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The article presents the results of wind-tunnel tests and field studies of a mini dual-rotor wind turbine. The first stage involved
testing of an open-circuit wind tunnel built with the aim of performing laboratory tests. The coefficient of uneven air stream dis-
tribution at a rated speed was 1.7%, while the index of turbulence intensity in the entire measurement range was between 1.2 and
1.8%. The mini wind turbine was equipped with rotors with new design blades. Compared to the blade designs used in mini wind
turbines available on the market, the blades used in the present study were characterized by an efficiency of 0.28. The results of
performance tests in the wind tunnel were evaluated statistically using Pearson correlation coefficients and Spearman’s rank.

We examined the relationship between a dependent variable (power P) and independent variables (average air stream speed V,
incidence angle of the blades of the first rotor a;, incidence angle of the blades of the second rotor a,, and the distance between

the rotors ). The analysis showed, as expected, that the strongest correlation was between power and speed of the air stream.

While incidence angles of the two rotors also affected the turbine s power, no such effect was observed for changes in the distance
between the rotors. Field tests confirmed the findings and observations made in the wind tunnel.

Keywords: operation, mini dual-rotor wind turbine, wind tunnel.

W artykule przedstawiono wyniki badan dwuwirnikowej mini elektrowni wiatrowej przeprowadzone w tunelu aerodynamicznym
oraz w terenie. W pierwszym etapie testowano zbudowany w celu przeprowadzenia badan laboratoryjnych tunel aerodynamiczny
o konstrukcji otwartej. Wyznaczony wspotczynnik nierownomiernosci strugi powietrza przy predkosci nominalnej wynosit 1,7%,
natomiast wskaznik intensywnosci turbulencji w calym zakresie pomiarowym zawierat si¢ w granicach 1,2-1,8%. Budujgc mini
elektrownie wiatrowq wyposazono jqg w wirniki w ktorych zastosowano nowq konstrukcje topat. Zastosowane topaty w porow-
naniu do zblizonej konstrukcji topat stosowanych w mini elektrowniach dostepnych na rynku charakteryzowaly sie sprawnoscig
wynoszqcq 0,28. Po wykonanych badaniach eksploatacyjnych w tunelu aerodynamicznym uzyskane wyniki poddano ocenie sta-
tystycznej z wykorzystaniem wspolczynnikow korelacji liniowej Pearsona oraz rangi Spearmana. Zbadano zaleznosci miedzy
zmienng zalezng (moc P) oraz zmiennymi niezaleznymi (Srednie predkosci strugi powietrza V, kqt zaklinowania topat pierwszego
wirnika a;, kgt zaklinowania topat drugiego wirnika o,, odlegtosci pomiedzy wirnikami ). Na podstawie analizy, zgodnie z ocze-
kiwaniem, stwierdzono, Ze najsilniejsza korelacja wystepuje w odniesieniu do predkosci strugi powietrza. Wplyw na moc majg
takze kqty zaklinowania na obu wirnikach, natomiast nie stwierdzono takiego wplywu w przypadku zmian odleglosci pomiedzy

wirnikami turbiny. Badania w terenie potwierdzily ustalenia i spostrzezenia poczynione w tunelu aerodynamicznym.

Stowa kluczowe: eksploatacja, mini elektrownia wiatrowa dwusmiglowa, tunel aerodynamiczny.

1. Introduction and objectives

According to the formula for power generated by wind turbines,
the speed of the incoming air stream working on the turbine rotor
(speed in the third power) and the diameter of the rotor itself (second
power) have the greatest impact on power. In the first case, exclud-
ing a situation when the wind turbine is running in a diffuser, we are
entirely dependent on the forces of nature, because we have virtu-
ally no effect on wind power. In the second case, it seems that all
simple solutions have already been exhausted, because enlarging the
diameter of rotors above 140 m is connected with great technological
problems and a very large, disproportionate increase in manufacturing
costs [19]. A cheaper option, which additionally affects the efficiency
of the turbine, is to improve the design of the blades themselves. Their
geometry and size have to be changed in such a way as to generate
on them an increasing lift force during the rotation of the rotor at the
same wind speed [3, 10, 16, 26].

Recently many designers have been working on the problem of
additional uses of the energy of the air stream when it is already out of

the wind turbine rotor in its post-action phase. An example of a design
in which this “waste energy” can be utilized is a wind turbine with two
rotors situated in the axis of the electric generator [18, 21, 22, 23, 24].
There are two versions of this solution (Figure 1).

In the first design (Fig. la), the assembly has two rotors rotating
in the same direction. Shaft speed is increased by the use of trans-
missions. As the electrical generator is propelled by two rotors, the
efficiency of the generator increases, which is especially observable
in low wind conditions.

In this arrangement, the turbine may also work in the counter-
rotating mode, which increases the efficiency of the assembly. The
second concept features a structure (Fig. 1b) with two rotors posi-
tioned axially before the generator. Rotor assemblies intercept air
mass flowing from one direction. The structure of the wind turbine is
gearless and the individual components of the generator (stator, rotor)
are driven by different turbines. Under the action of flowing air mass,
the rotors with different blade pitch rotate in opposite directions. Con-
sequently, the relative rotation speed of the rotor is greater than in

(*) Tekst artykutu w polskiej wersji jezykowej dostepny w elektronicznym wydaniu kwartalnika na stronie www.ein.org.pl
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b) 2. Material and method

In the present study, a wind tun-
nel was used as the basic test stand for
evaluating the performance of different
aerodynamic objects, including mini
wind turbines. The tunnel was designed
and built on the basis of information
available in the literature [4, 5, 7, 8, 9]
and counsel provided by specialists in
the field from several research centres.
The shape of the Witoszynski confu-
sor used in constructing the tunnel was
determined numerically [1, 6, 11]. The
combined use of a stream straightener
and the Witoszynski confusor yielded
an increase in air velocity in the meas-
uring chamber, giving a more concen-
trated and steady flow. The basic geo-
metric dimensions of the tunnel were as
follows: square inlet 2.5 x 2.5m large,

Fig. 1. The relative position of two rotors in wind turbines: a — rotors situated on both sides of the generator, b —
rotors situated axially one behind the other [17]

single-rotor structures. As a result, the power generated
by the turbine should increase.

Among other solutions, axial flux permanent mag-
net generators, also known as low-speed generators, are
used in the construction of low-power wind turbines.
Their use makes it possible to eliminate or reduce the
mechanical transmission ratio. This reduces noise and
costs of the assembly and increases its efficiency. Low-
speed generators are made as cylindrical or disc gen-
erators. An example of an axial flux generator with a
coreless stator is shown in Figure 2. It has a relatively
simple structure; since there is no loss in the stator core,
its efficiency is increased [13, 14].

Based on the literature and the authors’ experience, Fig. 3. Diagram of an open circuit wind tunnel: 1 — frame with fan section, 2—vibration damper,
a dual-rotor mini wind turbine was designed and built, 3 — square-section symmetrical contraction, 4 — honeycomb screen, 5 — the Witoszynski
in which one rotor drove the propeller and the other one confusor, 6 — test chamber with an observation window [15]
drove the stator of the generator in the opposite direc-
tion. Operational tests were carried out in the wind tun-
nel and in natural conditions in the foothill region of the total length 7m, and outlet — a measurement chamber with a diameter
Sudetes. of 1.4 m (Fig. 3). The use of nine independently controlled axial fans,
2.2 kW power units, made it possible to achieve an air stream velocity
in the measuring space of up to 17.5 m's ' at a dynamic pressure of
approximately 200 Pa and to obtain a balanced stream velocity gra-
dient in the cross-section of the measuring chamber. The fans were
controlled through changes in the rotational speed of the rotors made
by adjusting the frequency of power inverters in the range of 15-50Hz
in 0.01 Hz increments [15].

The wind tunnel was tested when the test chamber was empty.
Air flow testing in the tunnel was performed in two stages. In the first
stage, the basic parameters of the stream were determined including
pressure, velocity and qualitative indices of the tunnel such as the
uniformity of velocity distribution in the test chamber and turbulence
intensity indicators, which were considered as a function of the arith-
metic mean of velocity. In the second stage, we investigated the effect
of adjusting the operation of the individual fans on the distribution of
velocity fields in the test section of the wind tunnel. Measurements
of uniformity of stream velocity distribution in the test chamber were
done using the traversing method according to the Polish standard
PN-ISO 5221. The measurement points were arranged in the circular
cross-section measuring channel on the basis of the Log-Chebyshev
method recommended in the standard. In accordance with the afore-
mentioned method, the channel was divided into concentric rings. Be-
cause the channel had a diameter greater than 0.25m, it was divided
Fig. 2. A model of a low-speed axial flux generator [14] into five rings. The centre of the channel was measured in relation to
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Fig. 4. Schematic layout of measurement points when traversing the cross
section of the channel and the location of the measurement zones over
the entire length of the chamber [15]

the axis of symmetry of the duct. In order to obtain a proper mean, an
equal number of measurements was performed on each of the rings.
10 measurement points were located on 3 axes inclined with respect
to each other at an angle of 60° (Fig. 4). Tests of the field distribution
of flow rate were performed in 4 selected measurement areas: S1, S2,
S3, and S4, whose distance from the edge of the outlet was 0.5, 1.0,
1.5, and 1.9 m, respectively [15].

Fig. 5. Schematic diagram of the dual-rotor wind turbine built at the Institute
of Agricultural Engineering of the Wroctaw University of Environmen-
tal and Life Sciences

A diagram of the tested dual-rotor turbine is shown in Fig.
5. The functional model of the turbine was designed for quick
installation of different shapes of blades, setting of their angle of
attack and changing the position of the rear rotor relative to the
front rotor. The incidence angle of the first blade (parameter a;)
could take six values between 125° and 150° in 5° increments.
The incidence angle of the second blade (parameter a,) could
also take six values between 30° and 55° in 5° increments. The
distance between the rotors was adjusted from 0.105 m to 0.14
m, in 5 mm increments.

As part of the research, new types of wind turbine blades
were designed and built, which proved to be highly efficient
aerodynamically. Appropriate airfoils of the blades were de-
signed after a comparative analysis of numerous different
shapes discussed in the literature [2, 12, 20, 23, 25], develop-
ment of numerical models, and the authors” model-based tests.
The blades were made using CNC technology and built with
several layers of material, i.e., epoxy-glass composite, and their
structures were based on two efficient aerodynamic airfoils.

1 bl 3b Lb

Fig. 6. The outlines of the initial airfoil NACA 63-415 and the end airfoil
NACA 63-210 and view from the blade s mounting root: o - incidence
angle of the initial airfoil, f - incidence angle of the end airfoil, la,
1b - camber line, 2a, 2b - chord line, 3a, 3b - airfoil thickness, 4a, 4b
- airfoil curve, 5 - plane of the end airfoil NACA 63-210, 6 - plane of
the initial airfoil NACA 63-415, 7 - mounting root, 8 - leading edge,
9 - trailing edge

Figures 6 present an exemplary airfoil of a twisted blade NACA 63-
415-NACA 63-210.

An important element of any wind turbine is the generator, whose
task is to produce electricity as a result of rotation of the blades. The
tested mini-turbine used a solution in which the rotor and the stator
rotated independently in opposite directions.

It was assumed that the generator rotors would rotate in opposite
directions. Figure 7 shows a model of a prototype generator constitut-
ing an integral whole of the mini-wind turbine using a synchronous
permanent magnet generator.

Operational tests of the mini dual-rotor wind turbine were carried
out in two stages (Figure 8): the first stage was conducted in a wind
tunnel (Figure 8a) with assumed constant operating parameters and
the second stage featured field conditions (Figure 8b) of the village
Wiry near Sobotka. Long-term observations of the Institute of Mete-
orology and Water Management show that the average wind speed in
the region of Lower Silesia is 3.5 m's ™' and the annual wind energy

Fig. 7. Schematic diagram of the dual-rotor wind turbine built at the Institute of Agricul-
tural Engineering of the Wroctaw University of Environmental and Life Sciences

EkspLoATACIA | NiIEZAWODNOSC — MAINTENANCE AND REeLIABILITY VOL.18, No. 2, 2016 203




SCIENCE AND TECHNOLOGY

Fig. 8. View of the tested mini turbine in operation: a- in the wind tunnel, b- during the field tests
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Fig. 9. Sample distributions of air stream speed in the measuring chamber for the setting of fan frequency at 35 Hz in the zone S2: a - measurements for the axis

90°, b - measurements for the axis 150°, ¢ - measurements for the axis 210°, d - characteristics of speed distributions for the full range of fan settings

is approx. 1,000 kWh-m 2. Given the distribution of wind speeds in

——El S=Ene s, NS zone§3 = = zome 34 different months of the year, as well as wind energy conversion ef-
14 ; 3 ficiency into electricity of approx. 20%, it was assumed that 1 m* of
S wind stream would yield only 0.53 kWh per day. The wind turbine
12 < <t was connected to a voltage regulator, a battery and a transmitter which
{ / A collected data on the energy generated in the turbine (voltage, amper-
| { ( age) as well as data from a weather station installed near the wind tur-
—08 N fasi N bine. For statistical analysis, the statistical software package Statistica
f # ~ 3 \s\\ v.10 by StatSoft was used.
L \ “
6id S ‘,.)_.-' 3. Results
- -y
=i P Due to the fact that wind turbines achieve their rated power at
Uek N C{ wind speeds of around 10-12 m - s™', the article provides an example
0 : ‘ "" Vs : . of the air flow profiles measured in the measuring chamber corre-
10,00 10,50 11,00 11,50 12,00 12,50 13,00 sponding to these speeds (Figure 9).
Vm-s]
Fig. 10. Base air stream speed profiles for 4 different measurement zones for

the setting of fan frequency at 35 Hz
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Fig .11. Power curve of the tested mini wind turbine using various blade de-
signs
Table 1. Efficiency coefficients of the tested turbines
. Power sup- -
Turbine or airfoil .Rotor Wind power plied by Efficiency
diameter (W) at reached
name (m) V=12ms" the rotor 0
(W)
JSW-750-12 0.75 471.4 97 0.21
GOE - 448/439 0.75 471.4 120 0.25
NACA 63-415/210 0.75 471.4 131 0.28

Table 2.  Pearson and Spearman coefficients determining the statistically
significant correlation between the dependent variable and the
independent variables for the dual-rotor wind turbine

Fig. 12. Dependence of generated power on the distance between the rotors and

the average air stream velocity for blade incidence angles ol = 125° and
a2 =50°

Independent Pearson correlation | Spearman’s rank cor-
variable coefficients relation coefficient
v 0.90 0.95
o -0.16 -0.14
o, 0.17 0.13
/ 0.02 0.02

The presented distributions corresponded to frequency settings
of fans at 35 Hz. Based on the obtained basic distributions, it was
observed that the air stream was characterized by slight irregularity
and increased speed values in the vicinity of the axis of the measuring
chamber.

The maximum local value of dynamic pressure was 198 Pa and
was obtained by setting the frequency of the current supplying the fan
motors at 50 Hz. Air stream velocity was calculated at 17.55 m-s ™.
Local minimum dynamic pressure values for the setting of 15 Hz
amounted to 17 Pa, while the stream velocity was calculated at 5.14
m-s~". The impact of the distance of measuring areas S1-S4 on stream
velocity profile is shown in Figure 10.

The designated index of turbulence intensity ranged between 1.2-
1.8% [15]. The comparison of the performance of the mini wind tur-
bine with removable rotors consisting of blades with different airfoils
was based on a compilation of the plotted power characteristics.

Test results of the new design of the blades in relation to factory
models are shown in Figure 11. Testing was performed in each case
for 5 different incidence angles. The graph shows power curves which
characterise the given blade at an “optimal” incidence angle. Both of
the new designs of rotor blades proved to be more efficient than the
factory rotors (Table 1).

The resulting efficiency of the mini wind turbine relative to the
power of wind stream at the inlet to the rotor was 0.21 for the factory

Fig. 13. Dependence of generated power on the distance between the rotors

and

the average air stream velocity for blade incidence angles a; = 130° and
o, =55°

Fig. 14. Dependence of generated power on the distance between the rotors and the av-

erage air stream velocity for blade incidence angles o; = 125° and a, = 40°

turbine with 0.25 declared in the device’s manual. In the case of the
wind turbine with the GOE airfoil rotor blades, it was 0.25. When
comparing

the power values of all the tested rotors at 12m-s ', which is recog-
nized as the rated wind speed, it was observed that both designs gener-
ated more electricity: 19.5% for the GOE blade airfoil and 23.7% for
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SP

Fig. 15. Power characteristics as a function of blade incidence angles in particular ro-

tors for the air stream velocity of 12.41m-s™’

NACA, respectively. It is worth emphasizing that the new rotors have
higher generated power values in the entire tested speed range. The
rotor with NACA blades reached the efficiency of 0.28.

In order to obtain optimum settings of the rotors for field research,
it was necessary to conduct a statistical analysis based on the results
obtained in the wind tunnel tests. It was mainly aimed at determining
the statistically significant relationship between the dependent vari-
able (power P) and independent variables (average air stream velocity
V, incidence angle of the blades of the first rotor a.;, incidence angle
of the blades of the second rotor o, the distance between the rotors /)
with the use of Pearson correlation coefficients and Spearman’s rank.
The results are shown in Table 2.

Based on the analysis, it can be concluded that the strongest cor-
relation (in both cases coefficients > 0.90) occurs for the air stream
velocity, which is logical and confirmed by tests. Weak negative cor-
relation occurs for the incidence angle of the blades of the first rotor.
The negative coefficients suggest that reducing the incidence angle

Table 3.  Selected optimal incidence angles of blades for the air stream
speed of 12.41 m-s™'

Vavg a; a;
m_s—1 o o
5.85 125 40
7.53 125 50
9.17 125 50
10.82 125 50
10.82 130 55
1241 125 50
14.08 125 40
14.08 125 45
14.08 125 50
14.08 130 55
14.08 135 55
14.08 140 55
15.82 125 50
15.82 130 55
1717 130 55

should result in an increase in power generated. Also a weak but
positive correlation occurs for the incidence angle of the blades
of the second rotor. Positive values of coefficients describe the
ﬁ;ﬁ increase in power generated along with increasing value of the
e incidence angle of the blades. Statistically significant lack of
moa - correlation for the two indices occurs in relation to the distance
:;E between the rotors. The absence of such correlations is illus-
ssen trated by three exemplary three-dimensional graphs shown in

% the figures: 12 — 14. They were made as P = f(/; v) for:

43,00

wor g, =125° and 0,=50° a;=130° and a,=55° a;=125° and

35,00

o090, =40°.

e The analysis of the data in these figures indicates that speed
has a significant impact on the power generated by the wind
turbine, as opposed to the distance between the rotors which
has no such effect. Due to the compactness of the structure, this
distance should be as small as possible while maintaining a safe
enough distance between the rotors in the event of hurricane
winds; when blades deviate from the perpendicular there can be
no contact between the blades as it would result in their mutual
damage. In order to determine the optimal incidence angle of
the blades from the point of view of power delivered by the
wind turbine, the dependencies resulting from the function P=fla;,
a,) were presented in a graphic form. The figures were made for
eight air stream speeds within the measuring range from 5.58 to 17.17
m-s”'. Figure 15 shows an example of the stream speed graph for
12.41 m-s™". Selected optimal values of incidence angles of blades for
specific values of air stream speed are summarized in Table 3.

A histogram (Fig. 16) of the sets of incidence angles makes it
much easier to draw conclusions due to the fact that some of these
same sets of blade incidence angles (a; a;) allow the turbine to gener-
ate the most power at given air stream speeds.

After analysing the data relating to the power generated at a par-
ticular wind speed for the given incidence angles a; and a,, it can be
concluded that the optimal configuration values are 125° for the first
rotor blades and 50° for the second rotor blades of the wind turbine.
Other acceptable configurations:

a;=130° and a, = 55°; a; =125°and a, = 40°.

6
4
2
1 1 1
1 l l l
]
125-45

125-40 125-50 130-55 135-55 140-55
af]

muitiplicity of occurrence
(=] - w

n

Fig. 16. The number of times a setting of incidence angles of the blades of the
first and second rotor occurs after the dual-rotor wind turbine has
reached its maximum power capacity for a given air stream speed

Specifications of the dual-rotor mini wind turbine are summarized
in Table 4.

Figure 17 shows the results of simulations of the performance of
the wind turbine in the wind tunnel under changing working condi-
tions reflecting the conditions that occur during wind gusts. After ana-
lysing the electrical power generated by the plant it can be concluded
that the moment of power capacity increase is recorded only after a
1-3 s delay relative to the moment the air stream (gust) speed begins
to increase.
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Table 4. Specifications of the dual-rotor wind turbine

No. Turbine parameters Wind turbine
1 Rated wind speed (m-s™") 12.5
2 Maximum wind speed (m-s™") 35
3 Minimum wind speed (m-s™") 2.5
4 Rotor diameter (m) 0.75/0.75
5 Number of rotor blades (pcs.) 3/3
Generator
6 Generator Type Synchronous
7 Excitation Self-excited with perma-
nent magnets
8 Voltage supply Brush
9 Maximum electrical power (W) 400
10 | Rated electrical power (W) 300
1 Voltage [V] 12
12 | Voltage control system built-in
13 | Output voltage AC
14 | Stator diameter (m) ext./int. 0.15/0.092
15 | Width of the stator (m) 0.055
16 | Rotor diameter (m) 0.09
17 Rotor width (m) 0.02

The wind turbine, as previously mentioned, worked under vary-
ing wind conditions and was situated on a platform 10 meters above
the ground. A record of the changes in power capacity for the period

5-6 November 2014 is given in Figure 18. In this period, approx. 12
distinct wind gusts shown in the Figure as peaks were recorded. A de-
tailed record of the increase in the power delivered by the turbine gen-
erator during a gust of 23:36 hours, on 5 November 2014, is shown in
Figure 19. In the analysed case, there was a problem concerning the
recording as power was recorded at 1 s intervals while speed could
only be recorded at 3 s intervals. Observations made during the wind
tunnel tests were consistent with those from field studies, as the power
increase followed an upward trend in wind speed and was delayed by
1-2 seconds. Registered wind speed of a 15-second gust was 9 m-s .
It should be presumed that the actual speed was slightly higher, since
the value of 9 m-s ' is the average for 3 seconds, which should also
explain the fact that the maximum of the power generated occurred
a second earlier than the recorded maximum gust speed. During the
field performance tests, wind speed rarely exceeded 7 m-s™' and the
average calculated for the examined period was 2.21 m-s™' (Fig. 20).
Its direction and repeatability is illustrated in Figure 21 featuring the
wind rose. In accordance with the prevailing tendency in Lower Si-
lesia these were mainly winds from the west or from its north-western
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Fig. 18. Distribution of power generated by the dual-rotor wind turbine in the
period: 5-6 November 2014
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Fig. 17. Simulation of the performance of the wind turbine in the wind tunnel:
a- air stream speed curve, b- generated power curve
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Fig. 19. Distribution of power generated by the dual-rotor wind turbine on 5
November 2014
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Fig. 20. Distribution of wind speed in the area where the wind turbine oper-
ated
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Fig. 21. Wind rose of the area of operation of the wind turbine

area. Over 80% of these winds was blowing at a speed of less than 4
m-s™.

Electrical current delivered by the wind turbine very rarely ex-
ceeded the value of 1 A, and the average for the whole testing period
was 50 mA, which of course affected the value of delivered power
the average of which was 0.6 W. Distribution of power generated by
the wind turbine is shown in Figure 22. It has been calculated that for
an average wind speed of 2.21 m's!, the power of the wind working
against the rotor of a wind turbine is approx. 6.6 W. In such poor wind
conditions, the conversion efficiency of wind energy into electrical
energy was only 9%.

Figures 23 and 24 show examples of the results of tests carried out
in October 2014. When analysing the data from these graphs, one can
observe the correlation between wind speed and power generated by
the plant. For example, until 13.30 hours wind speed was increasing,
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Fig. 22.  Distribution of power generated by the dual-rotor wind turbine
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Fig. 23. Distribution of power delivered by the wind turbine on 29 October
2014
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Fig. 24. Distribution of wind speed in the area where the wind turbine oper-
ated on 29 October 2014

which resulted in a increase in power generated, while after 14.30
with decreasing wind speed the lowest power generated on that day
was recorded. In the period when speed was increasing, the average
power of the wind was 4.3 W (the maximum absolute error of meas-
urement 1,17W); compared to the registered electrical power gener-
ated, it would mean that the conversion efficiency of the turbine was
36%, which appears to be a fairly optimistic result.

4. Conclusions

1. The erected open circuit wind tunnel was characterized by the
coefficient of uneven air stream distribution of 1.7% at the
rated speed, while the index of turbulence intensity in the en-
tire measurement range was between 1.2 and 1.8%.

2. The NACA-type rotor blades designed for the model of a mini
wind turbine increased power generated by the tested plant
by 33%.

3. Statistical analysis showed that the power of the dual-rotor
mini wind turbine substantially depended (at a significance
level of 0.05) on air stream speed and incidence angles of the
rotor blades while it did not depend on the distance between
the rotors. Effect of other factors was not determined.

4. During gusts of wind, power generated by the wind turbine
increased at a 1-3 s delay relative to the recorded increase in
wind speed.

This research work was financed by the National Centre for Science
as the research project N313 789940 entitled ,, Analysis of the op-
eration of a dual-rotor mini wind turbine”.
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