manufacture and maintain and require more
advanced technology and materials due to their
more complicated blade and rotor design.
lower prevalence: VAWTs are less common in
the market compared to traditional horizontal
axis turbines.

impact on birds and bats: some studies indicate
that VAWTs may have a greater impact on birds
and bats compared to HAWTs because the spin-
ning rotor is closer to the ground surface these
animals often fly.
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In addition, each of the turbines must have

a power regulation system, and there are many
such solutions. Some of the most common meth-
ods of power regulation in VAWT turbines [13]
are as follows:

speed control (RPM): In this method, turbine
power is controlled by controlling the speed of
blades. Controlling the angle of attack or gear
angle can affect the turbine speed.

pitch control (angle of attack control): In this
method, the angle of attack of blades is adjust-
ed in response to changing wind conditions. If
the wind is too strong, the angle of attack can
be reduced to limit the speed and avoid over-
loading the turbine [14].

aerodynamic control: In this method, by us-
ing different shapes or additional elements on
blades, the aerodynamics of the turbine can be
adjusted, which affects the power generated
[15, 16].

electrical control: VAWT turbine power control
systems can be based on electrical control al-
gorithms that analyze data from wind and load
sensors, and then adjust the turbine’s operation
to achieve optimal performance [17, 18].
regulation by brake system: In the event of
extreme wind conditions or failures, brake
systems can be used to stop or reduce turbine
speed and minimize the risk of damage.
regulation by energy storage: In some turbine
systems, VAWT can be used to store energy
like in batteries or supercapacitors. Power
regulation can be achieved by adjusting the
amount of energy drawn from or transferred to
the storage system [18].
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The solution proposed by the authors is
based on the obtained patent Pat. 219985 - Ro-
tor with an adjustable position range of blades,
in particular for a wind turbine [19] and patent
application no. P.441386 - Wind turbine blade
angle adjustment mechanism with a variable
working surface [20]. The solution assumes the
combination of all the advantages of a turbine
with a vertical axis, and, characteristically, it
has an adjustable working surface. The benefi-
cial effect of the invention is that it is possible to
automatically change the angle of wind turbine
blades and obtain a variable working surface
depending on wind speed, but without stopping
the device. This makes the turbine more practi-
cal and reduces time required to operate it. The
adjustment mechanism also protects the turbine
from damage in the event of high-speed winds.
In the analyzed solution, it is possible to ob-
tain the maximum possible power of the wind
turbine in a wide range of rotor speeds, regard-
less of wind speed. This is possible because the
blade angle can be adjusted and thus the blade
surface area is changed. By changing the blade
angle, the turbine can adapt to required operat-
ing conditions and power. An additional advan-
tage is that the blades can be completely folded

180° 90°

in the event of strong winds. This protects the
rotor from damage and reduces the require-
ments for mast strength, which is beneficial in
terms of investment costs.

The VAWT consists of four double blades
mounted on axes and arranged around the cir-
cumference of the hub. The diameter of the
rotor is almost constant, and the height of the
rotor depends on the blade angle. It can range
from 206 mm (for 30°) to 700 mm (for 180°).
The rotor design of a turbine set at different
blade angles is shown in Figure 3. The design
of a single blade is shown in Figure 4, the dis-
tance of the blade tip from its axis of rotation
is 350 mm, its width is 250 mm, and thickness
is 50 mm.

MODEL DESCRIPTION

Geometry of the model

The full model of the vertical axis turbine
under study includes elements of mechanisms
whose influence on the aerodynamic charac-
teristics is negligible, and for this reason, the
turbine geometry was simplified to speed up
CFD calculations. Including these details in

Fig. 3. CAD model view of the wind turbine elaborated by the authors

Fig. 4. Turbine rotor blade
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the geometry would complicate the computa-
tional grid considerably and increase computa-
tion time. Due to the fact that the turbine ge-
ometry is symmetrical, the calculations were
made for one-half of the model. The blade
angle controls and the arms the blades are at-
tached with to the turbine stem were removed
as shown in Figure 5. The size of the compu-
tational domain for this case was: height (half)
1000 mm, length 2700 mm, width 1800 mm. A
similar study was conducted by the authors of
the publication [21].

The model of the turbine blade geometry
was placed in a space corresponding to the di-
mensions of the real wind tunnel, so it was pos-
sible to compare the simulation results obtained
with the results of tests conducted in the wind
tunnel, which is shown in Figure 6.

e Turbine domain, the cylinder inside which the
blade surfaces are tested.

e Ambient domain, the geometry of the wind
tunnel interior without the turbine domain.

Computational mesh

The computational mesh was generated using
the ANSYS MESH software. The preferences of
the mesh correspond to CFD calculations. It most-
ly consists of Tetrahedron elements, supplemented
by Prism/Wedge elements located in the near-wall
layer area. The grid is presented in Figure 7.

The mesh was generated using the following
settings given in Table 1. In order to reproduce
the effect of the wall layer effect for the surface
of the turbine blades and the wind tunnel wall, an
inflation parameter was given for these surfaces
shown in Figure 8.

The mesh was locally compacted in the tur-
bine blade area using the Body Sizing function
(Fig. 9). Then, in order to improve the smooth-
ness of the transition of the nodes of the densi-
fied mesh with the mesh present in the rest of the
model, the Face Sizing function was applied to
the area being separated by the meshes with dif-
ferent parameters.

The surface that is symmetrical was deter-
mined at the stage of creating the computational
mesh (Fig. 10). The resulting generated mesh
contains 2.8 million elements. The average ele-
ment quality parameter was 0.76196 with a stan-
dard deviation of 0.18239.

Table 1. Mesh setting data

Parameter Value
Relevance centre Coarse
Smoothing Medium
Transition Slow
Min size 1 mm
Max face size 30 mm
Fig. 5. Simplified model of the Max size 30 mm
turbine in CFD software Growth rate 1.2

Fig. 6. Ambient domain (left) and turbine domain (right)
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Blade Face Inflation
Inflation option: Total Thickness
Number of Layers: 8
Maximum Thickness: 1.2 mm
Growth Rate: 1.2

Wall Face Inflation
Inflation option: Smooth Transition
Number of Layers: 3
Growth Rate: 1.2

Fig. 8. View of the inflation near the blade surface (left), view of the inflation near the outside walls (right)

Body Sizing Face Sizing
Type: Element Size Type: Element Size
Element Size: 30 mm Element Size: 30 mm
Local Min Size: 1mm Local Min Size: 1mm

Fig. 9. View of the locations of the body and face sizing regions
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Fig. 10. Area of symmetry

Simulation parameters and course of study

The FLUENT module was used for the cal-
culations, working with the Double Precision
setting. The turbulence model used in the study
is K-omega in the SST configuration. This mod-
el was chosen because of its versatility and pop-
ularity. Boundary conditions that were selected
(Fig. 11) are:

e Inlet parameters: velocity magnitude: 10 m/s,
e Turbulence specification method: intensity
and length scale,

Turbulent intensity = 0.3%,

e Turbulent length scale = 0.03 m.

Simulation studies were performed only for
wind speeds of 10 m/s. It was done so due to
the fact that in the future these studies should
be compared with the experimental results. At
10 m/s of testing in the wind tunnel, we get
better characteristics, i.e. stable operation of
the turbine and we can more easily measure
the moment.

The motion of the turbine domain the tested
blade surfaces are located was defined as a rotary
motion with the rotational speed set for each case:
20 rpm, 60 rpm, 100 rpm, 140 rpm, and 180 rpm.
The turbine blade surface was defined as a Trans-
lational Moving Wall with a speed of 0 m/s, its
motion was defined by the parameter Relative to
Adjacent Cell Zone.

The simulation was run in a time step that
corresponds to two full rotations of the turbine
around its axis. The simulation time step was set
to correspond to a rotation of 2 degrees. For the
turbine model, the simulation needs 360 steps to
complete two full rotations.

The simulations were performed for four cas-
es of the turbine blade opening angle: 60°, 100°,
140°, and 180° (Fig. 12). Each case was tested for
5 different rotational speeds: 20 rpm, 60 rpm, 100
rpm, 140 rpm, and 180 rpm. A computer equipped
with an AMD Ryzen 7 5800H processor with 8
cores and 64 GB of DDR 4 RAM was used for
the calculations.

Fig. 11. Velocity inlet location (left) and pressure outlet location (right)
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180° 140° 100° 60°

Fig. 12. Four cases of the turbine blade opening angle

RESULTS AND DISCUSSION

Using the ANSYS FLUENT software, the
mechanical torque coefficient coarse for each
blade surface, pressure and velocity distribution
was obtained. Figure 13 shows the method for
obtaining the results. The plot shows momentum
coefficient values in relation to time. For every
case, the simulation time was set to match the
time which is needed for the turbine to make two
complete rotations. The series named Blade 1-4
shows the values of the momentum coefficient
for each of the four blades of the turbine in time.
Only the values corresponding to the second ro-
tation are taken into consideration. Preliminary
attempts were made to analyze the results at suc-
cessive rotations of the turbine. The value of the
torque at successive revolutions repeated itself
after second rotation, so it was decided to present

*Blade1l < Blade2 e Blade3

the results for the first two revolutions. The final
value is an average taken from the sum of mo-
mentum coefficient values for every blade mak-
ing one rotation.

Figure 14 shows the relationship between the
torque generated by the turbine blades to the ro-
tational speed of the turbine at a constant wind
speed of 10 m/s for various blade pitch angles.
The graph illustrates a non-linear decrease in
the torque values concerning the turbine rota-
tional speed. The highest torque, i.e. 4.8 Nm was
achieved at the lowest simulated rotational speed
of 20 rpm for the model with a blade pitch angle
of 100°. The torque values approach zero before
reaching a rotational speed of 180 rpm. For the
models with the blade pitch angles of 60 and 100
degrees, the torque value at 180 rpm decreased
to the range of +/- 0.1 Nm (approximately 2% of
the torque value generated at a rotational speed of

* Blade4 °© Sum @ Selected range @ Average

0 0.1 0.2

0.3

0.4 0.5

Time [s]

Fig. 13. Methodology of averaging the torque coefficient value from its coarse
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Fig. 14. Relationship between the torque generated by the turbine blades to the rotational speed of the turbine

20 rpm). In the case of a blade pitch angle =140
degrees, the torque value reached the maximum
investigated speed of approximately 0.7 Nm
(about 15% of the torque generated at a speed of
20 rpm). The chart shows that the values of torque
are relatively similar for the cases with the blade
pitch angles of 180°, 140° and 100°, while the val-
ues of torque generated by the case with a blade
pitch angle of 60° are noticeably lower.

Figure 15 shows the relationship between the
power generated by the turbine blades to the rota-
tional speed of the turbine at a constant wind speed
of 10 m/s for various blade pitch angles. The shape
of a graph resembles a non-symmetric parabolic
shape with the highest values in the middle and
declining further on the both sides. The theoretical
value of the power generated by the turbine equals
zero if the turbine does not rotate.

All courses depict a non-linear increase in the
power values for lower rotational speeds: 20 rpm,
60 rpm, and 100 rpm. The graph shows that for
100 rpm power generated is the highest for all in-
vestigated cases. After reaching the highest val-
ues for 100 rpm, we can observe a non-linear de-
cline in power generated for the rotational speeds
of 140 rpm and 180 rpm.

The highest value of generated power (40.5
W) was achieved for the case with the blade pitch
angle of 180° at the rotational speed of 100 rpm.
The maximum values of power generated for the
turbine with a blade pitch angle of 140° equals 35
W, a pitch angle of 100° equals 37 W and a pitch
angle of 60° equals 19.5 W.
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It is clear in the chart that the values of maxi-
mum power are relatively similar for the cases
with the blade pitch angles of 180°, 140° and
100°, while the maximal value of power gener-
ated by the case with the blade pitch angle of 60°
is noticeably lower.

Power values approach zero for the cases
with the blade pitch angles of 180° and 60° before
reaching the rotational speed of 180 rpm. For the
other angles, the maximum no-load speeds exceed
180 rpm. For models with the blade pitch angles
of 60 and 100 degrees, the power value at 180 rpm
decreased to the range of +/- 2 W (approximately
1% of the power generated at 100 rpm).

In the case of the blade pitch angle of 140 de-
grees, the power value reached the maximum in-
vestigated speed was approximately 12 W (about
34% of the power generated at 20 rpm).

Figure 16 shows the relationship between the
torque coefficient and the rotational speed of the
turbine. The waveforms have a similar shape to
the torque waveforms. The maximum value of
the torque coefficient was reached for the angle
of 100 despite the fact that the maximum torque
occurs for 180 degrees. This is due to the fact that
the torque coefficient relates to the swept area
which decreases with the blade angle. The wave-
form for 60 degrees does not differ from the oth-
ers, as is the case with the torque waveform. It
follows that it is proportional to the swept angle.
The torque coefficient waveforms show that the
turbine operates most mechanical efficiently for a
swept angle of 100 degrees.
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Fig. 15. Relationship between the power generated by the turbine blades to the rotational speed of the turbine
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Fig. 16. Relationship between the torque coefficient and the rotational speed of the turbine

Figure 17 shows the relationship between the
power coefficient and the rotational speed of the
turbine. The shape of the waveforms is similar to
the power waveforms. However, the maximum
value of the power coefficient was reached for an
angle of 100 despite the fact that the maximum
power occurs for 180 degrees. This is due to the
fact that the power factor relates to the swept area
which decreases with the blade angle.

All waveforms have similar values, even the
one for 60 degrees does not differ from the rest,
which is due to the reduced swept area. The power
coefficient tells us about the mechanical efficiency
of using the available wind power. The highest

rotor mechanical efficiency was obtained for the
100-degree setting angle, as the maximum power
factor value of 0.082 was achieved for this angle.
Figure 18 shows the torque generated by a single
blade during a single rotation for a blade angle of 100
degrees for different rotational speeds. The graph re-
sembles a sine wave in shape, i.e. there is one mini-
mum and one maximum. Intuitively, it would seem
that the highest torque would occur when the blade
is positioned perpendicularly to the concave sur-
face against the wind (for a rotation angle of 720),
while the lowest torque would occur when the blade
is positioned perpendicularly to the convex surface
against the wind (for a rotation angle of 540).
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Fig. 17. Relationship between the power coefficient and the rotational speed of the turbine
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Fig. 18. Torque generated by a single blade during a single totation for the rotation angle of 100 degrees
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Fig. 19. Torque generated by the turbine rotor in a single rotation for a rotation angle of 100 degrees
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In fact, the maximum value of the moment
was observed about 20 degrees before reaching
a rotation angle of 720, while the minimum value
occurs about 20 degrees after reaching a rotation
angle of 540. This phenomenon is probably due to
aerodynamic interference with the other blades.

At the angle ranging from 420 to 510, when
the blade approaches a parallel position (450 de-
grees) to wind direction at the position furthest
from the inlet, disturbances in the torque wave-
form were observed for all speeds. This is due to
the fact that the airflow reaching the blade is dis-
turbed due to the transition between the other tur-
bine blades. The largest disturbance was observed
for 20 rpm (rotation angle of 500 degrees). It
positively affects the value of the average torque,
causing an increase in its average value.

Figure 19 shows the total torque generated by
the turbine rotor in a single rotation for the rota-
tion angle of 100 degrees for different rotational
speeds. In the chart, we can see a recurring pat-
tern that repeats 4 times in a single rotation. This
is due to the number of turbine blades. The torque
extremes for different speeds are not reached for
the same rotation angle. It was observed that the
extreme values occur for similar angles as for a
single blade (Fig. 6). As the speed decreases, there
is greater irregularity of the waveform (waviness)
and greater amplitude of the moment. The torque
waveform for 20 rpm is clearly different from the
other waveforms. Its maximum value is observed
when the turbine blades are set at an angle of 45
degrees into the wind.

Figure 20 shows the distributions of veloc-
ity, pressure and waveforms in a section of 0.05
m from the plane of symmetry. For each veloc-
ity, the rotation angle for which the maximum
torque value was reached was selected. The
distributions help explain the factors behind the
maximum value. For the case of 20 rpm, we ob-
serve a number of phenomena that contribute to
the value of the torque generated:

e The largest contribution to torque generation
is the high-pressure zone which was formed
on the concave part of one of the blades (A)
resulting from the decreasing velocity of the
airflow coming directly from the intake.

e At the edge of the blade (B), we can observe
a high velocity of air flowing around the edge
of the blade which then flows along the con-
vex part of the same blade. This causes a re-
gion of negative pressure, which increases the
moment.
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e The air passing the edge of the blade at the
point (B) flows onto the concave surface of the
next blade decreasing the velocity, resulting in
a region of the positive pressure (C).

e A stream of air flowing at high velocity be-
tween the blades near the turbine axis (D) is
also observed. This stream flows around the
convex surface of the blade causing negative
pressure which results in a decrease in the re-
sistance of the blade moving against the wind.

The distributions for the other cases (speeds: 60,
100, 140 and 180 rpm) are similar in nature. The
most important phenomenon affecting the value of
the generated torque is the high-pressure zone.

CONCLUSIONS

In conclusion, the article provides a overview
of vertical axis wind turbines (VAWTs) and con-
siderations on their various designs. The key find-
ings can be summarised as follows:

1. The study demonstrates that the power genera-
tion of mechanical efficiency of the VAWT is
highly sensitive to the blade pitch angle. An
optimal blade pitch angle of 100° at a rotational
speed of 100 rpm generates the highest power
output, which emphasizes the key role of pre-
cise aerodynamic configurations.

2. The torque and power coefficients exhibit
non-linear relationships with rotational speed,
which indicates complex aerodynamic inter-
actions between the turbine blades and the
incident wind flow. This fact emphasizes the
importance of understanding and optimizing
the rotational dynamics for efficient power
extraction.

3. The analysis of torque distribution in a single
rotation reveals the instances of aecrodynamic
interference between turbine blades, particu-
larly in the range from 420 to 510 degrees.

4. The investigation into torque and power coeffi-
cient waveforms demonstrates that the VAWT
operates most mechanical efficiently at a swept
angle of 100 degrees. This finding suggests
that maximizing the swept area while consider-
ing aerodynamic factors is critical for achiev-
ing optimal mechanical efficiency.

5. The CFD simulations elucidate specific aero-
dynamic phenomena, including high-pressure
zones on the concave blade surface, airflow
dynamics at the blade edges, and airflow frame
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effects between turbine blades that contribute
to torque generation. Understanding these phe-
nomena provides insights into the aerodynamic
principles governing turbine performance.

6. The proposed patented solution of adjustable
blade angles proves to be an innovative ap-
proach for optimizing turbine performance in
varying wind conditions. The capability to au-
tomatically adapt blade angles without halting
turbine operation makes the turbine more prac-
tical and resilient to changing environmental
conditions.

7. While VAWTs present advantages such as flex-
ibility to wind direction and a smaller footprint,
the study acknowledges challenges, including
lower mechanical efficiency and complicated
design. Addressing these challenges through
ongoing research and technological advance-
ments presents opportunities for improving
VAWT viability in diverse settings.

8. The study underscores the importance of con-
tinued research to refine VAWT designs, op-
timize control systems, and mitigate potential
environmental impacts. Future investigations
should focus on scaling up these innovations
for real-world applications and assessing their
performance in varying wind regimes.

9. Analyzing Figure 15, it can be observe some
unpredictable trends in the results obtained.
The highest power is obtained for an angle of
180°, then for 100° and then 140°. It has to be
noticed that more angle does not mean more
power. In addition to the surface area of the
blade, the shape of the blade changes, and
with it the drag coefficient. At 180°, the highest
power was obtained, but the blades are more
vertically aligned than at smaller angles and
the drag coefficient is higher when moving
upwind. Besides, aerodynamic interference be-
tween the blades affects the pressure distribu-
tions on the individual blades.

The capability of the rotor of the proposed
wind turbine to regulate power by changing the
blade angle was demonstrated. The maximum
power factor was obtained for an angle less than
the maximum (180°), which may indicate a sub-
optimal blade shape. Optimization of the blade
shape to increase the power factor for the maxi-
mum swept area (180°) can be mentioned as pos-
sible future work.

The results obtained should be confirmed by
wind tunnel tests. The characteristics of a rotor

equipped with an angle adjustment mechanism
and other necessary components for operation
such as a generator and a mounting mast, will dif-
fer from those obtained in simulation studies.

In summary, the scientific insights from this
study contribute to the evolving field of vertical
axis wind turbines, shed light on intricate aerody-
namic interactions and propose innovative solu-
tions to enhance mechanical efficiency and adapt-
ability of turbines.

The efficiency value of presented turbine is
small compared to other VAWT turbines, but
the turbine has other advantages mentioned in
the article. In the future, more research will be
conducted to optimize the shape and operation of
the turbine, which we hope will translate into in-
creased efficiency.
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