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ABSTRACT. The need to increase the energy efficiency and energy harvesting of vertical axis wind turbines is growing as
a consequence of the quick expansion in the energy sector. Therefore, it is crucial to comprehend how a turbine operates. In
this study, the more often used VAWT—vertical axis wind turbine—has been experimentally evaluated. Various
performance graphs have been produced as a result. At various wind speeds, S1014 and S1020 airfoils are employed. Aspect
ratio and angle of attack were noted, and the performance of the turbine was investigated in relation to the impact of the
current produced by the turbulence generating plate. The subsonic wind tunnel setup utilized during the testing consisted of
a 15 W DC motor and a 0.1 Nm torque meter. The findings demonstrated that the S1014 type blade profile was more efficient

and boosted performance of the two types.
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1. INTRODUCTION

One of the most important issues of the current era, perhaps
the most important is solving energy problems. It is
gradually shifting towards sustainable energy due to energy
diversity, reduction of fossil fuels, extraction costs and
emission values to the environment. Therefore, there is a
need for technologies that can obtain energy from nature
that do not pollute the environment. Among these
resources, wind power is developing rapidly and its usage
area is increasing. Even in the future, the decrease in the
production cost of the turbines per unit rather than the
efficiency will be decisive for the use of this energy source.

The applications of small-scale wind turbines for electricity
generation in rural areas are increasing. Naturally, both
academic studies and commercial productions in this field
are still increasing rapidly [1]. In general, wind types are
divided into two as horizontal and vertical.

Although horizontal axis turbines are based on the principle
of lift, they require relatively higher wind speeds. Vertical
Axis Wind turbines, VAWTSs are used for low-speed and
low-noise areas for non-urban living spaces [2,3]. On the
other hand, these systems can be installed to building in city
center or special structures [4]. In some cases, researchers
can place turbines in different locations. Krishnan and
Paraschivoiu [11] wused to obtain performance
characteristics of rooftop vawt. They showed that the
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design of diffuse-shaped shroud provides high coefficient
of performance. This type of turbines not only require lift
but also works with drag force. VAWTS can be analyzed in
three parts as Savonius, Darrieus and Helical [5,6]. It has
been observed to be very effective in self-starting the
Savonius-type turbine [7] and produces their torque at low
angles of attack [8]. Darrieus was found as VAWT in the
1920s by F. M. Darrieus based on the principle of airplane
aerodynamics. This principle includes different profile
shape between upper and lower surface of the blade which
caused lifting force by pressure difference [9]. VAWTSs are
unfortunately quite unsuccessful in self-starting. In order to
overcome this, some studies that are used in combination
with darrieus turbines are available [10]. In addition,
because of the disadvantages of Darrieus VAWT over high
performance and traditional horizontal axis wind turbines,
the VAWT workspace is limited to unstable wind
environments and analysis systems are complex [1].

Many studies have focused on increasing the VAWT's
performance. [17-22]. These upgrades may primarily be
divided into three groups: optimizing [23-25], adding a
device [26-28], and utilizing aerodynamic interaction [29—
33]. Experimental investigations have looked at
performance factors in other research [12-16]. Their
experimentation with several blade types suggests creating
a hybrid turbine.
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The conflicting results of the recently published and
previous research indicate that the VAWT rotor blade
aerodynamics and kinematics are still not fully understood
under changing wind conditions.

In this study, our aim observes the effect of turbulence on
Vertical Axis Wind Turbine, VAWT and performance
characteristics with two different blade profile. Many
parameters were altered such as Angle of Attack, AoA,
Aspect ratio, H/D, free stream velocity, Uz. Comparisons
were made with bare case and turbulent flow regime.
Graphics are generated in TSR versus coefficient
performance, Cp. Also, solidity effect was investigated.
The experimental strategy is defined in Section 2, the
results shown in Sections 3. In the last part, a short and
concise summary of the whole study is given.

2. MATERIALS AND METHODS

This portion of the article goes into depth about the tools
used in the wind tunnel and all the methods utilized to test
and record VAWT performance. In this study, power output
and other characteristics were examined with turbine
blades. All experiments were done both in the Erciyes

University, faculty of aeronautics and astronautics,
subsonic wind tunnel and Nigde Omer Halisdemir
University, Mechanical Engineering  department

aerodynamic flow control laboratory. Wind tunnel cross
section has 570 x 570 mm dimensions at the entrance to test
region and expands with 30 to kept constant the static
pressure along the 1800 mm. 15 kW fan can reach 33 mm/s
wind speed at the empty status. This subsonic wind turbine
setup can be seen in figure 1.

Two different blade profiles (51014, S1020) were used
during the experiment. The span length, diameter of
turbine, angle of attack, flow regime was altered in order to
obtain power output by changing the electronically load.
Rigol DL3021 brand device was used for this loading as
shown in figure 2. Burster torqumeter was connected
between turbine shaft and 15W Maxon DC motor.

Fig. 1. General view of the test facility.

8 channel Oros datalogger was used to collect data 1000
sampling frequency. Free stream wind velocity, Ug, was
measured at each case to minimize error due to the
existence of turbine in the test section. Because, any
obstacle in the test section can be caused 20% reduction on
the free stream flow velocity.
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Fig. 2. Electronical load and data logger used during the
experiment.

2.1 Turbine

The VAWT which is investigated consist of three bladed
rotors as demonstrated in figure 3. Side view of the turbine
demonstrated at a and top view of it is at b. Turbine shaft is
fixed by bearing from the lower and upper parts of the test
area. The height of the blades, H and diameter of turbine, D
varies between 270-360 mm and 180-270 mm respectively.
As a result, aspect ratio, H/D=1, 1.5 and 2 values are
obtained. The blade chord has been adjusted to 60 mm and
has not been changed in all turbine structures. Aluminum
struts of 3 mm thickness and 15 mm width were used to
connect the blades to the shaft. All metal parts were
constructed with laser cutting when blades produced in 3D
printer with PLA filaments.

Although different miles were used for turbine, most of
them caused uncertainty during rotation. However, carbon
shaft that is best choice minimizes vibration, especially at
high rotation speeds, resulting in more reliable results. The
air entering the test zone rotates the turbine
counterclockwise. As is known, this is about the positioning
of the blades.

Diameter,
D (mm)

Blade 3

Blade 1

Blade 2
s

Blades

/Ro(ation

Height, of the : :
blade ‘\6 4 . Wind Direction
H (mm) g

b)

Fig. 3. Side view of the turbine a) and top view of the
turbine b).

Figure 4 shows the details of connection struts and turbine
blades. It has 120 mm diameters and 10 mm inner hole.
There are four holes with a diameter of 3 mm each to screw
the struts and plate together. Holes are specified from ato z
with an angle of 5 degrees between them provided that only
a-b is aligned. At each hole change, the blades have an
angle of attack of 5 degrees. This produced part makes it
very easy to give the turbine blades the angle of attack. At
the same time, it minimizes the margin of error that may
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occur when angling the blades. Moreover, the figure 4
presents the profiles of the blades used in the experiment.

Diameter, D.=120 mm

$1014

$1020

Shaft Hole

Struts

O
e O_'QO.O_\
O\ D,=10 mm

Bolt/Nut Holes

Fig. 4. Details of the connection plate and profile of
blades.

2.2 Test Facilities
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A typical VAWT operates at low Tip Speed Ratios, TSR.
For this reason, the wind speed has been tried to be kept in
the closest possible range. In current experiment, the
incoming flow speed was adjusted in the range of 4-9 m/s,
and the inlet turbulence intensity is less than 1% normally
when there is no vortex generator. The turbulence grid
made from the metal material is located 350 mm from the
front of the turbine. The main criterion for the grating's
effect on flow is the porosity, B. This value can be
calculated in equation 1 as given below. The porosity ratio
was calculated according to equation 1 and it has 52%.
Figure 5 represents the schematic view of the test set-up.
The wind flow passes through the grid and reaches the
turbine at a certain distance. d, expressing the turbulator
diameter, was determined as 25 mm.

M

Grid

-«
-
-«

Flow Outlet

Flow Inlet

= _, Vertical Axis Wind Turbine,
v, VAWT -

OOOOTTOD

OO

Fig. 5. Schematic representation of the test set-up and grid.

In order to calculate turbulence at first fluctuation flow
velocity must obtained. Using this velocity value equation
2, Root Mean Square of these, ums is obtained and
turbulence intensity can be calculated by equation (3).

_ n (Ui_lT)Z
urms - i=1

O]

n-1

Tu(%) = ”TT;"S x 100 (3)
Where U is free stream flow velocity.

During the experiment effect of the solidity ratio, S was
investigated and compared in figure 12 and figure 13 for
S1014 and S1020 respectively.

2.3. Determination of DC motor efficiency

In order to determine the efficiency of the DC motor in the
experiment, combine system was used as shown below in
figure 6 at Nigde Omer Halisdemir University Lab. To
explain the parts specified, number 1) Control panel, 2)

Driver of the control panel, 3) Electronic load, 4) Data
logger, 5) DC motor, 6) Torqumeter, 7) Laser Tachometer
and 8) Electric motor. Figure 6b shows a detail illustration
of the apparatus's overall perspective and is circled in red.

5) DC Motor 7) Laser Tachometer
6) Torqumeter 8) Electiric Motor

1) Control Panel 3) Electronic Load
2) Driver 4) Data Logger

Fig. 6. Determination of DC motor efficiency set-up.

By changing the frequency through the control panel, the
electric motor can be adjusted at the desired speed. In this
step, motor rotation speed is set between 300 and 1800 rpm.
The appropriate load is given according to the voltage value
produced by the dc motor corresponding to each revolution.
10.000 number of samples were taken during the 10
seconds interval with 1000 sampling frequency per channel
at the Oros data logger. These collected values were
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averaged and an attempt was made to produce more precise
and more accurate results. 5V input range was set to
improve the accuracy of our results and 55P11, 1D probe
was used to get only voltage as output.

3. RESULTS AND DISCUSSION

In this paper, the investigation of chord lengths, Angle of
Attack, Aspect Ratio and presence of grid for the airfoils
(S1014 and S1046) is done to get maximum output power
from the wind turbine. When using two different airfoils,
three different H/D ratios were formed with these blades,
the blades connected to the system were tested at three
different angles of attack with 0, 5 and 10 degrees and six
different wind speeds varying between 4-9 m/s.
Comparisons are made by repeating the same values of all
these obtained values under turbulent flow.

The H/D for both blades in figure 7 can be regarded. At
various flow velocities, this graph developed versus the
coefficient of performance, Cp. As in this graph,
complexity has been avoided by using the common value
on the y axis in almost all other graphs. It is stated in figure
7 that as the H/D ratio increases, the performance
coefficient increases, it is maximum at 1.5 and then
decreases. The Cp value does not have a similar or specific
relationship with the increase or decrease of wind speeds
within the two wings. The only common situation is that it
reaches its highest value at 1.5 H/D as mentioned earlier.
Therefore, some graphs were created for 1.5 H/D ratio
while other comparisons were made.

TSR versus Cp values were demonstrated in figure 8 at six
different wind velocity. This comparison was made under
the turbulence less than 1%. Although TSR (from 0.35 to
1.5) increases slightly as wind speed increases, the
maximum Cp value has approximately the same values at
4, 5 and 6 m/s wind speeds. The highest Cp value was
obtained at a speed of 8 m / s. In addition, wind speeds of
7, 8 and 9 m/s vary between 1 and 1.55 TSR for S1014.
Similar trend applies to S1020. but has a lower performance
curve than S1014. It has been observed that the Cp values
change relatively less with the change of wind speed.

Energy, Environment and Storage (2024) 04-01:5-12

1014 $1020 ==
——
0.159 - —9= \'
i -
uh:(),l- =8 /\ —©
0.054 / :
05 1 s 2 05 i s 2
HD HD
Fig. 7. Graphics of H/D ratios both S1014 and
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Fig. 8. Graphic of TSR versus Cp at different flow
velocities.

Produced voltage, V (on the left), rotational speed, ® (in
middle) and power, P (on the right) against to wind velocity
for S1014 and S1020 were compared in figure 9 and figure
10 respectively. The red lines denoted by the square symbol
in all figures indicate that turbulence is zero, and the green
marked with a triangle means that turbulence corresponds
to 5 percent. The purpose of expressing that turbulence is
zero at this point and as shown in all graphs beyond is to
express that it is below 1 percent. In other words, it is not
working under zero turbulence, but a minimized state of
turbulence in the wind tunnel. It is obvious that with
increasing wind speed, all other outputs increase. Although
the effect of turbulence seems to be small, change amounts
are given for three separate points in the Ug-P graph.
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Fig. 9. Produced voltage, V, rotational speed, ® and power, P against to wind velocity for S1014.
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Fig. 10. Produced voltage, V, rotational speed, ® and power, P against to wind velocity for S1020.

In order to compare the power curves obtained under
various angle of attack conditions, both turbulent and low
turbulence conditions are plotted in Figure 11. S1014 blade
profile is located on the left side of the graphic, while S1020
on the right. While the S1014 operates in the wider TSR
range, the S1020 changes in the narrower. Increasing the
turbulence for each velocity value has a positive effect on
the performance coefficient. While the 5 and 10 degree of
attack. Similar behavior was seen by S1014, although
S1020 showed various differences, leading experts to
conclude that 10 degrees was preferable. This is particularly
evident at a free stream flow velocity of 8 m/s. Although
the net Cp values at 8 m/s wind velocity are higher in
S1014, the rate of increase is almost 23% and they are very
close to each other.

0.2:

S1014

[s1020

0.184

0.16

0.14 1\ E

Fig. 11. Representation of TSR versus Cp according to
Angle of Attack, AoA.

Figure 12 and figure 13 are related to the solidity ratio and
is determined according to the aspect ratio. The effect of
Solidity, S was evaluated by plotting the power curves for
S$1014 and S1020 in figure 12 and figure 13, respectively.
Solidity of the wind turbine can be calculated from the
equation 4 as shown below.

s== @)
Where;
N is number of the blade, ¢ is chord length and D is diameter
of the turbine rotor.
It behaved differently at lower TSRs as a result of the
increase in solidity. As can be understood from the
turbulent situation with green lines and supporting figure 7,
the maximum Cp was observed at S = 0.29, in other words
at H/D=1.5. As the solidity rate increases in the S1020

profile, it shifts the operating range towards the lower

[ &) 0.124 -
011 . region, although it does not narrow the working zone. Also
S E proportionally, again at H/D = 1.5, there is the highest Cp
0.06 e | .
ool | change especially for S1020.
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Fig. 12. Presentation of TSR versus Cp at different solidity for S1014.




Osmanli et al.

0.2

Energy, Environment and Storage (2024) 04-01:5-12

S$1020
H/D=1,5
$=0,29

1[s1020
0.184 [H/D=1
11s=0,22

0.16+

—8— Tu=0
A Tu=5

0.144

A, 0.12
O

TN NI NEAES SREE R

—8— Tuw

—f— Tu=0
A Tu=5

A Tu=s

TR WIS SIS R

T
1.8 2 s sk

— T T T — T T T T
1.6
TSR

T
1.6
TSR

Fig. 13. Presentation of TSR versus Cp at different solidity for S1020.

Figure 14 contains all wind speed values (from 4 to 9 m/s)
and allows comparisons with each other for both profile
with presence of turbulence or not. To investigate the
influence among the three parameters (turbulence, blade
profile and wind velocity) only changes CP of each curve
versus TSR is presented. green and red lines show S1014
while blue and turquoise colored lines represent S1020. It
can be clearly seen that the increase in wind speed increases
the Cp value, but it is observed that it does not change
linearly when viewed as a ratio. Also, it is possible to obtain

Cp close to 0.20 with increasing wind speed. At the same
time, the increase in wind speed has narrowed the TSR
range in which the turbine operates. As with all other
graphs, this graph proves that the effect of turbulence is
definitely positive for the performance coefficient. There is
a dependence between Cp and TSR and it is an undeniable
fact that turbulence has a positive effect on different blade
models even though it has a different effect on this
dependence.
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Fig. 14. Presentation of TSR versus Cp at different free stream flow velocity

4. CONCLUSION

Understanding the physics of air flow remains complex.
Therefore, harvesting from wind energy could not reach the
desired level. Researchers, engineers and scientists have
many studies on this subject. If production and accessibility
costs can be reduced rather than high performance, it will

be seen among alternative and renewable energy sources in
many parts of the world.

In this study, the performance of wind turbines designed
according to two different blade profiles has been
investigated by changing the different parameters in
turbulent and low turbulence conditions. The findings
obtained have been listed below.
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i. Two different blade profiles called S1014 and S1020
were produced in the 3D printer and used in the turbine.

ii. The rotor diameter, D was changed by keeping the
turbine height, H constant and three different H/D ratios
were determined as 1, 1.5 and 2.

iii. Chord length was kept constant as 60 mm. Therefore,
only aspect ratio influenced on solidity, S.

iv. Three different angles of attack, AcA=0, 5, 10 have
been examined.

v. Six different free stream flow velocities ranging from 4
to 9 m/s have been set.

vi. The vortex generator with 52% porosity value, B was
placed in the test area and all experiments were carried
out both with low and high turbulence levels.

. For both blade types, the highest Cp value was observed
at the level of H/D=1 and therefore at S=0.29.

viii.Overall, the S1014 performed better in almost most
experiments.

ix. Since the grid used makes the flow on the turbine
distorted, fluctuated and turbulent, it has increased the
performance coefficient.

In the future, it is planned to examine the aerodynamic
performances of the modified blade, and it is also
planned to conduct studies in a wider sense using
optimization algorithms.
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Nomencleature

H : | Height of Blade (mm)

D : | Diameter of Turbine (mm)

D : | Diameter of Grid Hole (mm)

H/D . | Aspect Ratio (-)

X : | Grid Distance (mm)

Cp : | Power Coefficient (-)

2 : | Tip Speed Ratio (-)

T : | Torque (Ncm)

n : | Number of Revolution (rpm)

S . | Solidity (-)

Ls : | Strut Length (mm)

Ug . | Free Stream Velocity (m/s)

o . | Angular Velocity (rad/s)

R : | Radius of Turbine (mm)

Dc : | Diameter of Connection Plate (mm)
Dn Hole Diameter on Connection Plate (mm)
AoA | : | Angle of Attack (Degree)

C : | Chord length of blade (mm)

p . | Porosity (-)

u' . | Fluctuation Velocity

Tu Turbulence Intensity

Urms Root Mean Square of Velocity Fluctuation
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