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Aerodynamic optimization of Magnus wind turbine blades
using an active deflector

In this work, the optimization of wind turbines is considered by introducing a cylindrical blade with an active
deflector. The use of metal (aluminum) deflector, compared with plastic (polypropylene), significantly in-
creased the aerodynamic efficiency of the blade. It is shown that the aluminum deflector reduces the drag
force by 18-20 % and increases the lifting force by 2.7 times. The maximum lifting force reached 2.16 N at a
wind speed of 15 m/s with an aluminum deflector. In addition, the blade with an aluminum deflector achieved
a higher rotation speed — up to 1100 rpm, which is 10 % higher compared to the blade with a polypropylene
deflector. The improved performance is due to the high rigidity and minimal deformation of the aluminum
material under the influence of air flow. The use of an active aluminum deflector eliminates the need for addi-
tional triggers, simplifying the design and reducing operating costs. The results obtained indicate that the use
of an active aluminum deflector increases the efficiency of Magnus wind turbines and contributes to the de-
velopment of renewable energy technologies.
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Introduction

As global energy demand increases, humanity is facing serious problems related to climate change and
environmental degradation. The development and use of renewable energy sources are a necessary solution
to ensure global energy security and sustainable development [1]. Among the technologies for generating
electricity from renewable sources, wind energy stands out due to its advantages, such as short construction
time and low operating costs. According to the Global Wind Energy Council, by the end of 2020, the total
installed capacity of the global wind energy industry reached 743 GW [2]. Forecasts show that by 2027, the
annual increase in installed capacity may increase significantly, supporting the transition to a more sustaina-
ble and environmentally friendly energy future [3-6].

Special attention in this area is paid to various types of wind turbines and the improvement of their de-
signs [7]. Traditionally, wind turbines are divided into horizontal-axial [8] and vertical-axial installations [9].
Horizontal-axial turbines are the most common and efficient at stable wind directions and high wind speeds.
However, their large dimensions and the need for complex orientation systems limit their use in urbanized
areas [10]. Vertical-axial turbines, on the contrary, are capable of operating efficiently in variable wind di-
rections and have a more compact design, which makes them attractive for use in urban environments and in
limited areas. However, their efficiency is often lower, which encourages further research to optimize their
aerodynamic characteristics.

One of the innovative directions in the development of wind energy is the use of Magnus wind turbines.
These installations use the Magnus effect, based on the interaction of a rotating cylinder with an air flow to
generate lift. As a result, such turbines are able to provide efficient operation at low wind speeds and in con-
ditions of turbulence [11, 12].

However, despite the promise of Magnus wind turbines, their widespread use is hampered by a number
of technical problems and disadvantages. Recent studies [13-16] indicate the main limitations, such as insuf-
ficient lifting force at very low wind speeds, the need for an external drive to initiate rotation of cylindrical
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blades, which complicates the design and increases operating costs, as well as the complexity of construction
and maintenance due to an increase in the number of moving parts.

In a number of papers [11, 12, 15], it was noted that Magnus wind turbines demonstrate reduced effi-
ciency under certain wind conditions and require additional design optimization. For example, researchers
have reported the need to use additional triggers to initiate blade rotation [17], which increases the complexi-
ty of the system and operating costs.

To solve these problems, it is proposed to introduce an active deflector on a cylindrical blade. A deflec-
tor is a device that optimizes airflow to increase thrust and improve the efficiency of a wind turbine (Fig. 1).
It interacts with the incoming airflow, creating an additional moment that promotes self-starting rotation of
the blade without the need for an electric drive. This simplifies the design, reduces operating costs and in-
creases turbine efficiency by increasing lift and reducing drag.

Turbine Head
Deflector Blades

Lower Part of the
Turbine Head

Figure 1. Deflector

The deflector consists of the following main elements: the turbine head, which includes a system of
rotating blades; deflector blades located around the head and guiding the airflow to increase aerodynamic
efficiency; and the lower part of the turbine head, which serves to connect the structure to the support base,
ensuring its stability and functionality.

The principle of operation of the deflector is based on the effect of the incoming air flow on the blades
of the active head of the device, which creates a centrifugal force and drives the cylindrical tube. This elimi-
nates the need to use additional triggers. The key advantages of the deflector are simplicity, lightness and
cost-effectiveness. The turbine head, structurally resembling a multi-blade vertical-axial rotor, is rigidly con-
nected to the cylinder and spins it due to wind force, increasing the lifting force and aerodynamic efficiency
of the installation. For reliable operation in various climatic conditions, deflectors must have strength, dura-
bility, wear resistance and low weight; the use of aluminum in the structure allows to reduce weight and in-
crease corrosion resistance.

The purpose of this work is to increase the efficiency of Magnus wind turbines by developing and ex-
perimentally studying a cylindrical blade with an active deflector made of aluminum. The novelty of the
work lies in the use of an active deflector, which provides self-starting rotation of the blade without the use
of additional starting mechanisms, as well as in a comparative analysis of the aerodynamic characteristics of
blades with deflectors made of different materials to determine the optimal solution.

Experimental methodology

As part of the study, a combined blade was developed, made in the form of a cylinder with a deflector.
Experimental studies were conducted in the laboratory “Aerodynamic measurements” of the Scientific Cen-
ter “Alternative Energy” of the Karaganda Buketov University. The object of the study was installed in the
working area of the T-1-M wind tunnel, where experimental measurements were performed.

The experimental sample of a cylindrical blade consists of a cylinder equipped with a deflector. The de-
flector lobes open under the influence of air flow, which ensures the independent start of rotation of the cy-
lindrical blade without the need for additional starting mechanisms (Fig. 2). The cylindrical blade under
study consists of a rotating cylinder (4) and an active rotary deflector (1) mounted on an iron rod (7), which
is attached to a radial disk (not shown) of the horizontal axis of the wind turbine. Bearings (3, 5) are installed
at both ends of the rotating pipe using mounting discs (2, 6). The principle of operation of the blade is as fol-
lows: due to the rotational action of the deflector (1), under the influence of an incoming air flow, the cylin-
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drical pipe (4) begins to rotate through the bearings (3), without using an electric drive. At the same time, a
lifting force is created due to the Magnus effect, which triggers the rotation of the blade and, ultimately,

drives the wind wheel of the installation.
This design of the deflector allows for autonomous rotation of the entire blade without the use of addi-

tional sources for the trigger mechanism. The deflector is made in the shape of a ball with 24 separate lobes,
which are attached on one side to a cylindrical pipe, and on the other to a round base using bolts.

1 — active deflector; 2, 6 — bearing mounting discs; 3, 5 — bearings;
4 — rotating pipe; 7 — iron pipe for mounting the blade

Figure 2. Diagram of a laboratory sample of a cylinder with an active rotary deflector element

Geometric parameters of a cylindrical blade with a deflector in Table 1.

Table 1
Parameters of a cylindrical blade with a deflector
Parameter Value Unit of
measurement

Deflector radius (R;) 0.05 m
Radius of the cylinder (R,) 0.025 m
Cylinder length (L) 0.205 m
Deflector area (S;) 0.00785 m?
Cylinder area (S,) 0.01025 m?
Total cross-sectional area (s;) 0.0181 m?
Kinematic viscosity (v) 0.0000149 m?/s
Density (p) 1.21 kg/m?

To conduct a comparative analysis of the efficiency of the blade, a laboratory mock-up of a cylindrical
blade with an active deflector made of metal (aluminum) and plastic (polypropylene) was made (Figs 3

and 4).
|
- = B= - ; l ) 4
f
. |
- » - 1
Figure 3. Experimental layout of a cylindrical blade Figure 4. Experimental layout of a cylindrical blade
with a metal active deflector (made of aluminum) with a plastic active deflector (made of polypropylene)
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Table 2 presents a comparative analysis of the main characteristics of aluminum and polypropylene
used in the manufacture of an active deflector [18].

Table 2
Comparative characteristics of aluminum and polypropylene for an active deflector
Characteristic Aluminum Polypropylene
Density, kg/m® 2700 900
The thickness of the material in the deflector, mm 0.2 0,5
Tensile strength, MPa 70-700 (depending on the alloy) 20-40
Modulus of elasticity, GPa 69 1,5-2
Stiffness and deformation under load . ngh rigidity, . Low rigidity, .
minimal deformation prone to deformation
Aerodynamic properties Lowdrag, highlift High drag, lowlift
. . Heavier due to higher density, Lighter, but requires more
Weight at the same size offset by a smaller thickness thickness for durability

As part of the study, experimental models of a cylindrical blade with an active deflector made of alumi-
num and polypropylene were made for comparative analysis.

According to the standard [19], an analysis of measurement uncertainty was carried out (1-4). In our
case, the values of the drag force and lift (Y) were not measured directly, but were calculated using N other
values X3, X5, X3 and Xy according to the functional dependence (1):

Y = (X X Xg e Xy ). (1)

For each input parameter X;, participating in the model, the estimate is made taking into account its val-
ue x; and the standard uncertainty x; and the standard uncertainty u(x;). The estimate of the input quantities
(1, x2 ... x,) is their mathematical expectation, and the standard uncertainty u(x;) is the standard deviation.

The methods for estimating standard uncertainties depend on the available information about the value
of X; and can be performed according to type A or type B. The standard uncertainty of type A is calculated
using the formula (2):

)

where, F, — measurement of the value; n — number of measurements; F — the arithmetic mean, calcu-

>F
latedas F = =1 .
n

The standard uncertainty of type B is estimated based on non-statistical information using the formu-
la (3):

UBZ(F)Z_ (3)

where, +AF are the limits of the permissible error of the device.
The total standard uncertainty is determined by the following expression (4):

U, =,/ikiuf , (4)

where, u; is the standard uncertainty of the i-th factor; k; is the sensitivity coefficient or weighting factor for

this factor; n is the total number of uncertainty factors.
This approach allows you to take into account all possible sources of errors and provides a reliable as-
sessment of measurement accuracy.
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In engineering practice, the formula (5) is widely used to calculate the lift coefficient:

AF, 2F,
Cy:u—2 OI‘Cy= UZ.S. (5)
p-— .S P
2
The following expression was used to calculate the drag coefficient (6):
2F
szA—';orCX: = (6)
g pu”-S
P

where, AF, — the drag force, [N]; AF, — lifting force, [N]; p — the air density, [kg/m®]; u — the air flow

velocity, [m/s]; S — the area of the midsection, [m?].
To determine the Reynolds number characterizing the ratio of inertial forces to viscosity forces, the
formula was used (7):

Re=——, (7)

where D is the characteristic linear size of the stream lined body; v is the kinematic coefficient of viscosity.
Results and Discussion

Aerodynamic laboratory experiments were carried out to study aerodynamic forces depending on the
flow velocity (3—15 m/s). The dependence of the drag force on the wind speed for two samples of blades is
shown in Figure 5. Figure 6 shows how wind speed affects the lifting force of the blade.

Fo,N

= metal def.
) ¥

Ls é plastic def.

0.5 @D

0 &

0 5 10 15
Vs

Figure 5. Comparison of the values of the drag forces of the blades with deflectors made of various materials
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Figure 6. Comparison of the values of the lifting forces of the blades with deflectors made of various materials
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As can be seen from the drawings, the blade sample with a metal deflector has the best aerodynamic
performance. The drag force of the sample with a metal deflector is almost 18-20 % lower than that of the
sample with a plastic deflector, while the maximum drag force was about 2.21 N at a wind speed of 15 m/s.
The explanation for this is the difference in the thickness of the materials used for the deflector, i.e., the
thickness of the metal is about 0.2 mm, while the thickness of the plastic is 0.5 mm, which is almost 2 times
higher. It is known that the thinner the material, the lower the drag.

In the speed range of 2-14 m/s, the lifting force for a metal deflector exceeds that for a plastic deflector.
The lift value of a blade with a metal deflector is 2.7 times higher than that of a blade with a plastic deflector.
The maximum lifting force of the blade with a metal deflector was 2.16 N. The data indicate a higher aero-
dynamic efficiency of the metal deflector, which may be due to its geometric stability at high speeds.

An analysis of measurement uncertainty (formulas 1-4) was carried out in order to find the true meas-
urement value, and measurement errors were calculated (Tables 3-6).

Table 3
Results of calculating the uncertainty of the drag of a metal layout
V. mfs Arithmetic Uncert. A Uncert. B Tota_l Starjdgrd Cc_)nfldence Error
mean. uncertainty deviation interval rate
5 0.40 +0.01 +0.02 +0.02 0.02 0.02 7.13
7 0.57 +0.02 +0.03 +0.03 0.02 0.02 6.98
9 0.99 +0.01 +0.05 +0.05 0.03 0.03 7.10
12 1.41 +0.01 +0.06 +0.06 0.04 0.05 7.08
15 2.09 +0.01 +0.10 +0.10 0.07 0.08 7.11
Table 4
Results of calculating the uncertainty of the lifting force of a metal layout
V. mfs Arithmetic Uncert. A Uncert. B Tota_l Star_1dzf1rd C(_)nfldence Error
mean. uncertainty deviation interval rate
5 0.27 +0.01 +0.01 +0.01 0.03 0.03 7.04
7 0.55 +0.02 +0.03 +0.03 0.03 0.03 6.96
9 0.79 +0.02 +0.04 +0.04 0.02 0.02 7.07
12 1.29 +0.01 +0.06 +0.06 0.03 0.03 7.10
15 1.90 +0.01 +0.09 +0.09 0.03 0.03 7.13
Table 5
Results of calculating the uncertainty of the drag of a plastic layout
V. mis Arithmetic Uncert. A Uncert. B Tota_l Starjdgrd anfldence Error
mean. uncertainty deviation interval rate
5 0.45 +0.01 +0.01 +0.01 0.03 0.03 7.13
7 0.73 +0.02 +0.01 +0.01 0.03 0.03 7.10
9 1.10 +0.02 +0.02 +0.02 0.03 0.03 6.98
12 1.48 +0.01 +0.04 +0.04 0.03 0.04 7.05
15 2.20 +0.02 +0.05 +0.05 0.04 0.05 6.98
Table 6
Results of calculating the uncertainty of the lifting force of a plastic layout
V. mfs Arithmetic Uncert. A Uncert. B Tota_l Standgrd C(_)nfldence Error
mean. uncertainty deviation interval rate
5 0.19 +0.02 +0.01 +0.01 0.03 0.04 7.01
7 0.26 +0.01 +0.01 +0.02 0.03 0.04 7.05
9 0.44 +0.02 +0.02 +0.02 0.03 0.03 6.98
12 0.72 +0.01 +0.03 +0.03 0.02 0.02 7.13
15 0.99 +0.00 +0.05 +0.05 0.03 0.03 6.97
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As can be seen from Figures 5 and 6, the uncertainty for both drag and lift is shown in the form of
vertical stripes, but they are omitted in the following figures for clarity. Tables 3—-6 show that the error was
about 7 %, which indicates the high accuracy of the experimental studies.

Figures 7(a) and 7(b) below show the dependencies of the aerodynamic coefficients on the Reynolds
number.
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a — coefficient of drag force; b — coefficient of lift
Figure 7. Dependence of aerodynamic coefficients on the Reynolds number

The drag coefficient of a blade with a metal deflector is on average 15 % less than that of a blade with a
plastic deflector, which indicates lower aerodynamic losses in a metal deflector. The maximum coefficient
value for a plastic deflector was 1.6 at Re = 0.15-10°, while for a metal deflector it reached only 1.4 under
the same conditions. When comparing the obtained results of the drag coefficient with data from other au-
thors, it was found that a cylinder with a metal deflector has a drag coefficient 37—40 % higher than that of
conventional cylinders [17], but 35-36 % less than that of cylinders with a plate [20]. Conventional cylinders
with a maximum Reynolds number have a drag coefficient of about 1 and do not create significant lift,
whereas cylinders with a plate have a coefficient of about 1.9 due to turbulence caused by their geometric
features.

The lift coefficient of a metal deflector is on average 1.7 times higher than that of a plastic one. The
maximum value for a metal deflector was 1.1 at Re = 0.18-10°, whereas for a plastic deflector it was on-
ly 0.65. These data confirm the higher aerodynamic efficiency of the metal deflector, which is probably due
to its rigidity and stable shape when exposed to air flow. Comparing the results with a cylinder with a rough
surface [14], a cylinder with a rough surface demonstrates a 31 % higher lift coefficient on average than a
cylinder with a metal deflector at the same air flow rates. However, as the air flow velocity increases, the lift
coefficient of a cylinder with a rough surface gradually decreases, reaching a value of 0.23 at a speed of
15 m/s, whereas a cylinder with a metal deflector has more stable dynamics and a value of 0.29 at the same
speed, which is 15 % higher. This indicates a more uniform aerodynamic efficiency of deflector cylinders,
which can be an advantage when used in conditions of variable air flow velocities, where lift stability is im-
portant.

Figure 8 shows the effect of wind speed on the number of revolutions.
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Figure 8. The effect of wind speed on the number of blade rotations

During the comparative analysis, it was determined that the blade with a metal deflector has a higher
rotation speed, which at v =15 m/s is N = 1100 rpm, which is 10 % higher than the rotation speed of blades
with a plastic deflector. This indicates that the metal deflector contributes to a more efficient use of wind
energy. The rigidity of the aluminum deflector allows you to maintain stable aerodynamic quality, which is
especially important at high wind speeds, when the plastic can be subject to significant deformation.

From the conducted studies, it is shown that a cylindrical blade with an aluminum deflector, being
poorly deformable, rigid and retaining a given shape, has relatively higher aerodynamic parameters.

Conclusion

This article discusses the problem of optimizing wind turbines by introducing a cylindrical blade
equipped with an active deflector. The characteristic features of this design are analyzed; special attention is
paid to its ability to initiate rotation without additional triggers due to the interaction of the deflector with the
air flow. The conducted research has established that the introduction of a cylindrical blade with an active
aluminum deflector significantly increases the efficiency of wind turbines. The use of an aluminum deflector
reduces the drag force by 18-20 % and increases the lifting force by 2.7 times compared to the polypropyl-
ene analog. The maximum lifting force reached 2.16 N at a wind speed of 15 m/s, and the blade rotation
speed increased to 1100 rpm, which is 10 % higher than that of a blade with a polypropylene deflector.

The improved aerodynamic characteristics are due to the high rigidity and minimal deformation of the
aluminum material, which ensures more effective interaction with the air flow. The use of an active alumi-
num deflector allows you to eliminate additional triggers, simplifying the design and reducing operating
costs.

The results obtained confirm the prospects of using active aluminum deflectors in the design of Magnus
wind turbines to increase their efficiency and develop renewable energy technologies.
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Marnyc xeJTYpPOMHACBIHBIH KAJAKIIAJAPbIHA OesiceHai JedieKTOPabI
naiajanbin, a3POAMHAMUKAJIBIK OHTAHJIAHABIPY

JKyMpicTa OWUIMHAPIIK KaJdakKmamsl OelceHAl Je(IeKTOPBIMEH CHTi3y apKbUIBl IKeNTypOHHATapHH
OHTAMIaHIBIPY KapacThIpblIFaH. IIMacTHKIeH (HMOJMIPOIMICH) CajbICTBIPFaHIa, MeTal (aJFOMHHHMIT)
neIeKTOphIH KOJIaHy KalaKIIaHBIH a’pOAMHAMMKAIBIK THIMIUINIH €Adyip apTThIpajabl. ANIOMHHHN
nediextopsl kenepri kyurin 18-20 %-ra TeMeHzaeTin, keTepy KyIIiH 2,7 ecere apTThIPaTbIHbI KOPCETLNI.
Makcumanabel KeTepy Kyini 15 M/c iken KpUIgaMAbIFbIHAA amoMuHui nediexropeiven 2,16 H-ra xerti.
CoHbIMEH Kartap, JIIOMHHHH Ae(IEKTOPHIMEH KaJaKIla JKOFapbl alHAly >KbUINAMIbIFbIHA JKETTi, SFHH
1100 aiin/muH neiiid, Oyi1 AereHiMiz monumpomnuieH aediekTopsl Oap KanakmameH canbicTeipranaa 10 %
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skorapbl. JKakcapTbUFaH KOPCETKILITep aTIOMHHHUNA MaTepHAIIIbIH JKOFaphl KATThUIBIFBI MCH aya arblHBIHBIH
ocepiHeH MHHHManAbl nedopManusachiHa OaimaHbicThl. benceHai amoMuHHil IedIeKTOPBIH KOJIaHY
KOCBIMIIIA BJIEKTP KO3FAITKBIITAPBIHBIH KAKCTTUIMH KOSAABL, KYPBUIBIMABI JKEHUIIETIN, MNaiganany
NIBIFBIHIAPEIH TOMEHICTE 1. AJIBIHFAH HOTHXKEJIep OCIICEH I allFOMUHU TeIICKTOPBIH KOJIIaHy MarHyc skein
TypOWHANAPBIHBIH TUIMJIUTITIH apTTHIPATHIHBIH JKOHE YKAHAPTHUIATHIH 3HEPTHS TEXHOJIOTHSUIAPHIH JaMbITyFa
BIKITAJ CTCTIHIH KOPCETE/II.

Kinm ce30ep: mumuHApIiK Kanakma, GerceHni aeduieKTop, >kesl TypOWHaIaphl, e34iriHeH icke KOCBUIATHIH
aliHay, a’poJMHAMMKAIBIK CHIATTaManap, aJlOMUHUI AedieKTopbl, KeTepy Kylli, MaHAAHIBIK Keaepri
Ky, Marayc acepi, el KbUIJaM/ABIFbl, aiHATY JKbULIAMABIFb, JKeJl TypOMHACHIH OHTAaIaHIBIPY

H.K. Tanamesa, JI1.JI. Munbkos, A.P. baxTeiOekoBa,
III.C. Keiznapbexona, A.A. I[Toranosa, H.K. bormaes

AdpoaMHaMHyecKasi ONTUMU3AIMUS JIONACTell BeTPOBbIX TypOouH Marnyca
C CINOJIL30BAHMEM AKTUBHOIO J1e()IeKTopa

B nmanHoit paboTe paccMaTpHBaeTCsl ONTHMHU3AINS BETPSHBIX TYpOUH IyTeM BBEICHHS LMIHHAPHICCKON JI0-
MaCTH C aKTUBHBIM Ae(iIeKTopoM. Vcroap30BaHne METAIMYECKOTO (aTFOMUHIEBOTO) AedaeKkropa, mo cpas-
HEHHIO C IDIACTHKOBBIM (IIOJHIIPOMIJICHOBBIM), 3HAYHTENHFHO MOBBICHIIO a’pOAUMHAMIYEcKylo 3¢ddexTus-
HOCTb JionacT. [Ioka3aHo, 4TO aJFOMHMHMEBBIH Ie(IEKTOp CHIDKAET CHily comporuBieHus Ha 18-20 % u
YBEIUYUBACT NOABEMHYIO CHIY B 2,7 pa3za. MakcuManbHast mogbeMHast cuia gocturia 2,16 H mpu ckopoct
BeTpa 15 m/c ¢ amoMuHueBbIM AediaekTopoM. Kpome Toro, JIOMacTh ¢ aTFOMUHHEBBIM 1e()ICKTOPOM JOCTHT-
na 6oJiee BHICOKOM ckopocTH BpamieHuss — a0 1100 06/muH, uto Ha 10 % BBIIIE IO CPABHEHHIO C JIOACTHIO C
HOJUTIPOIMICHOBBIM JIe(IeKTOpOM. YIIydIlleHHe XapaKTePUCTUK O0YCIIOBICHO BBICOKOH JKECTKOCTBIO M MH-
HUMaJIbHOH AeopManuell aTrOMHHHEBOTO MaTepuaja MOJ BO3JEHCTBHEM BO3IYIIHOTO MOTOKa. Mcmonb3o-
BaHHE aKTUBHOTO AJIFOMHHUEBOTO Je(IeKTOopa ycTpaHseT HeoOXOJUMOCTh B IOIOJHATEIBHBIX JIEKTPOIBH-
raTeisix, ynpoluias KOHCTPYKIHMIO M CHUKas SKCIUTyaTallMOHHbIC pacxosl. [1omydeHHbIe pe3ybTaThl CBUIC-
TEJBCTBYIOT O TOM, YTO HCIIOJb30BaHUE aKTHBHOI'O aJFOMUHHMEBOTO JediiekTopa moBbmaeT 3hGeKTHBHOCTD
BETPOBBIX TypOUH Martyca i CmocoOCTBYET Pa3BUTHIO TEXHOJIOTHIl BO30OOHOBIISEMOi SHEPIETHKH.

Knrouegvie cnosa: MIMHAPUYECKas JIONACTh, aKTHBHBIA Je(IICKTOP, BETPSIHBIC TypOMHBI, CaMO3aIlyCKalo-
Iieecsi BpalleHue, a’dpoANHaAMUIECKHE XapaKTePUCTHKH, aJIOMHHUEBBIN JedekTop, moabeMHas Cuia, cuiia
no060Boro conporusieHus, 3Gpexr Marayca, CKOPOCTh BETpa, CKOPOCTh BPAIICHNUs, ONITHMHU3ALHUS BETPSIHON
TYpOHUHBI
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