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Abstract. The prospects for using a low-speed wind turbine with a horizontal axis of rotation to improve the 

efficiency of coal industry enterprises during their diversification are investigated. The necessity of addressing the 
optimal design of wind turbines with a horizontal axis of rotation for such conditions is emphasized, as this can ensure 
their use both during the operation of enterprises and after their diversification. The relationship equation from the theory 
of Sabinin-Yuriev has been adapted to the conditions of rotors of low-speed wind turbines, allowing for its analytical 
solution to be obtained. As a result, an analytical formula for calculating the value of the skew angle has been derived for 
the first time. This angle is formed between the directions of the vectors of the total velocity of the undisturbed and 
disturbed flows, depending on the aerodynamic qualities of the profile and the speed of the rotor blade section. This has 
led to the formulation of equations to analytically determine the components of the integrand function for calculating the 
wind energy utilization coefficient by the rotor. An analytical dependence of the coefficient of wind energy utilization, 
which is created by the blade cross-section under the action of the wind, from the aerodynamic qualities of the profile 
and the speed of the rotor blade cross-section, which does not require solving the connection equation and allows 
searching for its extrema and direct integration along the rotor blade. For the intervals of change in values characterizing 
the dependence of the wind energy utilization coefficient of the blade cross-section on the aerodynamic qualities of the 
profile and the speed of the rotor blade cross-section, calculations were performed that prove the existence of a single 
maximum in this function, which is located closer to the outer edge of the blade. The value of this maximum changes 
with a change in the blade cross-section profile, i.e., it depends on the aerodynamic properties of the profile used. Thus, 
the developed calculation methods allow determining the geometric characteristics of the rotor blade cross-sections of a 
low-speed wind turbine with a horizontal axis of rotation, namely the angle of twist of the cross-section and the chord 
length of the blade in the cross-section, as well as the radius of the rotor, which ensure the maximum coefficient of wind 
energy utilization, depending on the wind speed, rotor rotation frequency, and type of aerodynamic profile of the blade 
cross-section. Such a methodological approach to calculating rotor parameters allows for the optimal design of horizontal 
axis wind turbines for coal industry enterprises during their diversification and during the direct operation of enterprises. 

Keywords: wind power plant with a horizontal axis of rotation, wind energy utilization coefficient, Sabinin-Yuriev 
model, rotor speed. 

 
1. Introduction 

Leading countries around the world have identified decarbonization of production 
and green energy as the path for their future development. For Ukraine, this 
development vector necessitates the inevitable diversification of domestic coal 
industry enterprises, associated with the reorientation of their core activities. In early 
2020, the Ministry of Energy and Environmental Protection presented the Concept of 
Ukraine's "green" energy transition by 2050. The focus is on the gradual reduction of 
coal use for energy production. Additionally, challenging geological conditions for 
extraction, depletion of seams and reserves, and high coal production costs create 
problems in the coal industry and prompt this shift. Moreover, Ukraine is a signatory 
to the Paris Agreement. Therefore, the transition to alternative and renewable energy 
sources is relevant for our country. Wind energy can play a key role in the 
restructuring of coal enterprises as an alternative energy source and a direction for the 
economic development of depressed coal regions [1–7]. Electricity generated from 
such a renewable source can not only meet the needs of the enterprise itself but also 
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serve as a source of additional income through the sale of excess electricity to the 
population and other industrial enterprises. It is believed that organizing energy 
production from wind does not require stopping the enterprise, meaning it can 
continue to extract or process coal while installing wind energy systems within its 
industrial site. Subsequently, if fluctuations in the coal market make its extraction 
unprofitable, the enterprise can completely switch to the production and sale of 
electricity from wind power installations. 

Unlike other enterprises, whose potential for locating wind power installations is 
limited to their industrial site [8–11], most enterprises in the coal industry, in addition 
to the area of the industrial site located on the surface, have the opportunity to addi-
tionally place wind power plants in mine workings [12–15]. Such locations may in-
clude vertical shafts, chambers near shafts, horizontal and inclined drifts. 

Given the specific nature of the underground location of wind power installations 
and the concentration of coal industry enterprises in Ukraine in predominantly steppe 
regions, it would be most rational to use rotors with a horizontal axis of rotation for 
them [1, 7, 9, 13, 16, 17]. The efficiency of such wind power plants is determined by 
the radius of the rotor, the number of rotor blades, and the patterns of change in the 
chord length along the blade radius and the change in the twist angle along the blade 
radius, which are calculated within the design calculation [7, 9, 12, 16]. The purpose 
of the design calculation is to establish the geometric characteristics of the rotor that 
provide the desired power on the shaft of the wind power plant for the selected 
meteorological conditions. When performing design calculations, the following initial 
data are usually used [4, 6, 9–13]: wind speed; rotor rotation frequency; power at the 
shaft of the wind turbine; aerodynamic characteristics of the blade profile depending 
on the angle of attack [7, 8]. The geometric characteristics of the rotor, which must be 
determined during the design calculation, are [7, 14, 18–21]: rotor radius; number of 
blades; law of change in blade chord length along the radius; law of change in blade 
twist angle along the radius. However, a conventional design calculation does not 
provide for maximum rotor efficiency, i.e., it does not impose the condition that the 
rotor will be able to extract the maximum amount of energy from the wind flow. This 
task is multifactorial and, given the large number of parameters, can be solved in 
various ways. 

Thus, the aim of this work is to develop a method for calculating the geometric 
characteristics of the rotor blade cross-sections of a low-speed wind turbine with a 
horizontal axis of rotation, namely the twist angle of the cross-section and the chord 
length of the blade in the cross-section, as well as the rotor radius, which ensure the 
maximum wind energy utilization coefficient, depending on the wind speed, rotor 
rotation frequency, and type of aerodynamic profile of the blade cross-section. 

 
2. Methods 

The torque that rotates the rotor around the axis is determined by the characteristics 
of the flow around the blades, and therefore the design calculation of wind turbine 
rotors is based on the study of the triangle of velocities and forces acting on the radial 
cross-section of the blade (Figure 1) [18]. This approach, after integration along the 
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blade length, taking into account the final flow losses, allows determining the torque 
created by the rotor under the action of air [7, 9, 13, 14, 18–21]: 
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whеre Q  – torque generated by the rotor, N·m; RC  – coefficient of total aerodynamic 
force; ρ  – air density, kg/m3; 1R  – rotor hub radius, m; 0i  – dimensionless rotor hub 
radius; N  – number of blades in the rotor; C  – blade chord length in cross section, 
m; β  – angle formed between the direction of the total velocity vector of the 
disturbed flow and the plane of rotation of the rotor, degree; µ  – angle of deviation of 
the total aerodynamic force from the normal to the chord of the profile, degree; r  – radius 
of the cross-section, m; γ  – angle of skew, i.e. the angle formed between the 
directions of the total velocity vectors of the undisturbed and disturbed flow, degree; 
R  – rotor radius, m; σ  – rotor fill factor; Ω  – rotor rotation frequency; i  – 
imensionless radius of the current cross section; λ  – rotor speed; χ  – effective angle 
of attack, degree. 

 
 

W – vector of the total velocity of the undisturbed flow; V – vector of the total velocity of the 
disturbed flow; w – vector of the total induction velocity due to the presence of a rotor in the flow;  
α – angle of attack; ϕ – cross-sectional twist angle; Ωr – rotor rotation frequency; U – air velocity 

along the axis; β0 – flow angle, which is formed between the direction of the full velocity vector of 
the undisturbed flow and the rotor rotation plane 

 
Figure 1 – Diagram of air velocity distribution and aerodynamic forces in the radial section of the 

wind turbine rotor blade with a horizontal axis of rotation [18] 
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Since the general formula for calculating the wind energy utilization coefficient is 
[7, 9, 13, 14, 18–21]: 
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then, taking into account (1), we obtain: 
 

∫ ψ
µ

λ+
λ=

90

i
2

22

P
0

idii18C
,

cos
; ( ) χχλ−χ=ψ 222iG cossincos ; 

4
CG Rσ= , (2) 

 
whеre PC  – is the wind energy utilization coefficient; G  – is Yuriev's constant. 

 
To determine the integral on the right side of the first equation (2), it is necessary 

to determine the value of the angle of attack and the aerodynamic characteristics of 
the blade profile for each cross-section, calculate the value of the angle of skew and 
the effective angle of skew. For this purpose, according to the recommendations of 
Sabinin and Yuriev [7, 9, 13, 14, 18–21], the following relationship equation is used 

 
( ) ( ) χµχχµβ cossinsin 0 G=−−+ ; zctg =0β ; iz λ= ,  (3) 

 
whеre 0β  – the angle of incidence of the flow formed between the direction of the 
total velocity vector of the undisturbed flow and the plane of rotation of the rotor, de-
gree; z  – the speed of the rotor blade cross-section. 

As a general rule when performing design calculations, if there are no other 
restrictions in terms of strength or production, the geometric characteristics that allow 
for maximum power under the initial conditions should be selected. This principle not 
only improves the calculation results, but also simplifies the algorithm for selecting 
and justifying parameters. Accordingly, it follows from the first equation (2) that the 
rotor's wind energy utilization coefficient will be maximum if the integrand in each 
blade cross-section reaches its maximum. At the same time, we will require that in 
each blade section, the twist angle of the section provides such an angle of attack at 
which the value of the total aerodynamic force coefficient will be maximum: 

 
M0 α−γ−β=ϕ , 

 
whеre ϕ  – angle of twist of the cross section, degree; Mα  – angle of attack at which 
the effective coefficient of total aerodynamic force of the selected profile will be 
maximum, degree. 

The maximum of the subintegral function in each blade section is ensured by 
selecting the value of the rotor fill coefficient, which is part of the Yuriev constant, 
and by which the chord length of the blade in each section is determined: 
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whеre MG  – the value of the Yuriev constant, which ensures the maximum 
coefficient of wind energy utilization in a specific section of the blade. 

The radius of the wind turbine rotor is selected at the end of the design calculation, 
taking into account the power of the wind turbine specified in the design assignment 
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whеre Pk  – reserve coefficient; 0P  – power specified in the calculation task, W. 

Thus, to implement the method of calculating the optimal parameters of a low-
speed wind turbine rotor that ensure the most efficient use of wind energy, it is 
necessary to obtain an analytical solution to the first of equations (3), determine the 
analytical form of the subintegral function in the first equation (2) and calculate the 
corresponding integral in order to calculate the maximum possible value of the wind 
energy utilization coefficient. 

 
3. Theoretical part 

Let us analyze the angles included in the connection equation from the Sabinin-
Yuriev theory, the first of equations (3). It includes three angles (Figure 1): the angle 
of deviation of the total aerodynamic force from the normal to the chord of the profile 
(µ ),which is determined by the type of cross-section profile, the effective angle of 
skew (χ ),which is determined by the angle of skew, i.e., the angle formed between 
the directions of the total velocity vectors of the undisturbed and disturbed flows, as 
well as the angle of flow incidence, which is formed between the direction of the total 
velocity vector of the undisturbed flow and the plane of rotation of the rotor 
( 0β ),which is determined by the speed of the rotor cross-section. Solving the 
relationship equation consists in determining the value of the effective angle of 
inclination based on the values of the other two angles. At the same time, as noted by 
some researchers [7, 9, 13, 14, 18–21], the angles µ  and χ  are close in value and do 
not exceed 30° (Tables 1, 2) [18], while the angle 0β  varies between 20 and 90° 
(Figure 2). Given that for low-speed wind turbines, the speed of the rotors is limited 
to a value of 3, the following assumption is acceptable: 

 
χµβ >>+0 .     (4) 

 
Taking into account assumption (4), the first equation (3) will take the following form 

 
( ) ( ) χµχµβ cossinsin 0 G=−+ .   (5) 
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Table 1 – Aerodynamic characteristics of profiles corresponding to the maximum coefficient of 
total aerodynamic force [18] 

Profile α , ° RC  µ , ° Profile α , ° RC  µ , ° 
А-9% 16.0 1.090 7.70 NASA-0015 20.0 1.427 5.63 
А-12% 16.0 1.051 7.35 NASA-0018 20.0 1.397 5.75 
А-15% 16.0 1.046 7.92 NASA-0021 20.0 1.387 5.80 
А-18% 18.0 1.241 7.63 NASA-2210 20.0 1.176 10.14 
А-21% 20.0 1.353 8.04 NASA-2212 16.0 1.180 5.28 
В-8% 16.0 0.813 13.00 NASA-2217 20.0 1.183 9.15 
В-12% 16.0 0.957 6.09 NASA-0006 24.0 0.920 25.52 
В-16% 18.0 0.972 7.03 NASA-0009 24.0 1.037 19.14 
В-20% 16.0 0.965 6.01 NASA-0012 22.0 1.560 6.37 
Р-ІІ 10% 16.0 1.224 5.46 TsAGI-6-8.2% 12.0 0.926 5.37 
Р-ІІ 14%  18.0 1.445 6.36 TsAGI-6-12% 18.0 1.200 7.38 
Р-ІІ 16% 22.0 1.438 9.13 TsAGI-6-13% 14.0 1.055 5.44 
Р-ІІІ 15.5% 24.0 1.780 10.81 TsAGI-6-16% 20.0 1.262 9.20 
Mynk-1 18.0 0.829 18.10 TsAGI-6-19% 24.0 1.301 11.35 
Mynk-2 15.0 0.911 7.45 TsAGI-6-20% 20.0 1.266 8.45 
Mynk-3 15.0 1.072 4.51 TsAGI-719 20.0 1.346 10.48 
Mynk-6 18.0 1.228 5.56 TsAGI-731 16.0 1.109 7.39 
Mynk-12 18.0 1.299 5.64 TsAGI-732 16.0 1.016 12.60 
Mynk-15 18.0 1.261 7.74 TsAGI-734 14.0 1.010 4.91 
Clark-YH-8% 14.0 0.985 5.08 TsAGI-831 18.0 1.409 8.08 
USA-27 16.0 1.392 5.32 NAVY N60 14.6 1.617 1.75 
35А 22.0 1.513 10.33 35В 15.0 1.381 5.68 

 
Table 2 – Intervals of change in the aerodynamic characteristics of profiles, corresponding to  

the maximum coefficient of total aerodynamic force [18] 

Parameter Change interval limits 
Minimum Maximum 

α  13.5 24.0 
µ  1.75 25.52 

RC  0.81 1.78 
G  0.20 0.45 
µtg  0.03 0.48 
Λ  0.22 0.46 

 
Equation (5) is a linkage equation from the Sabinin-Yuriev theory, adapted to the 

conditions of low-speed wind energy installations, where the rotor speed is limited to 
a value of 3 [7, 9, 13, 14, 18–21]. Obtaining an analytical solution to this equation is 
a primary task of the article. This equation, after applying the formula for the sine of 
the difference of two angles and combining like terms, transforms into the equation: 
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the solution of which can be obtained in analytical form: 

 

φπχ −=
2

,      (6) 
 

whеre φ  – characteristic fictitious angle, degree. 
It should be noted that formula (6) is a solution to equation (5), that is, the linkage 

equation from the Sabinin-Yuriev theory, adapted to the conditions of low-speed wind 
energy installations. The application of formula (6) for design calculations is limited by 
the condition that the rotor speed does not exceed 3, meaning that assumption (4) must 
hold. However, using formula (6) as a solution to the first of the equations (3), that is, 
the linkage equation from the Sabinin-Yuriev theory in its general form, for example, 
for calculating high-speed wind energy installations, is not permissible. 

 

 
 

Figure 2 – Dependence of the flow angle on the speed of the rotor blade cross-section 
 

Considering (2), (3) and (6) together, the formula for calculating the coefficient of 
wind energy utilization by the rotor takes the form  
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whеre F  – the coefficient of utilization of wind energy generated by the cross-
section of the blade under the action of wind; a  – Yuriev parameter module; 
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Λ  – Yuriev parameter; b  – Yuriev parameter coefficient. 
 
4. Results and discussion 

The possibility of determining the maximum coefficient of wind energy 
utilization of the rotor is determined by the existence of maxima in the function F , 
the first equation (7), at the corresponding interval of values of the rotor blade cross-
section speed (8 at characteristic values of the parameters included in it (Figures 3, 
4). The results of calculations (Figures 5 and 6) using formulas (7) for the conditions 
(Tables 1, 2) show the existence of a maximum of the function F  in almost all cases 
considered (Table 3). 

Figures 4 аnd 5 аnd Table 3 show that the conditions for the existence of the 
maximum of the function F , as well as the coordinates of this maximum and the 
value of the function at it, depend in a complex way on the parameters of the 
function. That is, there is a need to determine the parameters of this maximum and 
the conditions for its existence by analytical methods. 

 

 
 

Figure 3 – Dependence of the Yuriev parameter modulus on the rotor blade cross-section speed at 
different values of the angle of deviation of the total aerodynamic force from the normal to the 

profile chord 
 

 
 

Figure 4 – Dependence of the logarithm on the Yuriev parameter coefficient on the rotor blade 
cross-section speed at different values of the angle of deviation of the total aerodynamic force from 

the normal to the profile chord 
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А) 

 
 

B) 

 
 

C) 

 
 

Figure 5 – Dependence of the wind energy utilization coefficient, which is created by the blade 
cross-section under the action of wind, on the speed of the rotor blade cross-section at different 
values of the Yuriev parameter coefficient, when the angle of deviation of the total aerodynamic 

force from the normal to the chord of the profile (µ ) is equal to: А) 2°; B) 8°; C) 12°; 
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А) 

 

 
 

B) 

 
 

C) 

 
 

Figure 6 – Dependence of the wind energy utilization coefficient, which is created by the blade 
cross-section under the action of wind, on the speed of the rotor blade cross-section at different 
values of the Yuriev parameter coefficient, when the angle of deviation of the total aerodynamic 

force from the normal to the chord of the profile (µ ) is equal to: А) 16°; B) 18°; C) 22°; 
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Table 3 – Values of rotor blade cross-section speed and wind energy utilization coefficient at which 
the maximum wind energy utilization coefficient created by the blade cross section is achieved 

Λ  maxz / maxF  
=µtg 0.03 =µtg 0.13 =µtg 0.23 =µtg 0.33 =µtg 0.43 

0.2 0.901/0.1865 1.00/0.1431 0.901/0.1159 0.901/0.0934 0.801/0.0758 
0.3 0.801/0.1867 0.901/0.1581 0.801/0.1326 0.801/0.1100 0.701/0.0903 
0.4 –/– 0.801/0.1614 0.701/0.1372 0.701/0.1165 0.701/0.0978 

 
The dependencies shown in Figures 5 and 6 have pronounced maxima for the de-

pendence of the wind energy utilization coefficient on the blade cross-section on the 
blade cross-section speed, which allows determining the ranges of maximum effi-
ciency of the rotor with an aerodynamic profile depending on the wind speed and ro-
tor diameter. 

 
5. Conclusions 

The results of the study presented in the article allow us to draw the following 
conclusions. 

It has been shown that the value of the wind energy utilization coefficient created by the 
blade cross-section under the action of wind is determined by the angle of attack. the 
effective angle of inclination, and the speed of the rotor blade cross-section. Taking this 
into account, the linkage equation from the Sabinin-Yuriev theory has been adapted 
to the conditions of rotors in low-speed wind energy installations, which has allowed 
for the derivation of its analytical solution. As a result, an analytical dependence has 
been obtained for determining the angle of skew formed between the directions of the 
total velocity vectors of the undisturbed and disturbed flows based on the aerodynam-
ic parameters of the profile. Considering this dependence, the components of the in-
tegrand function for calculating the wind energy utilization coefficient by the rotor 
have been determined analytically. 

For low-speed wind energy installations, an analytical dependence of the wind 
energy utilization coefficient created by the blade's cross-section on the aerodynamic 
qualities of the profile and the rotor blade's cross-section speed has been established, 
which does not require solving the linkage equation and allows for the search for its 
extrema and direct integration along the rotor blade. 

For the intervals of change in values characterizing the dependence of the wind 
energy utilization coefficient of the blade cross-section on the aerodynamic qualities 
of the profile and the speed of the rotor blade cross-section, calculations were 
performed that prove the existence of a single maximum in this function, which is 
located closer to the outer edge of the blade. The value of this maximum depends on 
the aerodynamic properties of the profile used and varies according to the parameters 
of the blade cross-section. 

Thus, the developed calculation methods allow determining the geometric 
characteristics of the rotor blade cross-sections of a low-speed wind turbine with a 
horizontal axis of rotation, namely the twist angle of the cross-section and the chord 
length of the blade in the cross-section, as well as the rotor radius, which ensure the 
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maximum wind energy utilization coefficient, depending on the wind speed, rotor 
rotation frequency, and type of aerodynamic profile of the blade cross-section. The 
proposed methodological support for calculating rotor parameters will allow the use 
of not only the surface areas of coal enterprises, but also underground areas, by 
placing low-speed wind turbines in horizontal workings. This makes it possible to 
solve the problem of optimal design of wind turbines with a horizontal axis of 
rotation for the conditions of coal industry enterprises during their diversification and 
during the direct operation of enterprises. Thus, wind energy can become an 
important element of a just transition from coal energy, providing the creation of new 
jobs, diversifying the economies of regions, and addressing environmental issues, 
provided that existing barriers to development are overcome. 
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ЗАБЕЗПЕЧЕННЯ МАКСИМАЛЬНОЇ ЕФЕКТИВНОСТІ ТИХОХІДНИХ ВІТРОЕНЕРГЕТИЧНИХ 
УСТАНОВОК З ГОРИЗОНТАЛЬНОЮ ВІССЮ ОБЕРТАННЯ, ЩО ПРОЕКТУЮТЬСЯ ДЛЯ 
ПІДПРИЄМСТВ ВУГІЛЬНОЇ ГАЛУЗІ 
Хамініч О., Зінченко А., Баюл К. 
 

Анотація. Досліджуються перспективи використання тихохідної вітроенергетичної установки з горизонтальною 
віссю обертання для підвищення ефективності функціонування підприємств вугільної галузі в період їх диверси-
фікації. Обговорюється можливість використання для генерації вітрової енергії не тільки площі промислових ді-
лянок вугільних підприємств, що розташовані на денній поверхні, а, й, підземні площі, які можна використати 
розташовуючи вітроенергетичні установки в горизонтальних та вертикальних виробках. Вказано на необхідність 
для таких умов вирішення питання оптимального проектування вітроенергетичних установок з горизонтальною 
віссю обертання, що може забезпечити їх використання як під час експлуатації підприємств, так, й, після їх диве-
рсифікації. Рівняння зв’язку з теорії Сабініна-Юр’єва було адаптоване до умов роторів тихохідних вітроенергетич-
них установок, що дозволило отримати його аналітичне розв’язання. За рахунок цього вперше отримана аналіти-
чна формула для розрахунку значення куту скосу, тобто куту, який утворюється між напрямками векторів повної 
швидкості незбуреного та збуреного потоків, від аеродинамічних якостей профілю та швидкохідністю перерізу 
лопаті ротора. Це дозволило отримати формули для визначення в аналітичному вигляді складових підінтеграль-
ної функції для визначення коефіцієнту використання енергії вітру ротором. Встановлена аналітична залежність 
коефіцієнту використання енергії вітру, який створюється перерізом лопаті під дією вітру, від аеродинамічних якостей 
профілю та швидкохідністю перерізу лопаті ротора, що не потребує розв’язання рівняння зв’язку, та дозволяє по-
шук її екстремумів та безпосереднє інтегрування вздовж лопаті ротора. Для інтервалів змінення значень, що 
характеризують залежність коефіцієнту використання енергії вітру перерізом лопаті від аеродинамічних якостей 
профілю та швидкохідністю перерізу лопаті ротора, проведені розрахунки, що доказують існування у цієї функції 
одного максимуму, який розташовується ближче до зовнішнього краю лопаті. Величина цього максимуму зміню-
ється при зміні профілю перерізу лопаті, тобто залежить від аеродинамічних властивостей профілю, що викорис-
товується. Таким чином, розроблені методи розрахунку дозволяють визначати геометричні характеристики пере-
різів лопаті ротора тихохідної вітроенергетичної установки з горизонтальною віссю обертання, а саме кут закрут-
ки перерізу та довжину хорди лопаті в перерізі, а також радіус ротора, які забезпечують максимальний коефіцієн-
ту використання енергії вітру, в залежності від швидкості вітру, частоти обертання ротора та типу аеродинамічно-
го профілю перерізу лопаті. Таке методичне забезпечення розрахунків параметрів роторів дозволяє вирішувати 
питання оптимального проектування вітроенергетичних установок з горизонтальною віссю обертання для умов 
підприємств вугільної галузі при їх диверсифікації та під час безпосередньої експлуатації підприємств. 

Ключові слова: вітроенергетична установка з горизонтальною віссю обертання, коефіцієнт використання 
енергії вітру, модель Сабініна-Юр’єва, швидкохідність ротора. 
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