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Abstract:

Until recently, horizontal-axial wind turbines with blades having a wing profile occupied a predominant position
in the world wind energy market. But currently, vertical-axial wind units are of increasing interest and this is un-
derstandable from the point of view of their important features as: no requirements for the orientation of the
wind turbine to the wind, the possibility of placing electrical and other equipment on the ground, no requirements
for changes of blade chord installation angle along its length. The article discusses the aerodynamics of the verti-
cal-axis wind turbines: the range of changes of angles of incoming flow attack on the blade, the dynamics of
changes in the magnitude of the absolute speed of flow of the blade on a circular trajectory of its movement
depending on the turbine rapidity, and also obtained in experiments interaction effect of the blades in the rotor.
The experiments were carried out on wind turbines with original blades (basic version), which were designed to
eliminate the shortcomings of low-speed rotors Savonius (low coefficient of use of wind energy) and high-speed

rotors Darrieus (lack of self-start).

Key words: wind turbine, power characteristic, wind potential, filling factor, wind energy utilization

INTRODUCTION

Currently, wind energy has received a special develop-

ment in the world practice, which is explained by the avail-

ability and free of charge of wind energy, the possibility of
installing a wind unit, almost anywhere with sufficient
wind potential. Until recently, the global wind power mar-
ket was dominated by horizontal-axial wind turbines with
wing-shaped blades. This is explained by a longer history
of use and a fairly high coefficient of use of wind energy.

However, at present, vertical-axial wind turbines are of in-

creasing interest and this is quite understandable from

the point of view of their following features:

— the absence of requirements for the orientation of the
wind turbine to the wind, which increases the energy
performance of the wind turbine by eliminating losses
when changing the orientation and improves the con-
ditions of operational maintenance;

— the possibility of placing electrical and other equip-
ment on the ground;

— low sensitivity of the turbine to the phenomenon of
non-planarity of the wind;

— the absence of a twist of the blade in the span, which
simplifies and, as a result, reduces the cost of the
blade design. Since, according to [1, 2], the cost of the
wind turbine is 40% of the total cost of the wind unit,
the reduction in the cost of the wind turbine even to a
small extent gives a significant economic benefit;

— reduced gyroscopic effects.

At the present stage of wind power development, small

autonomous wind units have great prospects. It should be

noted that the development of small wind units as auton-
omous ones is largely carried out using vertical-axial wind
turbines. This is especially economically advantageous for
urban conditions, since the wind direction changes con-
stantly and unpredictably in the presence of swirls be-
tween houses. If at the end of the twentieth century ver-
tical-axis wind turbines were produced mainly in Canada,
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Germany, England, now it is also Italy, the United States,
Japan, China and other countries.

LITERATURE REVIEW

Recently, a certain amount of research has been accumu-
lated, as well as experience in the design and operation of
vertical-axis wind turbines. Thus, a large amount of infor-
mation on small vertical wind turbines is given in [3]. In [3,
4], itis noted that the Savonius rotor is in demand, despite
the low coefficient of wind energy use. The Darrieus rotor
has a fairly high coefficient of wind energy use, but often
there is no self-start of this rotor and the problem is
solved by using special devices. In [5], the results of stud-
ies of the two-tier Savonius rotor are presented. Infor-
mation on studies of the aerodynamic and energy charac-
teristics of the Savonius and Darrieus rotors is given in [4,
5,6,7,8,9,10,11, 12, 13].

Experimental study of the energy performance of savo-
nius rotor has set the maximum of wind energy utilization
coefficient (0.2) and the presence of guaranteed self-
starting rotor [5].

In [6], an analogy is proposed for the non-stationary flow
around the blades of the Darrieus wind turbine with the
flow around the flapping wing of a bird. This hypothesis,
according to the author, suggests that the Darrieus rotor
may have values of the wind energy utilization coefficient
greater than the Betz-Glauert criteria.

In experimental studies, "the ideal rotor" (without shaft
and traverses) is fixed, the limit of wind energy utilization
coefficient 0.72 [7, 8]. Therefore, the assumption that the
wind energy utilization coefficient of vertical-axis wind
turbines may exceed similar parameters of horizontal-axis
wind turbines may be fair.

Thus, it is logical to conclude that there are great pro-
spects for the development of wind units with vertical-ax-
ial wind turbines [9, 10].

In addition to the above information, earlier model stud-
ies of the rotors of vertical-axial wind turbines in order to
assess their performance and select the optimal design
are known [14, 15, 16, 17, 18]. Generalized results were
obtained and recommendations were developed for spe-
cific blade systems in terms of the geometry of the blades
(profile thickness, the ratio of the profile chord to the ro-
tor diameter, as well as blade elongation), the optimal
value of the rotor fill factor O, etc. [19, 20, 21]. Similar
studies of the aerodynamic characteristics of vertical-axial
wind turbines with straight wing blades, conducted at
TsAGI and at the Kharkov Aviation Institute [13, 14] were
aimed at determining the energy characteristics of spe-
cific wind turbines of a vertical-axial wind units.

However, to the influence of the unsteadiness of the aer-
odynamics of vertical-axial wind turbines was not paid ap-
propriate attention in these works. As for the mutual in-
fluence of the blades in the wind turbine, it was indirectly
traced when determining the optimal value of the rotor
fill factor. Thus, the problem of non-stationary flow
around the blades and their mutual influence in the wind
turbine is still not fully investigated. However, the answer
to these questions is important for the design of vertical-
axis wind units [22].

According to [4], the main source of information in the de-
sign of vertical-axial wind turbines can only be an experi-
ment, since the theoretical calculation models for them
need serious refinement within the framework of the
nonlinear theory of the wing [23].

The purpose of the article is to show the process of for-
mation and dynamics of changes in the pulling force along
the circular trajectory of the blade in a vertical-axial wind
turbine, the dynamics of changes in the angle of attack
and the absolute flow velocity [24], which gives a clear
idea of the nature and degree of non-stationary aerody-
namics of such wind turbines. In addition, the effect of the
mutual influence of the blades in a vertical-axial wind tur-
bine of medium speed (1 < 9 < 3) obtained in experimental
studies is shown.

It should be noted that the features of the wind turbine
aerodynamics of vertical-axial units, in fact, determine the
ways to improve the blades used in the wind turbine [25,
26, 27, 28].

METHODS, RESULTS, AND DISCUSSION

The analysis of the aerodynamics of the blade system of a
vertical-axial wind turbine is carried out by computational
and experimental methods. Features of the flow lining of
a single blade vertical-axis wind unit subject to its motion
on a circular path around a vertical axis (Fig. 1).

Fig. 1 Diagram of a wind turbine of a vertical-axial wind unit
with symmetrical profile blades

With a constant direction of wind flow (U«) the direction
and magnitude of the absolute velocity of the flow around
the blades will change, thus, will change the magnitude
and angle of attack of the incoming flow (Fig. 2).

, =-oR

Fig. 2 Flow diagram and the formation of the pulling force on
the wing-shaped blades in the vertical-axial unit
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When the blade moves with a speed U along a circular
trajectory, a flow runs into it at a certain angle of attack «,
the speed of which Ua is equal to the vector difference be-
tween the wind speed U- and the speed of the blade U.
The resulting lifting force Fy and the resistance force of the
blade Fx form the total aerodynamic force F, the projec-
tion of which on the direction of movement of the blade
is the pulling force Fr. Thus, the pulling force is a function
of the wind speed, the circumferential speed of the blade,
the angle of attack a: Fr = f(U=, U, a). In turn, the angle of
attack is a function of the central (azimuthal) angle that
determines the position of the blade on a circular trajec-
tory at a given time.

It is clear that the value of Fr the greater the lower the
resistance force Fx and the greater the lifting force Fy and
the angle a. Consequently, an increase Fr can be achieved,
on the one hand, by an increase a, on the other hand, by
a decrease in the resistance force Fxand an increase in the
lifting force Fy.

However, for the values a, as is known, there are limita-
tions due to the aerodynamic properties of the wing pro-
file used, since the effective operation of the wing blade
is possible only with a continuous flow mode. For known
wing profiles, the critical value does not exceed 20° and
the increase Fr due to the increase a can only be carried
out within the nominal range of angles of attack for the
applied profile.

Reduction Fx and increase Fy is possible by increasing the
aerodynamic quality of the blade profile, which generally
characterizes the parameter K = Fy/Fx. At the same time, it
should be taken into account that an increase in the aer-
odynamic quality of the wing blade should increase the
speed of the blade Ui and shift the power characteristic of
the wind unit to the region of higher speed coefficients .
The lifting force at the same value of the wind speed U is
directly proportional to the speed of the blade, as can be
seen from the speed triangle (Fig. 2). However, the work
of the wind unit in the region of higher values of ¢ means,
in turn, a decrease a and, accordingly, the pulling force Fr.
Thus, the optimal mode of operation of the wind unit ro-
tor with a specific type of blades can be determined ex-
perimentally in each specific case.

When considering the non-stationary phenomena that
occur during the flow around the blades of vertical-axial
wind units, they should be classified from the point of
view of the nature of non-stationarity [29].

On the one hand, the blade elements of all types of wind
units (including horizontal ones) are exposed to non-sta-
tionary effects due to the instability of wind characteris-
tics. Atmospheric currents are characterized by both sea-
sonal and diurnal state variability [1]. In addition, there
are other types of fluctuations, such as, for example, cre-
ated by the turbulence of the incoming flow, etc., the pe-
riod of which can be from a fraction of a second to several
days. The non-stationarity associated with wind instability
can be classified as non-stationarity of the first kind. Of
course, its impact should be taken into account when
choosing the type of wind turbine, in aerodynamic,
strength and other calculations of both horizontal-axial

and vertical-axial wind turbines, since the behaviour of
the blades in a non-stationary flow differs from that in sta-
tionary conditions. The calculation of the effect of non-
stationary gusts of the incoming flow on the flow around
the profile is proposed, for example, in [15].
The nonstationarity of the second kind is due to the pecu-
liarities of the flow around the blade of the vertical-axial
wind units when it moves along a circular trajectory. The
main characteristics of non-stationarity in this case are cy-
clic changes in the angle of attack a and the absolute ve-
locity Us of the flow around the blade. Analysis of nonsta-
tionary of process will hold under the assumption that the
wind speed and the rotational speed of the wind unit ro-
tor are constant, the braking of the flow and mutual influ-
ence of the blades are absent, and the angle of the blades
@ is equal to 0. Diagrams of the wind turbine and the flow
around the blade and the forces acting on it when moving
along a circular trajectory are shown in Fig. 1 and Fig. 2.
We will consider the process as quasi-stationary, i.e., one
in which the influence of the dynamics of changes in the
flow characteristics is not taken into account.
Under the accepted conditions, the values of the angle of
attack a and the absolute velocity of the flow around the
blade Ua depend, as already noted, on the position of the
blade on the circular trajectory at each considered mo-
ment and on the speed coefficient value 9. In turn, the
position of the blade is determined by the value of the so-
called azimuth angle 8, calculated from a certain condi-
tionally fixed base (in Fig. 2, indicated by zero) and gener-
ally equal wt,
where:
w —is the speed of rotation,
t —is the time elapsed from the moment of entering the
steady-state operating mode.
In our case, the point of the circular trajectory lying on the
diameter perpendicular to the wind direction, in which
the blade is oriented towards the flow, is chosen 8 = 0.
Using the known mathematical relations, we write down
expressions for determining the angle of attack a and the
absolute velocity of the flow around the blade Ua:

a = tarcsin (Uoo X %(F@) = tarcsin (Um X M)

a Ua
A positive value a is taken when the flow flows on the side
of the blade external to the rotor shaft and occurs at 0 <
wt < 11, then changes the sign to a negative at m < wt < 21
(within the first turn of the blade).
Absolute flow velocity of the blade:
UZ = U2 + U? + 2U, Uy cos(wt)
Taking into account the fact that U = U=, we get:
Ug = Uon/1 + 62 + 26cos(wt).
Hence the angle of attack is:
a = *arcsin (sin(wt) /\/1 + 6%+ ZGCos(wt))
The values a and Us, are functions of the argument wt and
are periodically changing over time, and the frequency of
repetition depends on the frequency of rotation of the
wind unit rotor and, consequently, on the value of the
speed coefficient. The oscillations o and Ua within the lim-
its 0 < wt < 2m, i.e. within one turn of the blade, for differ-
ent values of the speed coefficient ¢ differ in amplitude,
and for a also the position of the maximum (in absolute
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value), as shown in the corresponding graphs in Fig. 3 and
Fig. 4.

Fig. 3 shows the dependences a = fwt) for different speed
coefficients & within one turn of the blade.
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Fig. 3 Dependence a = f(8) at 8 = var

In the case of & < 1, the function a = flwt) suffers a break
at wt = it and changes the sign to the opposite, and the
sign change occurs also at ¢ > 1. As you increase @ the
maximum achievable (in absolute value) value of the an-
gle of attack decreases. The incoming on the blades of the
vertical-axial wind unit flow will be more or less slowed
down on the windward part, which will lead to a decrease
ain the absolute value on the leeward side of the rotor. It
should be noted that with an increase 3, there is not only
a decrease |amax|, but also a shift in its position along the
azimuth angle from rt(1 + 2n) to m(1/2 + 2n) on the wind-
ward side and to m(3/2 + 2n) on the leeward side
(n changes from 0 at the first turn of the blade to o0) as is
clearly seen in Fig. 3. This shift has a positive effect, since
the position of the maximum value of the angle of attack
in this case moves to the region of high speed values U..
Since the continuous flow of the wing blades takes place
in the range of the angles of attack a = | 20°|, the effective
operation of the vertical-axial wind units with these
blades is possible at the values of the speed coefficient
924,

The dynamics of the change in the value of the absolute
velocity Us of the flow around the blade along the circular
trajectory of its movement (or, what is the same, along
the azimuthal angle 8 = wt) is shown in Fig. 4.
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Fig. 4 Dependency U,/Uq min = f(8) for different values of 8

The degree of non-stationarity Ua is also determined by
the speed coefficient ¢ and increases with decreasing
value, as shown by the dependence Ua/Uamin = flwt) at dif-
ferent values 8. Here Ua and Uamin — respectively, the value
of the absolute velocity of the flow around the blade in a
certain position on a circular trajectory and its minimum
value (Ua min = U= — wR), taken at the same time &. In ac-
cordance with the system of reference we have adopted,
the minimum absolute velocity is observed at 8 = wt = (1
+ 2n). With different in ¢ operating modes of the vertical-
axial wind unit rotor, the maximum values of the ratio
Ua/Ua min can differ significantly from each other. So, for
example, the value Ua/Ua min reaches 21 at 8, & = 1.1, and
at g, ¢ = 2 is only 3. In other words, the oscillation ampli-
tude a and U decreases with increasing U, but it should
be borne in mind that the number of oscillation cycles in-
creases simultaneously for the same period of time.
As mentioned above, the dynamics of @ and Ua along a
circular trajectory is analysed for a single blade without
taking into account such phenomena as braking and bev-
elling of the wind flow in the wind turbine. The actual flow
pattern of the blade in the wind turbine, therefore, will be
different, since the absolute flow rate Ua due to braking
on the leeward side of the wind turbine is less than on the
windward side. In general, there is a direct dependence of
the braking coefficient k = (U — U2), where U2 —is the flow
rate behind the wind turbine, on the fill coefficient (shad-
ing) a and speed coefficient 8, as well as the type of
blades. Since the wind speed loss in the wind turbine can-
not exceed 2/3 of U~ [6], the maximum permissible max-
imum value of the flow braking coefficient behind the
wind turbine k = 2/3. The value of the flow bevelling is de-
termined by the same parameters as the wind flow brak-
ing and affects the value of the angle of attack and, con-
sequently, the value of the absolute speed. The exact real
characteristics of wind turbines can only be obtained ex-
perimentally so far. However, the accumulation of exper-
imental data for a certain type of wind units can allow the
correction of its characteristics in a wide range of stand-
ard sizes by calculation.

The question of the mutual influence of the blades on the

characteristics of the vertical-axial wind turbine is also im-

portant. The answer to this question was obtained exper-

imentally. Experimental studies of models of the original
blades and model rotors of vertical-axial wind units with
these blades were carried out in the hydrobasin of the In-
stitute of Hydromechanics of the Academy of Sciences of

Ukraine [16, 17]. The original shape of the blades was pro-

posed to eliminate the disadvantages of low-speed Savo-

nius rotors (low coefficient of wind energy utilization) and
high-speed Darrieus rotors (lack of self-starting). The pro-
posed blades were the basic ones for this type of blades.

The objectives of the tests were:

1) determination of the coefficients of lifting force C, and
resistance force Cx of the original blades having an
open wing profile (KN type) when the angle of attack
of the incoming flow changes from 0 to 360° (the so-
called "circular blowing").
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2) obtaining the power characteristics of a rotor G, = f(9)
with KN blades when changing its geometric parame-
ters, such as the number of blades and the angle of
their installation ¢.

Three variants of the profiles of the KN blades and rotors

with them were studied (Fig. 5), and the author's certifi-

cates for the invention were obtained for the rotor and
the blade with the KN-4 profile [18, 19]. In the studies,
were obtained the aerodynamic characteristics (the coef-
ficient of lifting force Gy and the coefficient of resistance
force Cx), models of blades and power characteristics of

models of vertical-axial wind units rotors C, = f(9),

where:

Cp — the wind energy utilization coefficient is a function of

the speed coefficient 0.

Since the best experimental power characteristic was the

rotor model with KN-4 blades, the power characteristics

of the rotor model with KN-4 blades were calculated
based on the aerodynamic characteristics of this blade.

The results of calculating the power characteristics were

compared with the results of the experiment.

Fig. 5 Profiles and installation diagram of the KN blades in the
rotor model

Figure 6 shows the calculated and experimentally ob-
tained power characteristics for the model of a rotor with
KN-4 blades with a number of blades i=3 and i =5.
According to the calculation Cp using Cy, and Cx increasing
the number of blades in the wind turbine from 3 to 5 (for
a rotor with KN-4 blades) significantly increases C, (almost
twice). In the experiment, this effect was not observed, on
the contrary, there was a shift in the rotor power charac-
teristic to the region of lower speed and a decrease Cp.
Thus, a comparison of the calculated power characteris-
tics and those obtained in the experiment proves the
presence of the effect of mutual influence of the blades in
the wind turbine of a vertical-axial wind unit. So, the opti-
mal value of the calculated characteristics of the power
Co =f(9) for rotor with 3 blades shifted in speed coefficient
¥ somewhat to the right of optimum experimental char-
acteristics of power for rotor with the same number of
blades, and greater Cp.

7 .
4

16

12

93 1 15 e 2
experimental: —o—i=3; ——e——i=5;
calculated: — =+ —i=3; —-—-— i=5
Fig. 6 Power characteristics Cp, = f(3) for the KN-4 blade rotor
model

The diameter of the rotor model and the value of the
chord of the blades were unchanged in the experiment.
With an increase in the number of blades from 3 to 5, the
filling factor of the wind turbine o increased (from 0.5 to
0.8), which caused a greater effect of braking and bevel-
ling the flow. As a result, the optimum of the experimental
power characteristic Cp, = f{}) moved to the left, to the
area of lower speed, and the value G, significantly de-
creased in comparison with the calculated power charac-
teristic (Fig. 6).

It should be noted that the fill factor is obviously crucial
for the amount of braking and bevelling of the incoming
flow and, therefore, for the power characteristic of the
wind turbine. For rotors with KN blades, the optimal value
of the filling factor should be selected from a certain range
of values [20] experimentally, since O depends on the
chord length, the relative thickness of the blades and their
number [30, 31, 32, 33].

So, a comparison of the calculated and experimental re-
sults of studies of the power characteristics of models of
rotors with KN blades shows their significant difference,
which makes it difficult to accurately calculate the power
characteristics of a wind turbine using the aerodynamic
characteristics of the blades.

Thus, we should agree with the conclusion [4] that at the
present stage, the accuracy of the power characteristics
of vertical-axial units can only be guaranteed experimen-
tally, since the calculation methods for them are still in-
complete.

CONCLUSIONS

1. The non-stationarity of the wind turbine aerodynam-
ics of vertical-axial wind units increases with a de-
crease in the speed coefficient & of the blade system.

2. The decrease of the coefficient of speed coefficient &
of blade system leads to a decrease in the centrifugal
force on the blades and, consequently, to lower
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strength requirements of the suspension of the blades
and other components of wind unit.

The effect of the mutual influence of the blades in the
vertical-axial wind turbine is causes the braking of the
wind flow on the windward side of the wind turbine.
The degree of wind flow braking obviously depends on
the filling factor of the wind turbine.

The exact magnitude of the effect of the mutual influ-
ence of the blades in a vertical-axial wind turbine can
be determined at present only in experimental stud-
ies.

The ways to improve the blade system of a vertical-
axial wind turbine are in the plane of increasing its
adaptability, especially in the area of average speed
values.

The accuracy of the power characteristics of vertical-
axial wind units can currently be guaranteed only by
experiment.
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