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This article investigates the aerodynamic characteristics and finds the critical angleef attagk of'a triangular
sail blade of a wind turbine for low wind speeds. For this purpose, a triangular sail blade ofgvarious parameters
has been developed. The prototype is made of metal frame rods, the material of thedriangular/sail blade consists
of a light and durable material (silk), one end of which is fixed to the top of the frame with"a strong thread and
support rods and bearing with an inner diameter of 8 mm. A sail blade differssfroem other blades in that the sails
are made with the ability to change the angle of attack using a movable thread. J6 determine the critical angle of
attack, the aerodynamic forces of the sail blade were investigated at different‘angles of attack 0% 15% 30°; 45°,
60°; 75°% 90°. From the data analysis, it was found that the critical angle ofattack'is 15°, at which the value of the
lift is maximum. Furthermore, at the critical angle of attack, the dependences of the lift and drag force on the air
flow velocity were established, the value of which varied from 4 to 12ym/s.
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Introduction

The wind has been used to generate electricity,since/the 10s-20s of the twentieth century. Although,
wind energy began to develop since the 90s of the prewious century by the 21st century the development
acquired a significant impetus and has now acgelerated.

Today, wind turbines are one of theymost affordable forms of energy production without the use of
fossil fuels. Wind occurs due to unevemsheating:of the atmosphere surrounding the planet Earth, unevenness
of the earth's surface, and air movement relative to the earth's surface, mainly in the horizontal direction.
Therefore, the wind is found in@ll areas of the Earth. The wind generators' first prototype was windmills,
which convert wind energy into meehanical energy. With the invention of electric machines, it was possible
to convert wind energy intg electrical*energy.

Wind generators do net'require additional costs after their installation if not taking into account the
failure of power équipment an@*breakdowns in the mechanical links of the wind generator. Concerning the
environmental aspectiof wind-energy, the annual installation of a 500 megawatt (MW) wind farm capable of
generating 1.5 millien ‘MW of energy per hour will prevent emissions of 1.5 million tons of greenhouse
gases, 12,thotsand tons of sulfur oxide, 7.8 thousand tons of nitrogen oxide, 12.6 thousand tons of ash and
420 thousand tonsyefsolid waste.

JBhesverage annual wind speed in 10% of the territory of Kazakhstan will be 6 m/s and higher, which
will contributeto the better development of wind energy in the future. Wind energy potential in Kazakhstan
is about 1,820 billion kWh per year [1].

The climate in Kazakhstan is favorable for the construction of wind farms due to wind corridors with a
wind speed of more than 5 m/s, which is necessary for the operation of wind turbines [2].

The main important part of the wind turbine is a blade. The blades of a wind generator are a complex
and basic element of the device, which determines its technical parameters, the possibility of installation in
one place or another, and its geometric dimensions [3].

The wind affects the blades of the generator and this force, or in other words thrust, acts in the direction
of the air flow. In turn, a lifting force acts perpendicular to the thrust force, which is exactly what works in
wind generators with a horizontal axis of rotation.

In [4], the drag force values were determined as a function of various parameters. A distinctive feature
is that the sail blades have small geometric dimensions.
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A known invention [5] aims to increase the windage of the blades and increase the efficiency of using
wind energy.

There is also an invention [6], a method and device of Volkov's system to produce energy by the
"Parachute capture” method. The method of generating electricity consists in the fact that the rotation of the
wind generator blades is carried out due to the wind captured with the help of the concentrator-diffuser
system installed on the rotary axis with the ability to rotate in the wind, forming a Laval nozzle in the
longitudinal section, in the narrow part of which the wind wheel is installed, and provide creating a lift in the
concentrator-diffuser.

The article [7] sets out the foundations of a sailing wind turbine theory. The calculation of a sail-type
turbine is presented. The resistance of a blade in the form of a rectangular plate at slight bevel angles ~ 0° <
a <20° of a four-blade turbine is determined.

In article [8], the performance coefficients of the sail model and the optimal sail angle are,deteérmined
based on the results of tests in a wind tunnel.

The authors of [9] provided a detailed overview of the various features of leeward sail flow, .including
the effect of separation bubbles and vortices at the leading edge.

The authors of this work have developed a sail-type blade of a triangular shape.4Fhe developed sail
blade presented in this work was tested at speed in the range of 4-12 m/s.

The purpose of this study is to use wind turbine blades with a dynamically €hanging shape of surfaces,
made in the form of a flexible triangular sail with a movable end, as power glements.

1. Research methodology

One of the most important aspects of understanding when learntagyhow a sail works is understanding
the acting forces.

The main aerodynamic forces that act on the sail blade during air flow are the lift and drag forces. As
shown in Figure 1, these are the perpendicular forces that,playa decisSive role in the propeller's rotation.

The drag force F d. is the force parallel to the sailpwhigh is essentially the force that changes the
direction of the wind and pushes the propeller sideways.

The lift force F 1. is the force perpendicular to“the sail that provides energy forwards to the sail. Since
the lift is directed forward, the wind wheel uges this force to rotate. This is precisely the energy our sailing
wind turbine needs to rotate, so it is essential t@ figure out how to eliminate any other force or circumstance
that prevents it.

The resulting force R is the total component of the aerodynamic forces affecting the sail blade when
flowing around with an air stream,

a is the angle of attack, thab,is, thesa@ngle between the jets of the undisturbed incoming flow and the
chord (the straight line conneeting the,extreme points of the sail or fin section).

In order for a lifting forcefto @ppear on the sail blade, it should have a given profile and be located to the
incoming air stream at & certain_angle of attack.

Experiments shew that at a certain angle of attack, the boundary layer is separated from the leeward
surface of the sailfjandiwith a further increase, an extensive vortex cavity is formed. This is accompanied by
a drop in rarefactionjand"its redistribution along the sail chord; as a result, the lifting force of the sail drops
sharplyfand theidrag/increases.

The angle, of“attack that provides the maximum coefficient of the lift is called the critical angle of
attackiyhis is/also called the "stall angle of attack”. Below the critical angle of attack, the lift coefficient
decreasesiasdthe angle of attack decreases. Conversely, above the critical angle of attack, when the angle of
attack increases, air begins to flow less smoothly along the upper surface of the profile and begins to separate
from the upper surface. With an increase in the attack angle on most profiles, the point of separation of the
flow from the upper surface moves from the trailing edge to the leading edge. At a critical angle of attack,
the flow on the upper surface is more split and the airfoil or wing provides maximum lift. With a further
increase in the angle of attack, the upper surface flow becomes more divided, and the lift coefficient further
decreases.



Energy 61

Fig. 1. Location of aerodynamic forces when air flow around the sail blade

Figure 2 shows the mechanism for influencing the air flow on the sail blade, depending, on‘the angle of
attack.
R

a) b) ©)

Fig. 2. The locatien ofithe sail blade relative to the angle of attack:
a) a=0 ~ 308 b) a =30 + 60°; c¢)a=60+90°.

As could be seen from thelfigure, with an increase in the angle of attack from 0° - 30°, the lift increases
sharply, while the drag remains praetically at the initial level. In the range of angles of attack of 30° - 60°, the
lift ceases to increase, butgthe @ragforce begins to grow strongly, and the resulting total force increases.
Finally, at 60° - 90°, the liftfgradually disappears, and the drag increases slightly, reaching a maximum.
However, the entite force tends;t0 decrease due to the disappearance of the lifting force.

For the study ofyaeradynamic forces, a prototype blade with a dynamically changing shape (a sail) was
created. The prototype ismade of metal frame rods, the material of the triangular sail blade consists of a light
and durable material'(silk), one end of which is fixed to the top of the frame with a strong thread and support
rods and bearingwith'an inner diameter of 8 mm. Fixed to the rack with support rods.

Several prototypes of elastic, lightweight, and durable blades were tested to create an actual wind
turbinedesignwith sailing blades. The material is polyester with a high density, also has a large roughness of
the streamlined surfaces. The elasticity and lightness of the raincoat fabric material provide surface
flexibility that lends itself well to fluctuations in the air flow, which reduces its resistance. An estimated
comparison of the resistance of a solid triangular plate of a similar area showed significantly greater
resistance than that of a movable, self-regulating triangular sail shape.

A sail blade differs from other blades in that the sails are made with the ability to change the angle of
attack.

Figure 3 shows a prototype of a dynamically variable blade shape.
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a) layout of the sail blade b) blade layout
Fig. 3. Laboratory layout of a sail blade with dynamically variable form:
1 - wind turbine blade with a dynamically variable surface shape, 2,3,4 - frame, 5 - adjusta exible attachment
of the movable end of the blade, made of solid thread, 6 - wind direction \

A number of studies have been carried out to determine the aerodynamic & of a prototype
d
n

t
sailing blade with a dynamically variable shape. All experimental tests etérmine aerodynamic
characteristics were carried outina T - 1 - M wind tunnel.

In the experiments, the laboratory sample of the blade was airflowed t'speeds. Figure 3 shows
the location of the model of the blade sample in the test section of t = ind tunnel (laboratory of
aerodynamic measurements). The flow velocity varied from 3 m/s t@,12 mis.

In the experiments carried out, a three-component aerody% ce of the mechanical type was

used, Figure 1.

The main units found in all designs of aerodynamic
model installed in the flow to the scales; 2) a system o
by the model into their components; 3) weighi
changing the angles of attack and sliding of the m

The accuracy of determining the aerodynamic ients significantly depends on the suspension's
design. Therefore, for greater accuracy of mieasurements made on balance, the design of the supporting
devices must meet two conditions:

1) the aerodynamic forces acting. o

2) they should distort the
2. Research resu

: 1)"a supporting device that connects the
osition of the forces and moments perceived
reading measured values; 4) a device for

(primarily the frontal resistance force) should be small
odel,
around the model less.

To determine the gri angle of attack, measurements were made of the lift and drag force of the
reduced size sail blade on the ' wind speed.
Figure 4 shows f the drag force dependences and the lift force on the angles of attack of the
sail blade at 12 m/s:
FL/Fd.

A

f/\Fl.

Fig. 4. Dependence of the aerodynamic forces of the sail blade on the angle of attack at 12 m/s.
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As could be seen from the figure, with an increase in the angle of attack, the sail blade flows around
smoothly, the vacuum on the leeward side of the blade increases, and the zone of increased pressure extends
from the point of complete deceleration to the entire lower surface of the sail. As a result, the lifting force
rises to 6 N.

With an increase in the lifting force, the drag also increases, determined by the frictional force in the
boundary layer and the pressure force generated by the pressure difference in front of the sail and behind it.
The stream flowing around the sail deflects downward. The greater the angle of attack, the greater the flow
deviation. With an increase in the angle of attack to 90°, the boundary layer grows and turbulizes, and the
flow begins to stall from the surface of the sail blade. The lift starts to decrease and then drops sharply due to
the intense stalling of the flow at an attack angle from 15 to 90°.

At an angle of attack of 15°, the sail blade has a maximum lifting force; therefore, this angle offattack is
critical for the sail blade. As the critical angle of attack approaches, the increase in drag accelerates\due to
the incipient flow stall.

Figures 5 and 6 show the aerodynamic forces at the critical angle of attack of the saildblade:

FL.H

] 8 v, m/s

Fig. 5. Graph©f the dependence of lift on air velocity
Fd.H

o . —I

2 YV, IS
Fig. 6. Graph of the dependence of the drag force on the air flow rate

The obtained dependences show the proportional dependence of the lift force and the drag force of the
blades on the flow velocity. The maximum lifting force at an angle of attack of 15%is 6 N., and the maximum
drag force is about 5 N.

Conclusion

Based on experimental studies of the aerodynamic forces of a triangular blade of a wind turbine for low
wind speeds, the following optimal results were obtained:

- it has been established that the critical angle of attack for a triangular sail blade is 0 + 15°, at which the
maximum value of the lifting force and the minimum value of the drag force is observed. With a further
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increase in the angle of attack, the lift ceases to increase, but the drag force begins to grow strongly. This
phenomenon is explained by the turbulization of the boundary layer.

- the dependences of the aerodynamic forces of the sail blade on the air flow speed at a critical angle of
attack of 15° were obtained.

- it is determined that the maximum value of the lifting force at an angle of attack of 15° is 6 N., as well
as the maximum value of the drag force is about 5 N.
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