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The object of research is the shape of the 
blade of a vertical-axis installation. The problem 
solved in this work is to find the optimal shape 
of the blade for a wind power installation for 
operation at low wind speeds or in areas where 
its flow is limited. In the course of the work, the 
interaction between each blade option and the 
wind flow depending on the shape of the blade 
was considered. With the help of a reduced 
model of the wind turbine, a flat blade, a blade 
with a «pocket», and a blade with a «pocket» 
and a slit were tested. The test results prove the 
effectiveness of the designed and manufactured 
blade with a «pocket» and a slit. This was con-
firmed by the study results, according to which, 
during the experiment, the number of revolutions of 
a wind turbine with blades made with a «pocket»  
and a slit was the largest. In comparison with 
flat-shaped blades, the increase was 20 %, and, 
in comparison with blades with a «pocket», 
the increase was 10 %. In order to compare 
wind turbines that have flat-shaped blades and 
blades with a «pocket» and a slit, experimental 
studies and calculations of the power factor Ср 
were carried out. A flat-blade wind wheel has 
Ср1 = 24; a blade with a «pocket» – Ср2 = 52.9;  
a blade that has a «pocket» and a slit – Cp3 = 58.7. 
Therefore, one can assume that the power ge ne-
rated by the wind wheel with the above blades 
is also the largest, Р3 = 98 W, compared to two 
other shapes of blades: flat, P1 = 32.3 W; with  
a «pocket», Р2 = 88.2 W. It would increase during 
the test time from zero speed to reaching a con-
stant rotational speed.

The studies confirm that the wind wheel, 
which has blades with a «pocket» and a slit, has 
the highest speed of rotation over the entire period  
of time when measurements were performed
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1. Introduction 

The increase in the scale of electricity generation by al-
ternative energy systems is a common trend. Wind turbines 
are one of the types of such systems and, moreover, are one of 
the most widespread types.

Wind energy is free, so the possibility of using it to gene-
rate electricity is fully justified. However, there is not always 
the presence of the necessary wind speed or wind speed in 
general so that its energy can be transformed into electrical 
energy. This is due to climatic conditions, as well as the loca-
tion of the installation in the territory where there will be re-
strictions on the operation of the wind flow. Such restrictions 
may be facilities, buildings, vegetation, etc.

Therefore, research from the point of view of finding the 
optimal design of the installation for working at low wind 
speeds is an important issue.

In addition, it should be noted that certain territories 
are characterized by certain climatic characteristics. Quite 
a large number of areas have low and medium wind speeds, 
which affects the possibility of obtaining a large amount of 
energy at wind turbines.

Designing a system capable of operating at low wind 
speed is one of the tasks for many manufacturers of alterna-
tive energy systems, both in a particular country and around 
the world.

Wind turbines with a vertical axis of rotation have a sig-
nificant advantage over wind turbines with a horizontal axis 
of rotation – they do not require orientation to wind direction.  
But installations with a vertical axis of rotation need a cer-
tain start to work.

Slowness is one of the signs of wind turbines of this 
type. For use in such installations of electric generators as 
a converter of mechanical energy of a windmill into electrical 
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energy, it is necessary to use a gearbox or multiplier. Such ad-
ditional equipment complicates the structure and affects the 
increase in the mass and size of the wind generating unit. Also, 
the use of a gearbox or multiplier increases the torque that 
must be developed by the wind wheel during start-up and 
during operation. Therefore, for vertical-axial wind turbines, 
it is necessary to increase the torque that the wind wheel 
develops. This problem must be solved at the design stage of 
the blade structure and when determining their number. It is 
also necessary to improve the starting system of such wind 
turbines, which will allow them to be launched at low wind 
speeds. To this end, it is necessary to reduce the starting load 
torque that the wind wheel must develop when starting.

Optimization of plants and development of new models 
aim to improve the quality of the process being executed. 
Among the possible options is the design of a new blade shape 
for the installation. By changing the structure of the instal-
lation, the torque that the wind wheel develops increases, its 
rotational speed increases. 

The blades are one of the key components of a wind 
power plant. The utilization rate of air flow Ср, at the same 
size for different blade shapes, is different, which leads to 
different values of torque that the wind wheel can develop. 

In this regard, designing a wind turbine with a vertical 
axis of rotation, in which the blades could significantly im-
prove starting, is an urgent issue. This also requires appro-
priate research in order to design an installation for working 
at a low-speed wind flow.

2. Literature review and problem statement

The pace of development of energy systems in various 
industries today require considerable attention, putting 
forward a number of requirements for designers [1]. This is 
due to energy saving at enterprises, residential and industrial 
facilities. When operating modern equipment and machinery 
at processing enterprises, energy-intensive processes are used 
to obtain products of raw material treatment [2]. By calcu-
lating reasonable volumes of energy consumption and achiev-
ing them, by optimizing heat transfer between processes, 
methods of energy supply, and improving the characteristics 
of technological processes [3, 4], it is possible to determine 
the amount of energy required for production. Accordingly, 
it is possible to apply a similar amount of renewable energy 
sources that have high efficiency. Secondary energy sour-
ces are necessary in the study of man-made impact on the 
environment, through the use of chemical compounds and 
reagents. Technological processes in the chemical industry, 
as a rule, require a large amount of energy. One of the ways 
to reduce the energy dependence of such enterprises is the 
use of alternative energy sources, which should be highly 
efficient [5]. Saving the use of electricity in the areas of ser-
vice and management leads to the actualization of the issue 
of energy-efficient use of thermal energy. The introduction 
of measures for the use of secondary energy resources is the 
main direction of reducing the cost of maintaining premises 
and buildings [6]. Also, the issue of providing the population 
with a sufficient amount of electricity has always been quite 
acute [7]. Each of these requirements implies the develop-
ment of measures for energy saving and energy-efficient use 
of existing energy resources and the introduction of new 
alternative energy sources. The structures of such alternative 
energy sources need to be improved to increase their efficien-

cy of use. The considered alternative energy sources have  
a certain efficiency, which is necessary to increase through 
the use of new structural solutions [8, 9]. 

Improvement of wind power plants occurs by sophisticat-
ing the design of the wind wheel, control system, generator 
structure. This makes it possible to achieve more stable ope-
ration of the wind turbine but also leads to an increase in 
mass, which implies an increase in the material consumption 
of the structure as a whole [10, 11].

Wind power plants, depending on the position of the axis 
of rotation of the wind wheel, can be of two types. The first 
is with a horizontal axis of rotation, when the axis of rotation 
is parallel to the wind direction. The second is with a vertical 
axis of rotation, when the axis of rotation is perpendicular to 
the wind direction [12]. Studies of the optimal shape of the 
blades of the wind power installation were carried out on the 
basis of a wind turbine with a vertical axis of rotation of the 
wind wheel [13]. Among vertical-axial wind turbines, the most 
common are wind turbines with rotor types Savonius, Evans, 
Musgrove, and Darrius with a wind flow power utilization 
factor of up to 40 %. Increasing this indicator will significant-
ly increase the efficiency of wind generating plants [14, 15]. 
An important quality of the structure of wind turbines of this 
type is that they do not need orientation to the direction of 
the wind flow. Due to the geometry of the blades, such wind 
turbines are always in working position. The design of wind 
turbines with a horizontal axis of rotation involves changing 
the orientation of the wind wheel to the wind flow, which is  
a significant drawback of such structures [16]. 

However, for structures with a vertical axis of rotation, an 
initial start of the wind wheel at the start is necessary [17]. 
Another disadvantage of installations of this type is the low 
speed of the wind wheel. In this regard, there is a need to use 
gearboxes in the design of such wind turbines, which make it 
possible to increase the speed of rotation of the generator [18].

At the same time, installations with a vertical axis of ro-
tation are distinguished by simplicity of design and relative 
cheapness of the materials from which the blades are made. 
No need for orientation of the wind wheel in the direction 
of wind flow allows it to be used in places with a constant 
change in the direction of action of the wind flow. These 
can be areas that have obstacles, for example, buildings or 
structures [19]. 

With the development of technology and focus on the 
use of renewable energy sources, the issue of maximizing 
the use of wind, solar, water, and other alternative sources 
is actualized. That is, there is a tendency to get energy from 
these resources to the maximum as possible. One of the 
representatives of such energy is wind energy. The design, 
selection, and construction of wind turbines for areas with 
low wind speeds is associated with a number of technical and 
financial problems. And this, in turn, requires maximizing the 
efficiency of converting wind energy into electrical energy 
and minimizing the cost of power equipment [20]. In the vast 
majority of areas where wind turbines were researched, low-
speed winds prevailed. To study the structure of the wind 
generating plant, a multiparameter method was used in the 
cited work. The parameters included tip speed factor, power 
factor, lift, number of blades, and rim diameter. Studies have 
shown a significant impact on the performance of the wind 
turbine exerted by the number of blades and rim diameter.  
It was found that a twofold reduction in the number of 
spokes (from 64 to 32) in four investigated wind wheels with 
different rim diameters reduces the efficiency by 0.19 %.  
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This could reduce the purchase price by 42 %, the cost of 
installation work by 42 %, and weight by 28 %. A fourfold 
reduction in the number of spokes (from 32 to 16) reduces 
efficiency by 0.31 %, reduces installation and purchase costs 
by 35.5 % and 36 %, respectively. At the same time, the mass 
of the wind turbine decreased by 19.2 %. Studies were con-
ducted for one type of blade.

Improving the parameters of wind turbines is achieved 
in various ways. Paper [21] considers an installation that 
works by tilting the sail and using a flywheel. This flywheel 
is used to drive the generator. The installation consists 
of a sail, which is attached to the mast, and moves with 
a torsion spring. The oscillatory movement of the sail is 
converted into a rotating movement of the flywheel. In the 
course of the study, the equations of the dynamics of the 
wind turbine were derived, which were used to analyze the 
time characteristics of the installation. One can also improve 
the parameters of the wind turbine by connecting large 
flywheels to the rotor. Work [22] reports the modeling and 
control of such a system. The torque of the wind wheel with 
the flywheel is directly related to the generator rotor. The 
transmission has the ability to disconnect the turbine shaft 
from the generator shaft to ensure independent regulation of 
angular velocities. Thus, the quality of electricity generated 
by the wind turbine could improve as power fluctuations 
caused by changes in wind speed decrease. In the cited work, 
attention was not paid to the efficiency of converting wind 
energy into mechanical energy.

To increase the use of wind energy, the size of wind 
turbines is changed. This leads to tightening requirements 
for the design of wind turbines. Some of these requirements 
can be met by additional wind turbine control mechanisms. 
In [23], the mechanism is considered, which is a kind of 
hydropneumatic flywheel system in the rotor of a wind 
turbine. The composition includes two hydropneumatic 
piston batteries in the system of all rotor blades. The fluid 
in the batteries moves, alternately filling the blades. When 
it changes, their inertia also changes. Thanks to this system, 
power stabilization, fast frequency response, stabilization of 
the power supply system are achieved. In addition, it can 
reduce the load on the mechanisms of the wind turbine due 
to imbalance, the action of gravity on the blades, and the 
processes of emergency braking and vibration. The main 
direction of increasing the efficiency of a wind turbine is to 
increase its size, not the shape of the blades.

Modeling the streamlined shape of a wind wheel with 
rotating cylinder blades can also improve wind energy 
efficiency, especially for areas with low wind speeds. In 
paper [24], wind turbines with rotating cylindrical blades 
are considered. The advantage of such installations, in com-
parison with traditional blade installations, is the receipt of 
energy from the wind speed of 2–3 m/s and self-starting.  
A mathematical model of the vortex flow that rotates the 
wind wheel has been built. This model should be used at high 
values of the Reynolds number. The basis for the model is 
the Navier-Stokes level in a rotating system. For such blade 
shapes, the wind flow utilization ratio does not exceed 30 %, 
which is low, given that wind flow with speeds up to 3 m/s 
has potentially low power.

The number and shape of the blades affect the technical 
performance of the wind turbine. In [25], the influence of 
wind speed and fluctuations, the number of wind turbine 
blades on the power reached, is considered. The wind wheel 
was investigated in several variations of blades. The mate-

rial of the blades is wood. The results of the study showed 
that when the wind speed is less than 5 m/s, it is better to 
have a small number of blades, and, at a wind speed of more 
than 7 m/s, it is better to use a wind wheel with a large  
number of blades.

Studies that are carried out to optimize the design of 
wind turbines often lead not to a simplification of the design 
of the wind turbine but on the contrary, to its complication. 
In work [26], an installation with an auxiliary wind wheel, 
which is located on the same axis of rotation with the main 
wind wheel, is considered. The auxiliary wind wheel has 
8–12 blades and is used in a complete set of five types of mo-
dels of double wind turbines. Analysis of such models showed 
that double wind turbines can increase the use of wind en-
ergy. The best effect was shown by a double wind turbine 
with a 10-blade auxiliary wind wheel. When the wind speed 
is 3 m/s, compared to the original model, the power of the 
two-wheel installation is increased by 14.17 %, and the wind  
energy utilization factor is increased by 4.53 %. The wind speed 
in the area close to the base of the blades of the main wind 
wheel is relatively reduced, while in the area close to the top 
of the auxiliary wind wheel is relatively higher. The auxiliary 
wind wheel converts some of the wind energy, and therefore 
the kinetic energy in the keelwater is significantly reduced.

Wind turbines, with a horizontal axis of rotation of the 
wind wheel and with a vertical axis of rotation, can be con-
nected to a stationary air concentrator, which is performed 
with guide plates. This air concentrator is made using two 
cone-shaped cups with holes in the bottom of the cups. 
Between the cups are air duct plates and a rotor. This shape 
of the air concentrator forms narrowing channels in the 
horizontal and vertical directions [27]. The model was based 
on the task of creating a wind turbine in which it would be 
possible to increase the power and efficiency of its operation. 
Such wind turbines additionally require orientation relative 
to the direction of the wind flow.

Thus, wind turbines with a vertical axis of rotation of the 
wind wheel have a significant advantage over wind turbines 
with a horizontal axis of rotation of the wind wheel – there 
is no need to orient the wind wheel to the direction of wind 
action. There is also a significant drawback of such a wind 
wheel – the need for high torque at the start of work. Wind 
turbines with a vertical axis of rotation of the wind wheel 
have a low rotational speed and require additional gearboxes 
or multipliers to increase the speed of rotation of the shaft to 
use electric generators. This, in turn, complicates the design 
of the wind turbine and requires an increase in the torque 
of the wind wheel. The cited studies consider wind turbines 
under conditions of medium and high wind speeds, due to 
the high energy potential of wind flows. Consideration of the 
possibility of obtaining energy at low wind speeds carried out 
by the authors of [20, 25] allows one to use from 20 to 50 per-
cent of the energy of the wind stream. Increasing this indi-
cator will make the wind power installation more efficient.

As a result of our review, it was found that the easiest to 
use are wind power plants with a vertical axis of rotation, 
which do not require orientation of the wind wheel to the di-
rection of wind action. Such wind power plants have a wind 
power utilization factor of up to 50 %. Given that for low 
winds, up to 5 m/s, the potential power of the wind flow is 
low, so an increase in this indicator is necessary to increase 
the efficiency of the wind turbine. It is advisable to increase 
the utilization factor of wind power by reducing weight and 
simplifying the design of the wind wheel.
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3. The aim and objectives of the study

The purpose of this work is to determine 
the shape of the blade for a wind power 
plant with a vertical axis of rotation with  
a wind flow energy utilization coefficient of 
more than 50 percent, which can be used in 
regions with low wind speeds.

To accomplish the aim, the following 
tasks have been set:

– to conduct experimental studies in 
the wind tunnel of a model of a wind wheel 
with different shapes of blades;

– to consider experimental studies and 
determine the rotational frequency of the 
wind wheel for different shapes of blades;

– to carry out calculations to determine 
the efficiency of using the wind flow by dif-
ferent shapes of blades by determining the 
power factor Ср of the wind wheel.

4. The study materials and methods

The object of research is the blade of a wind power instal-
lation with a vertical axis of rotation, which has a high coeffi-
cient of use of wind flow energies. The hypothesis of the work 
assumes the possibility of using the energy of the wind stream 
by the wind wheel of a vertical-axial wind turbine with a po-
wer factor Cp above 50 %, by using blades that have a «pocket» 
and a slit. The main characteristic of the wind turbine is the 
coefficient of wind energy use, Cp, (power factor) close in 
content to efficiency [28]. For different shapes of blades, this 
indicator is different. The higher the wind turbine energy 
utilization factor, the more wind flow energy will be converted 
into mechanical energy of rotation of the wind wheel and, ac-
cordingly, the electrical energy of the electric generator. Our 
studies are aimed at determining the coefficient of wind energy 
use CP of a wind turbine with different shapes of blades and 
determining the most effective blade for this indicator.

Fig. 1 shows the shapes of three manufactured blades (cross 
section), which were compared with each other.

 
a b c

Fig.	1.	Shapes	of	wind	wheel	blades:	а	–	flat	blade;		
b	–	blade	with	«pocket»;	c –	blade	with	«pocket»	and	slit

The study of the dependence of the number of revolutions 
of the windmill on time was carried out on a separately manu-
factured and installed mini model of the wind turbine, which 
was placed in the wind tunnel according to the scheme in Fig. 2.

The airflow in the wind tunnel 2 is created by fan 1. The air 
flow passing through the alignment device, vertical 3 and hori-
zontal 4, falls on the wind turbine 5, which is being investigated. 

The wind turbine has three blades. The experiment is car-
ried out for different shapes of blades under the same conditions. 
These conditions include the distance from the fan to the wind 
wheel, the air flow rate V; the blades have the same height and 
dimensions. The experiment was conducted alternately with 
different blade shapes. Three blades with the same cross-section 
were connected to the wind wheel; the fan was started. After 
that, the wind flow rate provided by the fan using the W87B 
Wintact impeller anemometer was measured with a measure-
ment accuracy of 0.01 m/s and a flow rate measurement error  
of 5 %. The constancy of the wind flow was ensured by turning 
on the fan through a voltage regulator. 

Next, the wind wheel was released into free rotating motion 
from a state of rest. The wind wheel self-started in rotating 
motion. The experiment was conducted by two researchers. 
One counted the number of full revolutions of the wind 
wheel according to the mark, which was glued to one blade. 
The second researcher kept a record on the stopwatch of the 
number of full revolutions. Counting accuracy was ±0.12 re-
volutions. The experiment was repeated three times for one 
type of blades, all indicators of the experiment coincided. The 
total time allotted for one experiment was 100 seconds. This 
period of time was enough for the wind wheel to move from 
accelerated circular motion to constant circular motion, that 
is, the circular rotational speed became a constant value. The 
experimental data were recorded for further calculations.

5. Results of investigating the blades of various shapes 
for a wind power installation

5. 1. Results of investigating the various shapes of blades 
in the wind tunnel experimentally 

The study used the shape of the blades, which had diffe-
rent cross-sections. The scheme of blade A, which is shown in 
Fig. 1, has a well-known shape [28]. The surface area of such 
a blade А1 = 0.083 m2. The diagrams of blades B and C, which 
are shown in Fig. 1, have special holes that are designed to 
increase the use of wind flow energy. The surface area of such 
blades is the same: А2 = А3 = 0.103 m2. According to the results 
of the experiment, the number of revolutions made by the 
wind wheel for a certain period of time was obtained. The 
results of the experiment are recorded in Table 1. 

 
Fig.	2.	Experimental	wind	turbine:	1	–	fan;	2	–	wind	tunnel	body;	3	–	horizontal	
air	flow	equalizer;	4	–	vertical	air	flow	equalizer;	5	–	investigated	wind	turbine
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We conditionally designated the blades, which are shown 
in Fig. 1, as follows: A – blades of type 1, B – blades of type 2,  
C – blades of type 3. All further designations near physical 
quantities with index 1 will refer to the blade of type 1, with in-
dex 2 to the blade of type 2, with index 3 to the blade of type 3. 

5. 2. Treatment of experimental studies and determi-
nation of the rotational frequency of the wind wheel for 
different shapes of blades

The rotating frequency of the wind wheel can be found 
by the formula:

n
N

t
=

60
, (1)

where n is the rotating frequency of the wind wheel, rpm;  
N – number of revolutions of the wind wheel; t – time during 
which the wind wheel made N revolutions, s.

Using the results of the experiment in Table 1, we 
calculate the rotational frequency of the wind wheel for  
1, 2, 3 types of blades. The results of calculations are gi-
ven in Table 2. 

Graphical interpretation of our calculations is shown  
in Fig. 3.

Analyzing the results obtained during the experiment, 
the following conclusions can be drawn:

1. For blades of type 1, the rotational frequency of the 
wind wheel, which is a constant value for the experimental 
conditions, is n1 = 32.1 rpm.

2. For blades of type 2, the rotational frequency of the 
wind wheel, which is a constant value for the experimental 
conditions, is n2 = 36.0 rpm.

3. For blades of type 3, the rotational frequency of the 
wind wheel, which is a constant value for the experimental 
conditions, is n3 = 40.0 rpm.

Table	1
Experiment	results

Rotation time, p 5 15 24 35 40 47 60 72 76 80 87 90 95 100

The number of revolutions revolutions of a wind wheel with 
blades of type 1

1 4 8 14 16 21 28 35 38 40 44 46 50 54

The number of revolutions of a wind wheel with type 2 blades 1 4 9 15 18 23 32 40 41 44 50 53 57 60

The number of revolutions of a wind wheel with blades of type 3 1 5 10 17 21 26 35 43 47 50 56 59 63 67

Table	2
Results	of	calculations	of	the	circular	frequency	of	the	wind	wheel	for	the	1,	2,	3	types	of	blades

Rotation time, s 5 15 24 35 40 47 60 72 76 80 87 90 95 100

n1 12.0 16.0 20.0 24.0 24.0 26.8 28.0 29.2 30.0 30.0 30.3 30.7 31.9 32.1

n2 12.0 16.0 22.5 25.7 27.0 29.4 32.0 33.3 32.4 33.0 34.5 35.3 36.0 36.0

n3 12.0 20.0 25.0 29.1 31.5 33.2 35.0 35.8 37.1 37.5 38.6 39.3 39.9 40.0
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Fig.	3.	Dependence	of	the	rotational	frequency	of	the	wind	wheel	on	time:	1	–	for	type	1	blades;		
2	–	for	type	2	blades;	3	–	for	type	3	blades
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5. 3. Power factor Ср calculations for a wind wheel 
with different blade shapes

The calculation of the power factor Ср of the wind wheel 
with different shapes of blades was carried out in the follow-
ing sequence:

1. Drawing up a design scheme.
Fig. 4 shows a design scheme for determining the rotating 

force with which the wind wheel moves under the action of 
the wind flow.

 

Ff 

Fr 

β 

β 

Fig.	4.	Scheme	for	calculating	the	rotating	force	Fr

The force of the wind flow acting on the blades of the 
wind wheel can be calculated by the following formula [28]:

Ff = 0.5ρV2AC, (2)

where Ff is the wind flow force on the blade, N; ρ – air densi-
ty, kg/m3 (equal to 1.2); V – wind flow rate, m/s (equal to ex-
pe rimental conditions 3); А – blade surface area, m2 (equal to 
the experimental conditions A1 = 0.083, A2 = 0.103, A3 = 0.103);  
C – air resistance coefficient (for the shape of the blades adop-
ted in the experiment, 1.28).

According to the results of calculations, the wind flow 
strength for different types of blades Ff1 = 0.57 N, Ff2 = 0.71 N, 
Ff3 = 0.71 N.

2. Determination of the rotating force of the wind wheel.
The rotating force of the wind wheel, according to the 

design scheme, which is shown in Fig. 4, is calculated by the 
following formula:

Fr = Ff tgβ, (3)

where β is the angle of inclination of the blade to the direc-
tion of the wind flow, degrees.

According to the calculations, the rotational force of each 
blade is Fr1 = 0.25 N, Fr2 = 0.32 N, Fr3 = 0.32 N. 

3. Determination of wind wheel power.
The power that the wind wheel can pull is calculated by 

the following formula [28]:

Р = 2πМn, (4)

where Р is the power that the wind wheel can pull, W;  
M – moment of force on the shaft of the wind wheel, N·m; 
n – wind wheel speed, rpm.

For a three-bladed wind wheel, according to the design 
scheme, which is shown in Fig. 3, the moment of force on the 
shaft is calculated by the following formula:

М = 3 Fr·dw/2, (5)

where dw is the diameter of the wind wheel, m (according to 
the experimental conditions, 0.42).

According to the calculation results, М1 = 0.16 N·m, 
М2 = 0.39 N·m, М3 = 0.16 N·m, Р1 = 32.3 W, Р2 = 88.2 W, P3 = 98 W. 

4. Determination of wind energy utilization factor.
The wind energy utilization factor Cp (power factor) is 

the ratio of the power that a wind wheel can pull to the pow-
er of the wind stream, which comes to the area of the wind 
wheel and is calculated by the following formula [28]:

Cp
P
AV

=
0 5 3.

.
ρ

 (6)

According to the results of calculations, the following was 
obtained: Ср1 = 24, Ср2 = 52.9, Ср3 = 58.7.

Comparing the numerical values of the coefficient of use 
of wind energy Ср for blades of different profiles, which were 
used in the experiment, it was found that the blades of type 3,  
which are shown in Fig. 1, c, have the highest value of this 
indicator. Thus, a wind turbine with such blades has the abi-
lity to convert 58.7 % of the energy of the wind stream that 
comes to the area of the wind wheel. Of the three shapes of 
profiles, which are shown in Fig. 1, a profile with a «pocket» 
and a slit is the most efficient in converting wind flow energy 
into mechanical energy of a wind wheel and, accordingly, 
electrical energy of an electric generator. This indicator is 
much higher compared to those considered in [20, 25], which 
are from 20 to 50.

6. Discussion of results of determining the blade model 
for a wind power plant with a vertical axis of rotation

According to the results of the study, the proposed blade 
models show a significant increase in the efficiency of wind 
flow energy use by a wind wheel with a vertical axis of ro-
tation compared to each other. The wind wheel with type 1 
blades has a wind energy utilization coefficient Cp1 = 24, with 
type 2 blades – Ср2 = 52.9, withtype 3 blades – Ср3 = 58.7. 
When using all three types of blades, the wind wheel 
self-started from a resting position. When comparing the  
1st and 3rd types of blades, the use of wind energy by the wind 
wheel increases by 2.4 times. Thus, the blade with a «pocket» 
and a slit corresponding to the type 3 blades is most effective 
in converting wind flow energy into mechanical energy of  
a wind wheel. Also, the material consumption of such a blade  
is less, which during the rotational movement of the wind 
wheel will reduce the centrifugal forces acting on the structure. 
Reducing the mass of the blades and their impact on the 
material consumption of the wind wheel as a whole can be  
a separate scientific study.

Based on the results of the experiment, according to Table 1, 
in 100 seconds, the wind wheel with all types of blades used 
in the experiment went from a state of rest to a state of 
rotation, that is, self-starting occurred. Quantitatively, the 
largest number of revolutions was made by a wind wheel with 
type 3 blades, which indicates a greater efficiency of such 
blades compared to types 1 and 2.
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Calculations of the rotating frequency of the wind wheel 
are given in Table 2 and in Fig. 3. They indicate that in 
100 seconds the wind wheel with all types of blades used in 
the experiment switched from accelerated rotational motion 
to constant rotational motion. This indicates that the moment 
of resistance forces of the wind wheel is equal to the moment 
of force that occurs under the action of the wind flow. A wind 
wheel with blade 3 type has the highest speed, n3 = 40,0 rpm, 
compared to type 1 and 2 of blades, which have rotational 
speeds n1 = 32.1 rpm and n2 = 36.0 rpm, respectively. This con-
firms that type 3 blades are the most effective. A wind wheel 
with such blades will make more revolutions in a certain 
period of time, which will lead to the highest number of rev-
olutions of the electric generator compared to other blades 
that participated in the experiment. 

The main characteristic of the wind turbine is the coef-
ficient of wind energy use, Ср (power factor), close in con-
tent to efficiency [28]. Calculations were performed for 1, 2,  
3 types of blades; this indicator, respectively, has the follow-
ing values: Ср1 = 24, Ср2 = 52.9, Ср3 = 58.7. The highest value 
of this indicator is for a wind wheel with type 3 blades. This 
indicates that such blades allow the most efficient use of wind 
flow energy compared to the type 1 and type 2 blades.

The defined 3rd type of blades with a profile shape with 
a «pocket» and a slit is the most effective in converting wind 
flow energy into mechanical energy of a wind wheel and, 
accordingly, electrical energy of an electric generator. The 
hypothesis hhas been fully proven. The coefficient of wind 
flow energy use Cp3 = 58.7, which is higher than 50.

The use of forces of moving air masses is a global phe-
nomenon [29]. Therefore, determining the influence of the 
shape of the blades and the angle of attack of the blade on the 
efficiency of obtaining mechanical energy from wind energy 
plays an important role in the design of new alternative en-
ergy installations. Wind energy is converted into mechanical 
energy by a rotary wheel using blades and positioned in terms 
of optimal performance and specific shape. Our work reports 
the aerodynamic characteristics of profiled blades for use in 
wind turbines.

The peculiarities of the proposed method and our results, 
in comparison with existing blade studies [30], relate to 
the blades of a wind turbine with a distributed axis. Their 
stiffness, damping ratio, and frequency are improved for the 
first time with the concave wing. A prerequisite for this was 
the preservation of output power. Studies have shown that 
wing concavity can better control the position and influence 
of airflow convergence ranges. The concave profile makes it 
possible to increase the damping coefficient of the wind wheel 
by 3–9 %, increase the blade stiffness by 32 %. The maximum 
displacement and deformation are effectively reduced by 28 %. 
The use of a concave aerodynamic profile in the design of wind 
turbine blades provided a new method for the production 
of a family of aerodynamic wings. The blade with «pockets» 
and slits shown in this paper has a significant advantage –  
a concave shape and a slit on the opposite side, which makes  
it possible to concentrate the air flow on both sides.

In [31], the dynamic behavior of a wind turbine with a ver-
tical axis of rotation was investigated. Torque is modeled on  
the basis of Navier-Stokes calculations with averaged Rey-
nolds values for two-, three-, and four-blade rotors. For each 
of the proposed rotor configurations, the effect of the number 
of blades on aerodynamic characteristics was discussed. The 
relationship between aerodynamic parts and dynamic vibra-
tion of gear systems by studying the influence of dynamic 

vibration on some design parameters of the transmission sys-
tem in non-stationary mode has been established. The main 
problem of wind engineering is the number of blades. Nume-
rical results are given, showing that the number of blades has  
a significant impact on the efficiency of the installation and 
the dynamic response of the system under study. The blade 
with «pockets» and slits can significantly compensate for 
losses by increasing the number of blades or their overall di-
mensions. Although, the latter will also lead to an increase in 
the mass of the wind wheel, which means a decrease in torque.

The angle of attack of the blade is considered to be one 
of the most important factors affecting the aerodynamic 
characteristics of a wind turbine with a vertical axis [32, 33]. 
For 1 kW wind power plants with a vertical axis and a sym-
metrical aerodynamic profile, theoretically optimal angles 
of attack have been determined. These angles are 10.7° and 
–10.7° of wind and weathered wind turbine areas in order 
to obtain the maximum coefficient of wind force use by the 
wind wheel. Based on the theory of multi-threaded control of 
a dual drive disk, the results of the study show that the power 
factor of a wind turbine can be increased by 11.03 %. This is 
implemented using the real-time blade angle control law pro-
posed in this paper. However, improved start and rotational 
speed by as much as 17 % in the blade with a «pocket» and 
a slit prove the advantage of the «bilateral» efficiency of the 
blade, rather than just adjusting its angle.

To determine the characteristics of wind turbines, in 
study [34], a new type of wind turbine with a horizontal 
structure of a wind turbine in combination with the charac-
teristics of a wind turbine with a vertical axis and a wind 
turbine with a horizontal axis is investigated. The structure 
of the turbine and the distribution of the surrounding flow 
field are investigated using software. At the same time, for 
generators installed on wind turbines, a synchronous gene-
rator is offered. The paper investigated and simulated the 
flow field around the wind turbine. The results showed that 
the new plant design can improve wind energy use and make 
better use of wind energy. The feasibility of such a structure 
is verified by modeling, which provides a further basis for op-
timization. It should be noted that such complexity of the de-
sign will not entail the «modernization» of the wind turbine.  
And the optimization of its individual parts, as shown in the 
version with a blade with a «pocket» and a slit, improves 
the use of wind flow without complicating the design of the 
mechanism itself. In addition, there is no need for simulations 
based on the manufacturer’s software.

The study has specific limitations, characterized by the 
achievement of the maximum speed of rotation in the studied 
region. Such studies showed a maximum number of revolu-
tions per minute, which is 140. As a result, it can be assumed 
that a gearbox between the wind wheel and the generator or 
a low-speed generator for a wind power plant can be made.

The disadvantages in the study include the fact that 
experimental data were obtained on the model of a wind 
wheel. For more accurate confirmation of the results, before 
industrial implementation, it is desirable to conduct a study 
confirming the results on a full-size version of the wind 
wheel. This will make it possible to obtain the actual charac-
teristics of such a wind wheel for different wind speeds and 
the expected power that the wind wheel can pull, to choose 
the right related equipment.

The current study can be advanced through further ways 
to optimize for reducing the mass of the wind wheel, which 
will lead to more revolutions. This is possible due to the 
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replacement of existing material for the wind turbine with 
a new one. For example, replacing iron with plastic, which 
could significantly reduce the weight of the wind wheel.

As a result of our study, an experimentally and com-
putationally improved model of the blade of a wind power 
installation with a «pocket» and a slit for use in areas with 
low wind speed is substantiated. It has been experimentally 
proven that the constant speed of rotation of a wind wheel 
with this blade shape is the highest compared to other blade 
shapes used in the experiment. Calculated for a blade with 
a pocket and a slit, the wind energy utilization factor is the 
highest compared to similar indicators for the other two 
blade shapes for which calculations were performed.

7. Conclusions 

1. Experimental studies were carried out of a model of  
a wind wheel with three shapes of blades in the wind tunnel: 
flat, with a «pocket», and with a «pocket» and a slit. The 
results of the study show that the wind wheel with blades 
with a «pocket» and a slit has 67 revolutions per 100 seconds. 
This is the highest number of revolutions compared to the 
other two blade shapes: flat, 60 revolutions; with «pocket», 
54 revolutions.

2. According to the results of processing experimental 
data, it was established that the constant speed of rotation 

of the wind wheel with blades having a «pocket» and a slit 
is 40 rpm. This indicator is 10 % higher than that of a wind 
wheel with blades with a pocket, and 20 % higher than that 
of a wind wheel with flat blades.

3. Based on the results of our calculations to determine 
the efficiency of using the wind flow in terms of the po-
wer factor, it was found that the flat-blade wind wheel has 
Ср1 = 24; with a blade that has a «pocket», Ср2 = 52.9; with  
a blade that has a «pocket» and a slit, Ср3 = 58.7.
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