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Determination of the optimal deflection angle of the sail blade of a wind power plant

This article presents the results of studies of a sailing wind power plant at various parameters. For this
purpose, a model of a wind power plant controlled by a system of sail blades was developed. Studies of
aerodynamic forces at different angles of deflection of the sail blade system were carried out: 0°; 30°; 60°;
90°. The air flow velocity varied in the range from 3 to 14 m/s. The experiments were carried out in a T-1-M
wind tunnel designed to measure forces and moments acting on a sailing wind turbine. As a result of
experiments, it was found that with an increase in the air flow velocity, the frequency of rotation of the shaft
of the wind power plant increased. The maximum rotational speed of the shaft was reached at o = 0°
deflection of the sail blade system of the wind power plant. A number of experiments were carried out and
aerodynamic characteristics were obtained depending on the deflection angle (o) of the sail blade system of
the wind power plant and the air flow velocity. As the deflection angle of the blade system increases, the drag
force decreases depending on the air flow velocity. It was experimentally established that at o = 30°
deflection of the blade system created the maximum lift force. Based on the data obtained, it was found that
with an increase in the speed of the incoming air flow, the aerodynamic forces acting on the sailing wind
power plant increased.

Keywords: Sail blade, wind power plant, shaft rotation speed, wind turbine, deflection angle, frontal
resistance, thrust force, T-1-M wind tunnel.

Introduction

Due to its geographical features, Kazakhstan has high potential for wind energy, which can be
harnessed to generate electricity and reduce dependence on oil and gas resources. In recent years,
Kazakhstan has been actively developing wind energy, attracting foreign investment and building new wind
farms, to achieve energy independence and reduce greenhouse gas emissions. The average wind speed
reaches 3-4 m/s in most of the territory, while in open areas, the air flow velocity is 6 m/s or higher [1].

When analyzing wind energy technologies, it is evident that the most common type is wind generators
with blade rotors used in turbine wind power plants. However, these installations face challenges related to
the unpredictability of wind speed and direction, as well as limited operating speed range, making them less
effective in Kazakhstan [2]. Traditional bladed wind power plants also have low efficiency at low wind
speeds, particularly in the repetitive wind range of 6-7 meters per second [3, 4]. To address this issue, a
sailing wind power plant is being used.

One advantage of a sailing wind power plant is its ability to generate electrical energy from low wind
speeds, as low as 3 m/s [5]. The wind turbine operates by utilizing the kinetic energy of the wind, converting
it into mechanical energy through the rotation of the shaft with the help of torque resulting from the
aerodynamic lift force on the sails. However, existing sailing wind power plants lack a mechanism to
regulate the deflection angle of the blades.

The novelty of this installation lies in the use of a controlled system of blades, which provides optimal
conditions for operation [6]. By adjusting the deflection angle of the sail blades, the load on the wind power
plant can be reduced during high wind speeds. The objective of this study is to investigate the aerodynamic
characteristics of a sailing wind power plant using a controlled system of blades in the form of a triangular
sail, calculate the drag and thrust coefficients, determine the optimal deflection angle of the blades, and
demonstrate the effectiveness of this wind power plant.

Experimental

In this study, experiments were conducted using a mock-up of an eight-bladed sailing wind power plant
to investigate the effect of flow direction on its aerodynamic characteristics.
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An experimental model of an eight-bladed sailing wind power plant was created for the purpose of
research. Aerodynamic characteristics were measured at least five times. The wind power wheel had a
diameter of d = 0.43 [m], the cross-sectional diameter of the model was S = 0.145 [m], the area covered by
the rotor was R = 0.215 [m], the air density was p = 1.21, and the kinematic viscosity of the air was v =
14.9-10° [Pa-s]. The measurement error was within 4 %.

The experiments were conducted in the working section of the T-1-M wind tunnel, which had a
diameter of the working part D = 0.5 m and a length L = 0.8 m. Drag force measurements were carried out
using three-component aerodynamic scales with high measurement accuracy. Figure 1 shows a diagram of
the experimental eight-blade sailing wind power plant.
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Figure 1. Diagram of an experimental sailing wind turbine
1 — Sailing blades of a wind power plant; 2 — a frame for mounting a mock-up with aerodynamic scales; 3 — scales
measuring drag force; 4 — scales measuring lift; 5 — confuser; 6 — wind tunnel diffuser [7].

The angle of deflection of the blades is an important parameter for the energy efficiency of the wind
turbine, as it affects the direction and speed of the air flow passing through the turbine. In Figure 2, the angle
of deflection of the sail was varied to the following values: 0°, 15°, 30°, 45°, and 60°.
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Figure 2. Changes in the deflection angle (a) of the blades of a sailing wind power plant.

During the experiments, a decrease in efficiency was observed at flow installation angles exceeding
o, = 60°. Experiments were not conducted at angles o greater than 60°.

The following formula (1) was used to determine the drag coefficient (C,), thrust coefficient, and
Reynolds number (Re):
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where F; is the drag force [N], F: is the thrust force [N], p is the air density [kg/m®], u is the air flow
velocity [m/s], S is the midsection area of the rotor [m?], d is the diameter [m], and v is the kinematic
viscosity of the air [m?/s] [8].

During the experiments, the air flow velocity varied from 3 m/s to 14 m/s. The number of revolutions
was measured using a digital laser photo tachometer AT-8, and the velocity of the incoming air flow was
measured using a Skywatch Atmos cup anemometer [9-10].

Results and Discussion

Based on experimental data (Fig. 3), the dependence of the number of rotations of the shaft of a sailing
wind turbine (N) on the wind speed (U) and the angle of deflection of the sailing blades (o) is obtained.
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Figure 3. The dependence of the number of revolutions (N) of a sailing wind power plant on the wind speed (U) and the
angle of deflection of the sailing blades (a).

From the data obtained, the maximum value of the drag force of a sailing wind power plant is reached
at 0=0°, with a rotational speed of n=271 [rpm] at U=3 m/s, and gradually increases (from 4 m/s to 14 m/s)
depending on the air flow velocity (n=948 [rpm], U=14 m/s).With a change in the angle of deflection of the
sailing blades, the number of revolutions rapidly decreases. The minimum rotation speed of the wind turbine
shaft is n=195 [rpm] at a=60° and U=3 m/s, and n=326 [rpm] at U=14 m/s.

The rise in wind speed leads to a smooth increase in the dynamic air pressure on the soul blade of the
wind power plant, which contributes to its acceleration. Further experiments were carried out to measure the
drag force (Fq). Figure 4 describes the dependence of the drag force (Fq) of a sailing wind power plant on the
wind speed (U) at different angles of deflection of the sailing blades (o).
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Figure 4. Dependence of the drag force (Fq) of a sailing wind power plant on wind speed at different angles of
deflection of the sailing blades (a).

With a minimum deflection angle o = 0° (Fig. 4), the maximum drag force Fq = 0.575n (for U = 3 m/s)
is observed, and it gradually rises with higher wind speeds, reaching F: = 7.506 N at U = 14 m/s. When the
deflection angle of the blades changes, the drag force (o = 15 — 60°) decreases rapidly, reaching F; = 26 N at
a=15°and U = 3 m/s, and gradually climbs with higher air flow velocities, reaching Fr = 0.911 N at o = 60°
and U = 14 m/s. As the air flow velocity increases, the dynamic pressure effect leads to an augmentation in
the drag force on the surface of the blades. Consequently, with a minimum angle of deflection of the blade (o
= 0°), the flow passes more smoothly and with minimal ‘energy losses, allowing for maximum frontal
pressure on the surface of the blade. Further studies were carried out to measure the thrust force of a sailing
wind power plant as a function of the air flow velocity (Fig. 5).

Figure 5 The thrust force (F) of a sailing wind power plant as a function of the air flow velocity (U)

As can be seen from Figure 5, the thrust force (F) on the sail blades depends on the deflection angle (o)
of the air flow. At small deflection angles (a = 0 — 30 °), the air flow is almost parallel to the surface of the
blades, which creates a large thrust force. Consequently, at o = 0°, the thrust force is F; =0.81 N (at U=3m/s)
and F=12.9 N (at U=14 m/s). When the angle of the sail blades changes, the part of the kinetic energy of the
wind is converted into the potential energy of the sail. The sail begins to work like a wing, creating not only
horizontal thrust, but also vertical lift. Consequently, at a = 30° deflection of the blades, the thrust force has a
maximum value of F;=1.6 N (at U = 3 m/s) and reaches (F=19.99 N at U= 14 m/s.)
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Thus, at large deflection angles (more than a = 30 °), the air flow begins to break and form vortices
behind the blades (a = 45° F=1.56 at U=3 m/s) and (F= 21.25 N at U=14 m/s), which leads to a smooth
decrease in the thrust force (o = 60° F=0.7 N at U=3 m/s and (F= 8.96 at U=14 m/s).
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Figure 6. Dependence of the drag coefficient on the Reynolds number for a sailing wind power plant at different angles
of deflection of the sailing blades

As the Reynolds number increases (Fig. 6), the pressure on the surface of the sail blades gradually rises.
This phenomenon leads to a decrease in the frontal coefficient at a = 0° Cx = 0.73 (at Re = 10°) and Cx =
0.44 (at Re= 4.7*10).

When the deflection angle changes, the vector of the force acting on the sail blades changes. As a result,
the resistance force also changes, which is displayed on the charts depending on the angle of deviation in the
range: o = from 0 to 60 °. At a deflection angle a = 60° (Cx = 0.0329 at Re = 10°) and (Cx = 0.077 at 4.7 *
10%).

Thus, the changes in the drag coefficients on the graph are due to changes in the Reynolds number and
the deflection angle of the sail blades.

Figure 7 shows the dependence of the thrust coefficient (Cx) on the Reynolds number (Re) for a sailing
wind power plant.

The studies were carried out at different angles of deflection of the blades (from a = 0° to 60 °) for this
wind power plant.
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Figure 7. Dependence of the thrust coefficient on the Reynolds number for a sailing wind power plant

With an increase in the Reynolds number (Fig. 7), the thrust coefficient growths and reaches a
maximum at the angle of deflection of the blades o = 30 © C; = 2 (at Re = 10°) and C; = 1.16 (at Re =
4.7-10%), then decrease with a further increase in the angle of attack. This is due to changes in the flow
conditions of the installation surface at different wind speeds and deflection angles of the blades.

Conclusions

Based on the results obtained, the following conclusions can be drawn:

132 BecTtHuk KaparaHgmHckoro yHusepcurteTa



Determination of the optimal...

- an experimental model with the specified parameters was developed, which was subsequently carried
out experimental studies in the T-1-M wind tunnel in order to obtain data on aerodynamic characteristics.

- the number of rotations of the shaft of the wind power plant from the air flow velocity is set. The
maximum rotation speed of the wind turbine shaft is fixed at N= 948 [rpm] at U=14 m/s. A high number of
revolutions leads to excessive wear and damage to the equipment, as well as to an excess of noise and
vibrations. The data obtained will help to choose the angle of deflection of the sail blades for optimal
operation of the wind power plant.

- the dependence of the drag force on the air flow velocity is obtained. It is established that with an
increase in the air flow velocity, the drag force rises smoothly. The maximum drag force was reached at
U=14 m/s (Fq = 0.911 N).

Experimental data showed that in order to obtain the maximum thrust force, it is necessary to select the
optimal angle of deflection of the blades, in our case, with a deflection angle a = 30° of peak values, the
thrust force reached F; = 1.607 N (U = 14 m/s).

- the optimal deflection angle o = 30 ° is determined, where the maximum coefficient of thrust of the
sail blades (C; = 2) is fixed (Reynolds number 1,7-10°). With a slight deflection of the blades, the wind acts
on the blades at a certain angle, creating a lifting force that leads to the rotation of the rotor of the wind
turbine and an increase in the thrust force. However, as the deflection angle of the sail blades increases, the
lifting force reaches its maximum and begins to decrease, as the wind ceases to affect the blades at the same
angle. This leads to a decrease in the thrust force on the blades, which in turn leads to a slowdown in the
rotation of the wind turbine rotor.

Thus, the data obtained will make it possible to create and develop a wind energy system. An
installation that will allow rational and efficient use of wind energy resources. Also, with the help of a
controlled system of blades, you can choose the optimal angle of deviation for more productive use of the
wind power plant.
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C.C. Ke13nap6ekoBa

7Kes 3HepreTuKaJBIK KOHABIPFBIHBIH KeJKeH/ Il KaaaKIAChIHbIH
OHTAMJIBI AyBITKY OYPBIIIBIH AHBIKTAY

Makanazia >KenKeHAl Kell KOHIBIPFBICHIH OPTYPIi MapameTpiepiae 3epTTey HoTkenepi kentipiared. Ocbl
MakcaTTa 0acKapbUIATHIH KaJlak, xKyifeci 6ap el KOHABIPFBICHIHBIH MaKeTi skacanbl. JKenkeH i KalaKiIaHblg
AYBITKYBIHBIH opTYPIIi OYpHIITAPEIHAAFE a3pOANHAMUKAIBIK KYLITepre 3epTreyiep yprisinai: 0°; 30°; 60°;
90°. Taxipubenep >KeJIKeHI1 Kell TypONHACIHA acep eTeTiH KYIITep MEH MOMEHTTEp/Ii eJIeyre apHanrad -
1-M sxen TyHHemiHAe >KYpris3unai. JKyprisimren ToxipuOenep HOTIKECIHIE aya arbIHBIHBIH JKBIIIAMIBIFBI
apTKaH CalblH JKeJl 3JEKTP CTAHIMACHIHBIH OUIriHIH aifHamy >KULTIr apTaThIHBl AHBIKTAIABL. BiTiKTiH
MaKCHMAaJIbl aifHaTy KULTIriHE K€l KOHIBIPFBICHIHBIH JKEIKEHAI KamakTapbl o = 0°aybITKbIFaH Ke31e KO
JKeTkizineni. JKenm 3MeKTp CTaHUMSACHIHBIH JKENKEHII KaJaKTapbIHBIH aybITKy OyphIMIbIHA () XKOHE aya
aFbIHBIHBIH alfHAJY XKbUIIaMIBIFbIHA OalTaHBICTHI OipKaTap 3KCIEPUMEHTTED JKYPri3ilil, a3poarHAMUKAIIBIK
cunartaManap ansiHpl. Toxipube GapbIChIHIA KalaKIIaHBIH ayBITKY OYpBILIBI apTKAaH Ke3/¢ aya aFbIHbIHBIH
JKBUIIAMIBIFBIHA  OalIaHBICTH Kelepri KNIl a3asTblHBl aHBIKTAIIel. o = 30° ke3iHOe >KeIKeH.I
KaJIaKIIaJapIblH aybITKybl MaKCHMaJAbl TapTy KYIIiH TYXBIPATBIHBI TXKipuOe HEri3iHAe oieNmeH .
AJNBIHFaH MOJIIMETTep HeTi3iHAe adpoIUHAMUKAIBIK Kod(QduiueHTTepain o3repy rpadukrepi (hpoHTaIbIb!
KeJIepri, KeJl 3JEeKTP CTAHIMSCHIHBIH TapTBUIYbI) YCHIHBUIFaH. Kapchl aya arbIHBIHBIH JKBUIIAMJIBIFBIHBIH
JKOFapbhUIaybIMEH JKEIIKCHII JKeNl KOHABIPFBICBIHA OCEep C€TETiH a’spoAMHAMHUKANBIK KywWTep KebOeieTiHi
aHBIKTaNABl. bynm 3eprreynmiH HoTmkenepi OackapbUIaThlH —Kallakma OKydeci Oap  JKENKEHHAI JKel
KOHIBIPFBUIAPBIH OJaH opi AaMBITY YIIiH MHaiijansl OOyl XOHE KeJ SHEPTHsACHIH OHIIpYAe OCHIHAH
JKYHENepIiH THIMILUTITIH apTThIPYFa BIKMA €Tyl MYMKIH.

Kinm ce30ep: XeNKCHIl Kallakila, >KeJI SHEPreTHKAJbIK KOHIBIPFBI, OUTIKTIH affHamy IKUINIri, >Kel
TypOHMHACHI, aybITKy OYpBIIIBI, MaHAall kexepri, TapTy Ky, T-1-MaspoanHaMHUKaIBIK KYObIp.

H.K. Tanamesa, M.A. bypkos, A.H. /TrocembaeBa, C. CyneiimenoBa, A.C. Tycynbaesa,
HI.C. KezmapOekoBa

Onpenenenne oNTUMAJIBLHOIO YIJia OTKJIOHEHHUS NAPYCHOI JIONACTH
BeTPOIHEPreTHYeCKOil YCTAHOBKH

B cratee mnpuBeneHbI pe3yJbTaThl MCCIACIOBAHUH IMapyCHOH BETPOIHEPTreTHUECKOH YCTAaHOBKH IIPH
pa3nuyHBIX mapaMerpax. s JaHHOW Henu pa3pa0oTaH MakeT BETPOIHEPreTHYECKON YCTAHOBKH,
ymnpaBisieMol cuctemoii somacteld. [IpoBeneHb! MccieoBaHMS adpOJMHAMHYECKUX CWJI TIPH Pa3IMYHbBIX
yriax OTKIOHEHUs mapycHbIX nomacteit: 0°; 30°; 60°; 90°. CkopocTh BO3IYIIHOTO MTOTOKA BapbHpOBAllach B
guanaszoHe ot 3 mo 14 wm/c. OKCrnepHMEHTHl NPOBOAWINMCH B a’poauHaMu4eckoi Ttpyde T-1-M,
MpeAHA3HAUYCHHON U1 M3MEPEHUH CHJI U MOMEHTOB, JCHCTBYIOIIMX Ha MapyCHYIO BeTpOTypOuHYy. B
pe3yabTaTe IPOBEICHHBIX YKCTIEPUMEHTOB YCTAHOBJIEHO, YTO C YBEIMIEHHEM CKOPOCTH BO3JYIITHOTO ITOTOKA
BO3pacTaeT 4acTOTa BPAlleHUs Baja BETPOIHEPreTHYECKOH YCTAHOBKH. MaKcHManbHas 4acToTa BpPAICHUs
BaJla JOCTUTHyTa Npu 0=0° OTKIIOHEHHUs MApYCHBIX JIOMACTeil BETPOIHEpreTHIecKoil ycraHoBku. [IpoBeneH
PsII SKCIIEPUMEHTOB H TOJYYSHBI a9POJMHAMUYSCKUE XapAaKTEPUCTUKH B 3aBHCUMOCTH OT yIJla OTKJIOHEHUS
(o) mapycHBIX JioITacTell BETPOIHEPTeTHIECKON YCTAHOBKH M CKOPOCTH OOTEKaHUsI BO3AYIIHBIM IMOTOKOM. B
XO/ie TPOBEACHMS SKCIIEPHMEHTOB YCTAHOBIEHO, UTO TPH YBEIWYEHHWH yTia OTKIOHEHHS JIOMACTH CHla
J000BOTO  COMIPOTHBIICHHS YMEHBIIAETCS B  3aBUCHMOCTH OT CKOPOCTH  BO3IYIIHOTO IOTOKA.
DKCIepUMEHTANBHO JI0Ka3aHo, 4To MpH 0=30° OTKIOHEHWS MapyCHBIX JOMACTeH CO3/aeTCs MaKCHMAlIbHAst
cmra Taru. Ha OCHOBE MONyYeHHBIX MAHHBIX IIPEJCTAaBICHBI T'paUKH W3MEHEHUs a’dpOJMHAMUYECKHX
k03¢ durreHToB (11000BOr0 COMPOTHBICHHS, TATH BETPOIHEPreTHYECKOil ycTaHOBKH). OmpereneHo, 4To C
YBEJIMYEHHEM CKOPOCTH HAO0EraoIero MOTOKa BO3AyXa a’dpOJMHAMUYECKHE CHIbIL, AEHCTBYIOIIHE Ha
MapyCHYIO BETPOIHEPIeTHUECKYIO YCTaHOBKY, BO3PACTAIOT.

Kniouesvlie cnoea: mnapycHas JIOMacTh, BETPOIHEPreTHUYECKass YCTAHOBKA, YAacTOTa BpaIIEHHs Baja,
BETPOTYpOUHA, yrOJI OTKJIOHEHUS, JIOOOBOE CONPOTHBIEHHE, CHJIA TATH, adpoAnHaMudeckast Tpyoa T—1-M.
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