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Study of aerodynamic parameters of the sail blade

This article studies the aerodynamic characteristics of a triangular sail blade of various parametersaFor this
purpose, we made a triangular sail blade with a dynamically changing surface shape. The airflow" velecity
varied from 3 to 12 m/s. The dependences of the aerodynamic forces of the sail blade on the flowvelogity
were investigated at various angles of the apex of the triangular blade. The experiments weré“€arriediout at
different vertices of the angles: 0°%; 30% 60°% 90°. As a result of the experiment, it was revealed thafat the ver-
tex angle y = 90°, the triangular sail blade has optimal aerodynamic parameters. The depéndences of’the aero-
dynamic coefficients on the dimensionless angle of attack are obtained. It is found that'the optimalnumber of
triangular blades for a wind power plant with sailing blades is 6. It is establishedghanat the,angle of attack o
= 0°, the maximum value of the middle section of the wind wheel to the streandlinedéaiflow’will introduce a
decrease in the value of the drag coefficient with an increase in attack o. The analysis of the experiment re-
sults on the change in o from the speed of the airflow of the sail blade is carried outsWhen the blade position
changes, drag changes relatively to the airflow. The wind wheel Will chiange its\position relative to the stream
with an increase in the attack angle. With an angular position charige, the“ateajof the middle section of the
wind wheel begins to decrease relative to the incoming flow. With a‘decrease in the middle section of the
wind wheel, the drag force decreases, and the drag coefficient/decreases aceordingly. Thus, the total result of
pressure changes on the leeward and windward surfaces,of the,sail campbe represented as one resultant aero-
dynamic force directed at an angle to the line perpendiculanto theawind direction.

Keywords: sail, wind turbine, flow speed, aerodynamic force,jwind tunnel T-1-M, attack angle.

Introduction

The wind potential of the area primacily determines the development of the wind energy industry in Ka-
zakhstan. The wind resource of the/Republic of Kazakhstan is rich and has no territorial boundaries. Over
50 % of the country’s territorytha@s wind with speeds of 3—4 m/s, and in some open areas, one can observe
higher wind speeds of 6 m/s and higher.

Foreign and domestic/cientists‘and engineers have developed wind power plants with wind speed lim-
its for starting work. These ipstallations are designed for wind speeds ranging from 5-6 m/s. Based on this,
an urgent issue afises in develeping and studying wind power plants and their working power elements for
low speeds of the air‘oncoming flow.

One of the representatives of wind power plants for low wind speeds is wind power plants with dynam-
ically variabléblade surfaces (a sail); the threshold speed for starting the installation is 3 m/s.

Invention [1},aims to increase the windage of the blades and increase the efficiency of using wind ener-
gy. Gandhiretal. [2] investigated the combined operation of solar photovoltaic installations with wind power
installations with sail blades. A distinctive feature is that the sail blades are square-shaped.

Ghoshget al. [3] provided the study of the aerodynamic characteristics of a Cretan-type wind turbine, a
wind turbine with a horizontal sail-type axis. Ignazio et al. [4] presented the pressure tendencies for different
angles of attack of the sail. Finally, He et al. [S] determined the sail model’s performance coefficients and the
sail’s optimal attack angle based on the results of tests in a wind tunnel. Jean-Baptiste [6] gave a detailed
overview of various features of leeward sail flow, including the effect of separation bubbles and vortexes at
the leading edge.

Blades with a dynamically changing surface shape solve the problem of increasing the wind energy uti-
lization factor with an air incoming airflow with minimal values. The explanation for this is that when the air
flows around the oncoming flow, favorable conditions are created, which, in turn, are also close to continu-
ous flow, entailing an increase in the lift coefficient of the blades. For this purpose, the blades have the shape
of a triangular sail. During the conversion of the energy of the airflow by the sailing blades into energy con-
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venient for use, aerodynamic forces appear. The thrust force, which is part of the aerodynamic forces, con-
tributes to the rotational movement of the wind power plant. The change in the value of the aerodynamic
force is influenced by a change in the pressures, namely, a change in dynamic and static pressure when the
blades are blown by the wind [7].

The airflow in front of the sail blade is divided into two parts: leeward and windward. The cross-section
of the wind flow will be smaller than the cross-section of the initial flow from the wind side, and the speed,
respectively, is greater than the actual wind speed. Considering Bernoulli’s Law, the atmospheric pressure on
the leeward side of the sail can be said to be less than atmospheric pressure. Most of all, the speed will in-
crease in the front part of the sail, where there will be an area of slightest pressure, or, in other words, the
most significant vacuum [8].

By similar reasoning, it is easy to establish that on the windward side of the blade, the wind speed will
decrease slightly in the area of the front part of the sail. As a result, the static pressure will increaseland be-
come higher than the atmospheric pressure, i.e. there will be additional pressure above the existing‘atmos-
pheric pressure. Thus, the useful work of the sail will be caused by the fact that pressufes _thatydiffer inimag-
nitude from atmospheric pressure will form on it. Their action is directed perpendicular to the sailfabri¢, and
the value changes depending on the difference in the air flow rate at a given point.

The purpose of this work is to study the aerodynamic forces and their coefficients of the blades in the
form of a triangular sail of a wind power plant.

Experimental

The authors of the work conducted laboratory experiments to study the aerodynamic forces of the sail
blade. During which, the optimal linear dimensions of the triangular sail were determined. Tests of a sail
blade with a movable end were carried out in the T-1-M wind tumnel*(laberatory of Aerodynamic measure-
ments), where it was fixed in the working part of the pipe. Theaalues,of the airflow velocity varied from 3 to
12 m/s.

In the proposed work, a study was carried out for am,optimized blade with a dynamically variable shape,
for the subsequent creation of an improved modgl of a wiad turbine with increased efficiency. A distinctive
feature is the use of nylon as a sail material.

Nylon has become one of the first synthetic fabries_infthe world to be made from polyamide. In appear-
ance, it is similar to silk — it has the same shine and smooth front surface. The fabric is strong and elastic; it
is difficult to tear it. Nylon is more elastic, sotit easily absorbs overloads caused by changes in wind speed
values. Figure 1 illustrates an experimental sail,made of nylon.

The main differences between nylon‘and polyester are:

1. Appearance and tactileisensations. Nylon is smooth to the touch and resembles silk. Polyester has a
rough matte surface with a visibleyweavespattern.

2. Weight. A large nylen*eapvasyweighs little. Polyester is also light, but it is larger than nylon.

3. Water resistance. The sater-repellent properties of polyester are several times lower.

=

Figure 1. Experimental sail sample
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According to the theory of aerodynamics, the following indicators influence the drag force and lift:

a) dynamic pressure;

b) area of the sail, m%

¢) angle of installation of the sail relative to the wind direction;

d) linear dimensions of the sail, its profile, the fullness of the belly, etc.;

e) properties of the sail fabric, i.e. its smoothness, rigidity, ductility, density, etc.;

f) angle of inclination of the sail.

Considering the shape of the sail, it should be noted its elongation, which is directly proportional to the
height of the sail H and inversely proportional to the length of the middle chord of its profile | (Figure 2) [9].

For rectangular sails, it is equal to the ratio — . Also, the elongation is determined by dividing the height of

the sail H by its average width for a number of sails, such as guari, triangular, gaff, etc. The average width
can be calculated by dividing the area of the sail S by its height H:

Elongation = % _ H?z (1)
m

The fullness of the sail, i.e. the belly of the sail is directly proportional to theymagnitude of the deflec-
tion arrow and inversely proportional to the length of the chord of the sail profile'l:

Fullness = % 2

The influence of all these factors can be taken into accountiwith same remarks when determining the
aerodynamic force according to certain formulas. It is established that two identical sails (in shape, cut, fab-
ric, etc.) differ only in area and work with the same anglef attack, in any winds form aerodynamic forces
proportional in magnitude to the dynamic wind pressure‘and sail area.

Having expressed the factors specified in paragraphs‘€yd, @; e in terms of the coefficient C, the aerody-
namic force generated by the flow of the sail is found through the following formula:

F 29SC =0,0625V,SC ®3)

Where F is the aerodynamic force imkg, V is the wind speed in m/s, S is the windage area in m?, C is
the coefficient of aerodynamic force [

The characteristic of the aerodynamic\gualities of the sail is the polar, which shows how the coefficient
of lift varies depending on the coéfficient of drag and angle of attack (Figure 3) [9].
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Figure 2. Puffiness and elongation of the sail Figure 3. Polar of the sail

The coordinate axes show dimensionless coefficients Cy and Cx, so that this graph can be applied to a
sail with any geometric data. The coefficients are calculated by dividing the magnitude of the measured force
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by the dynamic wind pressure g, as well as by the windage area S, respectively, the coefficients will be ob-
tained:

X,YorF
qs

With a polar, it is possible to determine the lift and drag force values and their components — the thrust
force. The sail polarity allows selecting the most favorable angle for setting the sails on a given course in
relation to the wind, i.e., the pulling force is at its maximum value.

C,.C,or C= 4)

Results and Discussion

The values of the lifting force obtained for a triangular sail blade with vertices angles y (0°480°% 60°;
90°) at a speed range from 3 to 12 m/s are represented by the dependence shown in Figure 4. Also, under the-
se conditions, the drag forces were determined (Figure 4).
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Figure 4. Graph of dependences of the lift Figure 5. Graph of the dependences of the drag
forcing of the sail blade on the flow velocity at vakious forces of the sail blades on the flow velocity at different
angles vy of the apex of the triangular blade angles y of the apex of the triangular blade

From the obtained dependenciesi(kigures 4, 5), a proportional dependence of the blades’ lift force and
drag force on the flow velocitygis Visible. At the lowest wind speeds from 3 to 5 m/s, the appearance of lift-
ing force is observed at values®f about 2 N with a vertex angle of y = 90°, which proves the effectiveness of
use for a range of Jlow speeds. In/a comparative analysis of the results obtained, it was found that the maxi-
munm lifting force has a'sail blade with a vertex angle y = 90°.

Thus, a flexiple sail blade with an apex angle y = 90° has optimal aerodynamic characteristics.

The dependence,of the change in the drag coefficient on the dimensionless angle of attack § of the wind
is constrieted, under the condition when the flow velocity was 5 m/s (Figure 6).
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Figure 6. Dependence of the aerodynamic coefficient (drag) from 8
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One can see from Figure 6, the drag coefficient decreases with increasing B, this phenomenon can be
explained as follows: at the attack angle p = 0°, the Middle area of the sail blade to the streamlined air flow
will be maximum. Accordingly, when the air flows around the sail blade, the resistance force will be maxi-
mum. The sail blade will change position in relation to the stream with an increase in the attack angle. With
an angular position change, the area of the middle cross-section of the blade begins to decrease relative to the
incoming flow. With a decrease in the middle section of the blade, the drag force decreases, and the drag co-
efficient decreases accordingly.

The dependence of the change in the lift coefficient on the dimensionless angle of attack [ of the wind
is constructed, under the condition when the flow velocity was 5 m/s (Figure 7).
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Figure 7. Dependence of the aerodynamiei@oefficient (lift) from

Figure 7 demonstrates that up to p = 15°, the valueef the\lift coefficient increases to 1.75, after which a
sharp decline is observed. The reason for this is that up toia certain value of the angle of attack, the fullness
of the belly of the sail is zero, and the sail bends, thereby increasing the pressure.

With a further increase in B, the streamlined atea_of the sail will decrease, which entails a decrease
in lift.

Figure 8 shows the sail blade polaritites fak an airflow velocity of 5 m/s.
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Figure 8. Sail blade polarities

Due to the fact that the ends of the triangular blade are regulated by a flexible attachment, thereby creat-
ing a dynamically changing shape of the blade surface, the drag coefficient of the sail of the authors of the
work is greater than the sails, the ends of which are rigidly fixed.

Figures 9, 10 designate the dependences of the aerodynamic coefficients on n (the number of blades).
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Figure 9. Dependence of the aerodynamic coefficient (lift) from n

From Figure 9, one can notice that the lift coefficient increases with an increase in nifromidgto 6. This
phenomenon is observed, although the flow velocity, angle of attack, and area of ghe” windywheel do not
change.
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Figure 10. Dependence af the aerodynamic coefficient (drag) on n

Figure 10 represents that when ghe aumber-of blades reaches 2, there is an intensive increase in the lift
coefficient. When the number jof blades is'further increased to 8, there is a slight increase. Based on this, a
further increase in the number af blades,is’not advisable, because the material consumption and the price of
the wind turbine increases.

The task of a sailing wind wheel is to use all available power coming to the swept area. According to
Bernoulli's law, when ghe flow velocity decreases, the pressure increases. As a result, we have increased
pressure from the*windward Side of the wind wheel and discharge from the downwind side. It is the
triggering of the emergy of this pressure drop that quantifies the operation of the windmill.

From experimental ‘data, it has been established that the optimal number of triangular blades for a wind
power golant with sailing shovels is 6. Compared with winged wind turbines [10] for which the optimal
number of/blades*i§"3, in which the wind turbine has high performance, increasing the number of blades, a
physicaléphenamenon is observed for them when the wind freely penetrates between the blades to the
oppositesidedf the wind wheel — equalizing the pressure, resulting in reduced productivity. The error in the
experiment'was 4-5 %, which falls within the acceptable range.

Conclusions

We investigated the aerodynamic coefficients of a sail blade and a wind wheel made of nylon materials.
Compared with the results of work [11], where polyester was used as the material of the sail blade, the lifting
force of nylon is 15-20 % higher.

During the study, the following optimal results were obtained:

- The aerodynamic forces of the sail blade depend on the flow velocity at different angles of the top. It
is established that at y = 90° the triangular blade has the maximum values of aerodynamic forces, with a
decrease in the angle to 0° there is a decrease, this is due to an increase in the area of resistance relative to the
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air flow. This phenomenon can be explained by the fact that the drag force is directed against the speed of
movement, its magnitude is proportional to the characteristic area of resistance. At the optimal angle y = 90°
around the triangular blade, the occurrence of air vortices is minimal, thereby leading to the prevention of
disruption of vortices from the ends of the triangular blade.

- With a decrease in the mid-section of the wind wheel, the aerodynamic forces decrease, and their
coefficients decrease accordingly. This is due to the fact that the reverse process of reducing the airflow
velocity and increasing pressure begin behind the midsection of the sail blade. At the same time, increased
pressure is created on the front side of the body, and reduced pressure is created on the backside. The
boundary layer flowing around the sail blade, having passed its midsection, breaks away from the sail and,
under the influence of reduced pressure behind the body, changes the direction of movement, forming a
vortex. This happens both at the upper and lower points of the sail;

- The optimal number of triangular blades for a wind power plant with sailing shovels is 6.
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A K. Tneyoeprenona, H.K. Tanamesa, K.M. IllaiimepaeroBa,
JIMunbkos, A.H. [{rocembaeBa, C.)K. Y30eprenona

KeakeHji KaaakmaHbIH a3POIMHAMUKAJIBIK NapaMeTpJepiH 3epTrey

Maxkanana opTypii mapaMmeTpiepleri  YHIOYPBIMITBHI  JKSIKeHII  KaJaKIMIaHbIH  adpOJAWHAMUKAIBIK
cunapfamanapbl 3eprrenred. Ockl MakcaTTa JUHAMHUKAIBIK ©3repeTiH Oeri Gap yIIOYpBIITHI JKEIKESH/I
KajdKia sxacaiubel. Aya arbIHBIHBIH JKBULIAMIBIFB 3-TeH 12 M/c-Ka AeiiH e3repai. YIIOYPHIITH Kajlakia
OIBIHBIHBIH OPTYPJIi OYPHIITAPEI Ke31H/IE JKENKEH I KaJaKIIaHbIH a’pOJUHAMHUKAIBIK KYIITEPiHiH aFbIHHBIH
JKBUTIAMJBIFBIHA TOYEAUTIrT 3epTTenmi. ToxipuOenep MIBIHIAPIBIH OPTYPJi OYpBIITApbIHIA KYPTi3iii:
0%30% 60% 90° IlemmsiE Oypemusr y=90° KesiHme YIIGYPHINITH SKENKCHI KaJaKila OHTAilIbl
AdPOIMHAMHKAJIBIK MapaMeTpiiepre ue OOJMaThIHBI aWKbIHAAMIBL. A3DPOJIUHAMHUKAIBIK KOI(DGHIMECHTTEPAIH
abybUT OYPBIIBIHBIH OJILIEMCI3 TOYeNAIIri ajdbHFaH. J[MHaAMHUKAJIBIK e3repeTiH OetT miniHi 6ap Kanakmambl
KeJ TypOMHACH! YIIIH KaJaKIIaHBIH OHTAMIBI caHbl N=6 ekeHiri aHbiKTanasl. 111a0ybuiabH a=0° OYpBIIBI
Ke3iHJIe JKeJIOHFaNaFbIHbIH MUJCIIIK aydaHbIHBIH MAaKCHMAJIbl MOHI aFbUIaThIH aya aFbIHBbIHA O MA0YBLUIBI
apTKaHIa MaHIAMIBIK Kexepri Kodp@HIMeHTI MOHIHIH TeMeH/eyiHe okeneni. JKenkeHIl KajlaKImIaHbH aya
aFBIHBIHBIH OKBUIIaMJIBIFBIHAH O-HBIH ©3repyi OOHBbIHIIA ToKipHOe HOTIKENepiHEe Talfay >KYpTri3uireH.
KanakmaHbiH OpHBI ©3repreH caiiblH MaHIaHIIbIK KeIepri aya aFbIHBIHA KaThICTHI e3repeni. XKenneHremneri o
MOHIHIH >KOFapbUIaybIMEH aya aFblHbIHA KATBICTHI ©3 OpHBIH e3repredi. by karmaiima OYpBIITHIH OPHB
©3TepreH Ke3le KO3FaaThIH aFblHFA KATBICThI JKEJIIOHFAIAFBIHBIH MHUJICTb KMMACHIHBIH a3alobl OaifKamabl.
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XKen noHFanarbIHBIH MHJENb KUMAChIHBIH TOMEHJCYIMEH MaHAAHJIBIK Keaepri Kyul TeMmeHaei Oactaiinpl,
coliKeciHIlle MaHIAWIBIK Kelaepri koadduuuenti ToeMeraeiai. Ocplaiina, KeIKeHHIH BIK JKaFbl J)KOHE JKell
JKaK OeTTepiHAeri KbICHIMBIHBIH ©3TePYiHiH JKalIbl HOTH)KECIH el OaFbIThIHBIH MEPIECHANKYJIISP CHI3bIFBIHBIH
Kei0ip OyphImTapsiHa OarbITTaNFaH, Oip TEH acep eTETiH a9pOJUHAMHUKAJIBIK KYII YCHHBUTYBl MYMKIH.

Kinm ce30ep: xenkeH, KeIIHEPreTHKAIBIK KOHIBIPFEICH], aFBIHHBIH JKbUIaMIBIFBI, a9POIMHAMHUKAJIBIK KYII,
T-1-M aspoauHaMUKaIbIK KYOBIPHI, NTIA0YHLT OYPHIIIEL.

A. XK. Tney6eprenosa, H.K. Tanamesa, K.M. Illaiimepenosa,
JI.JI. Munbkos, A.H. [TrocembaeBa, C.JK. Y306eprenosa

I/IccneszaHne AAPOAUHAMHUNICCKUX MapaMETpPoOB napycﬂoﬁ JOoInmacTu

B cratbe n3ydeHsl a3poAMHAMUYECKHE XapaKTePUCTHKU TPEYTOJbHOW MapyCHOH JIONACTH pa3indHBRTIapas
MeTpoB. i TaHHOI 1enu Oblla N3roTOBJIEHA TPEYTrobHAs MapyCHasl JIONACTh ¢ JUHAMHUYECKIT H3MEHAEMOit
(dopmoii noBepxHOCTH. CKOPOCTH BO3/YIIHOTO OTOKA BapbUPOBaack, HaunHas 3 1o 12 m/c. Beutaccienos
BaHA 3aBHCHMOCTb a3pOJAMHAMHYECKUX CHUJI MAPYCHOM JOMACTU C pa3sHbIMH YIJIaMU BEPIIHHAMHJOT CKOPOCTH
0TOKA. DKCIIEPUMEHTHI IIPOBEICHB! pH pasnuunbx yraax sepmmuax: 0%; 30%; 60% 90°. Bl pesymBraTe K-
IIepUMEHTa BBISBIICHO, YTO NPH yrile Bepimue y=90° TpeyronsHas mapycHas J0IacTh(O6IafacT OfTHMAITh-
HBIMHU a9pOJJMHAMUYECKUMH ITapaMeTpaMH. [1oydeHbl 3aBHCHMOCTH a3pOANHAMHYECKUX, Ko @UANEeHTOB OT
Oe3pa3MepHoro yria araku. OGHapYKEHO, 4TO AJI BETPOTYPOUHBI C MAPYCHBIMUgIONACTMY ONTHMATIbHBIM
YHCIIOM JIOTIACTEH sABIIIeTCA N=6. Y CTaHOBIEHO, YTO HPH yrie aTtaku o=0" Mak¢MMalbHOE 3HAYCHHUE MHJeIe-
BO IUIOIIA/Ib BETPOKOJIECca 00TEKaeMOMY BO3JYLIHOMY HMOTOKY BBeIET o000 K\yOBIBaHHIO 3HAYCHUS KO3(-
(unmeHTa 1060BOT0O CONMPOTHUBIICHHS C YBEIMUIeHHEM aTaky o. [IpoBeneH aHANN3 PesysfbTaTOB SKCIEPUMEHTA
M0 U3MEHEHHUIO ¢ OT CKOPOCTH BO3AYIIHOTO TOTOKA MapyCHOW JIGNacTh, I Ipi u3MeHeHNN MTOJI0XKeHNUS JToTa-
CTH J000BOE CONPOTUBIICHHE MEHSETCS OTHOCHTENIBHO BO3IYIIHOKO, TOTOKa» BeTpokoneco m3MeHseT cBoe
HOJIOXKEHUE OTHOCHUTENIBHO BO3JYIIHOIO IIOTOKA, C yBEJMYCHHEM 3HaueHus a. [Ipu sTom Habmomaercs
YMEHBIIEHHE IUIONMIAAN MUIENICBO CEUCHHs BETPOKOJIECa OTHOCUTONBHO KJHaOeraromeMy II0TOKY IIpH H3Me-
HEHMH yrioBoro nonoxeHus. C ymeHblIeHHeM MuzefleBo C€deHUs BEEPOKOJEca CUiIa JIOOOBOIO CONPOTHB-
JICHUs HaYWHAeT y0aBIATHCS, COOTBETCTBEHHO CHIDKACTCSHKOIPQUIIEHT JI0O0BOTO CONPOTHBICHHS. TakuMm
00pa3oM, CyMMapHBIH pe3yabTaT H3MEHEHUS JaBJICHIH Ha MOJABETPEHHON M HABETPEHHOH MMOBEPXHOCTSX IMa-
pyca MOXKHO MpEACTAaBUTh B BHIE OJHOH paBHOIEHCTBYIONIEH A3POANHAMUIECKON CUIIBI, HAPABIEHHOH 1Mo
HEKOTOPBIM YTJIOM K JINHUH, IEPIEHANKYIIPHON K HANpPaBIEHUIO BETpa.

Kniouesvie cnosa: mapyc, BeTposHepreTndefkas yCTaHOBKA, CKOPOCTh ITOTOKA, adpOJHHAMHUYECKas CHIIa, ad-
poanHamudeckas Tpy6a T-1-M, yrou ataku.
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