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Abstract: Savonius rotors are large and heavy because they use drag force for propulsion. This leads
to a larger investment in comparison to horizontal axis wind turbine (HAWT) rotors using lift forces.
A simple construction of the Savonius rotor is preferred to reduce the production effort. Therefore, it
is proposed here to use single-segment rotors of high elongation. Nevertheless, this rotor type must
be compared with a multi-segment rotor to prove that the simplification does not deteriorate the
effectiveness. The number of segments affects the aerodynamic performance of the rotor, however,
the results shown in the literature are inconsistent. The paper presents a new observation that the
relation between the effectiveness of single- and multi-segment rotors depends on the wind velocity.
A single-segment rotor becomes significantly more effective than a four-segment rotor at low wind
speeds. At high wind speeds, the effectiveness of both rotors becomes similar.

Keywords: small wind turbines; vertical axis wind turbines (VAWT); Savonius rotor; rotor effectiveness;

rotor experimental testing

1. Introduction

The scope of this paper is focused on small and micro wind turbines. In this market
sector, the situation is very different from the large wind turbine market, where a single
design concept has been established. In the large turbine market, the design concept has
converged over several decades to a horizontal axis wind turbine (HAWT) equipped with
a three-bladed rotor.

The small wind turbine market changes in a different way. The development is very
rapid and significantly growing [1,2] throughout the world. A characteristic feature of the
small and micro wind turbine sector is that there is no convergence of the turbine design
concept to a single type. Therefore, many different turbine types are offered. It should be
pointed out that there are turbines using the lift force and other turbines using the drag
force. The lift force-driven turbines are the typical HAWT and VAWT of the Darrieus-type,
shown in Figure 1. The existing literature on small wind turbines is very extensive and,
therefore, we refer here to some works, as examples only, without exhausting the whole
literature background.

The propelling blades of wind turbines using lift force move with a much higher
velocity than the wind itself. The lift force depends on the blade velocity squared (U?), and,
therefore, a small area of the blade may be used when the blade velocity is high. Hence,
the blades in such wind turbines are slim (Figure 1). Nevertheless, such designs, with a
high speed of rotation, leads to the possibility of rotor overspeed that may result in rotor
destruction. Therefore, in the case of lift force-driven turbines, safety must be compromised
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or the effectiveness must be limited and these turbines mostly are equipped with a brake.
A turbine of this type must be actively stopped at high winds.

(a) (b)
Figure 1. Wind turbines using lift force; (a) HAWT; (b) VAWT.

In the case of wind turbines using drag force (Figure 2), the blades are moving slower
than the wind. The only way to increase the aerodynamic forces acting on the rotor is to
use large blades. Therefore, it can be noticed that the rotor projection area covers nearly
the whole wind stream in such wind turbines.

(@) (b)
Figure 2. Turbines using drag force; (a) VAWT with drag elements; (b) Savonius VAWT.

It should be also mentioned that, in the case of horizontal axis wind turbines (HAWT)
propulsion is delivered by the whole area being swept by the blades. This type of turbine
is illustrated in Figure 1la. In the case of vertical axis wind turbines (VAWT) driven by
drag force (Figure 2), the blades on one side of the rotor axis are moving against the wind,
reducing the generated power. Due to this feature, the energy production by VAWT is
expected to be smaller than by HAWT.

The most important feature, necessary for small-size wind turbines used in close
vicinity to residential areas and people, is safety. Rotors that may overspeed should be
avoided. This aspect suggests the choice of drag-driven turbines for the prosumer market
(meaning the producer and consumer of energy). This is the reason why special attention
in our considerations on micro wind turbines is focused on Savonius rotors.

In the drag force-driven turbines, high aerodynamic forces are induced by strong
winds due to the large area covered by blades. This requires that the turbine should
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have a strong base and support structure, which leads to the high weight of the wind
turbine. Thus, the weight issue is a very important aspect in the development of such
micro wind turbines.

All elements of the wind turbine should be considered with the objective of reducing
the weight. Nonetheless, there is one element whereby the modifications may influence
energy production effectiveness; this is the rotor. It seems that a straight one-segment rotor
may be the simplest and most lightweight design of the Savonius turbine. Nevertheless, the
question should be answered, if and how the number of segments is affecting the energy
production by the rotor. In this paper, we are delivering an answer to this question. The
research carried out concerns a comparison between the effectiveness of a single-segment
rotors and four-segment rotors, both with identical overall dimensions, both investigated
in identical experimental conditions. The measurement equipment and data reduction
procedures are also identical. The answer presented here allows the selection of the most
suitable rotor. The innovation presented here results is the indication that the difference
between four-segment and single-segment rotors depends on the wind velocity. It is shown
that the single segment rotor is more effective at low wind velocities, which is an important
practical conclusion of the presented results.

2. Research Motivation and Objectives

The well-known, traditional rotor design was developed by Savonius and patented as
early as 1926 [3]. Savonius turbine modifications have been investigated experimentally and
numerically throughout the years [4-10]. The need for improvement of the effectiveness
has led to numerous modifications and extensive studies of those concepts. Savonius
himself proposed several variants of his rotor [3], but other researchers have contributed
substantially to the development of different improvements [11-18].

Sun et al. [12] and also Shigetomi et al. [19] focused their interest on wind turbine
interaction and how this may improve their effectiveness. Several concepts of the Savonius
rotor were selected by Tahani et al. [13] where the rotor effectiveness was enhanced with
flow directing capability. The experimental validation of the numerical simulations by
Driss et al. [14] confirmed the improvement of the rotor effectiveness by the proposed blade
shape modification in comparison to the reference cylindrical blade. Another popular topic
of research is the periodic fluctuation of the rotor torque with a frequency resulting from
the number of blades and the speed of rotation [18,20,21]. An attempt to combine and
summarize the results of experimental and numerical studies has been made in a number
of review papers [7-9,22].

Many authors have investigated the classical Savonius rotor obtaining the power coef-
ficient in the range of 15-30%, focusing their attention also on rotor elongation [21,23,24].

Successful commercialization of drag-driven wind turbines will depend strongly on
wind turbine cost, which is directly related to wind turbine weight and design complexity.
Every component of the wind turbine should be considered for improvement in this respect.
This leads to the idea of using rotors with large elongation. However, this makes the driving
torque act intermittently, having two impulses per rotation [18,21]. The periodicity of the
generated torque has to be taken into account in the design of the supporting structure as
it increases the fatigue loads originating from wind action [25].

Helical rotors have been developed to avoid this unsteady behavior [26]. Their smooth
and corrugated version has been developed and implemented (Figure 3). Such rotors have
to be manufactured from composite material or plastic, which is not a cheap solution, and
the durability of such materials in rotor application is limited.

A variety of rotors have been investigated as helical, segmented and with additional
elements [19-23,26]. Savonius rotors are used as a single wind turbine application but also
in various innovative configurations, as presented in [24,27,28].

A method for smearing the torque oscillation at the rotor axis, simpler than using
helical blades, is the application of several segments in one rotor, as shown in Figure 4a.
Each segment may be shifted angularly in relation to the other segments in order to divide
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the torque impulses over the rotation. In the case of using rotor axial multiplication, as
shown in [24] and in Figure 4c, the aspect of segmentation is not so important because
rotors with high elongation may be mounted in different angular positions, giving the
same effect on the torque fluctuations in the generator, as a multi-segment rotor.

Figure 3. Helical Savonius rotors.

(a) (b) (©)

Figure 4. Segmented rotors; (a) four segments; (b) single segment; (c) multi rotor test turbine; height
H and diameter D are the same for both (a,b) rotors.

An important feature of the Savonius rotor is its operational safety. This rotor does
not overspeed. If the generated power cannot be used, the rotor sets higher revolutions,
but they are finite without a tendency to overspeed. The rotor tip speed may become even
greater than the wind speed (TSR > 1.0). In such a case, the rotor transfers the energy
into the surrounding air and acts as a rotor braking system. This important feature gives
operational safety and makes such rotors attractive. Therefore, it is expected that Savonius
rotors may become more popular in the prosumer market, which still includes many
different wind turbine types. However, the way to success is in investment cost reduction.
The introduction of very large rotor elongation may be a step in this direction.

It is easy to imagine that a multi-segment rotor is more complex to manufacture
and heavier due to the inclusion of segment dividing plates. In our particular case, the


http://mostwiedzy.pl

A\ MOST

Energies 2021, 14, 2912

50f18

four-segment rotor weights 6 kg (Figure 4a) while the weight of a single-segment rotor is
4 kg (Figure 4b). From this point of view, a single-segment rotor is a better solution. The
difference in weight of the rotor should have an effect on rotor dynamics but, in the present
paper, we are considering aerodynamic characteristics at stable rotor conditions. In this
case, the rotor weight has no effect on obtained results.

The advantage of a multi-segment rotor is its smoother torque distribution compared
to the single-segment rotor. The experimental data from Menet [29] highlight the benefits
of the multi-segment solution presenting the expected starting torque for one- and double-
step rotors. The author points out that, in a two-segment design, the starting torque is
never negative and never around zero, whatever the direction of the wind. Nonetheless, it
is known that single-segment rotor torque also never drops to negative values; however,
the minimum torque is low.

On the other hand, some researchers conclude that increasing the number of segments
might reduce the power coefficient since only one segment works with at maximum
performance at one time. Experimental investigations of this aspect were conducted by
Jian et al. [30]. The authors obtained the value of cpmax = 0.17 for a single-segment rotor
and 0.14 for a two-segment design. A similar result was reported by Hayashi et al. [31]
who experimentally studied single-segment and three-segment rotors obtaining cpmax of
0.16 and 0.12, respectively. One should also point out here that Hayashi used a very low
aspect ratio of segments, Ar = 0.7 and 0.22, respectively. However, a different result was
obtained experimentally by Saha et al. [6] who reported an increase in the value of cpmax
from 0.18 for a single-segment rotor up to 0.29 for a two-segment rotor. Increasing the
number of segments up to three resulted, however, in the reduction of the power coefficient
to cpmax = 0.23. The result for a two-segment rotor of cpmax = 0.29 is extremely high, but
the reason for this was not explained by the authors.

Most typically the segment height is equal to one or two rotor diameters. There is
not much material on the effect of this rotor aspect as it requires experimental investiga-
tions [6,30,31] or fully 3-D unsteady numerical simulations [21,23,32]. Careful numerical
investigations in [23] indicate that rotor effectiveness increases with elongation (Figure 5),
which was studied up to the aspect ratio 5. It is also suggested by the author that rotor
elongation should not be smaller than H/D =2.
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Figure 5. Two-bladed Savonius rotor aspect ratio effect [23].

The information available in the literature on the segmented rotor is contradictory. A
comparison between a single-segment rotor of elongation 2 and a two-segment rotor of
elongation 1 in [23] provides a similar power coefficient. This indicates that a one-segment
dividing plate only is not sufficient to cause a noticeable difference. In [6] a two-segment
rotor gives an extremely high maximum power coefficient, which is not fitting with the
gradual increase of ¢, between one- and three-segment rotors. In [21], the two rotors
considered have a very small aspect ratio difference Ar = 0.7 and 1.11. In this paper the
rotor geometry and flow conditions are different. The material found in the literature does
not allow for any unequivocal conclusions.
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Therefore, our own research for particular rotor designs was carried out to provide
arguments for one’s own decisions to choose the rotor. We decided to use a more significant
difference in the number of segments for comparison to avoid unclear effects involv-
ing one or two segments. Therefore, single- and four-segment rotors were investigated
(Figure 4a,b).

The reason for reducing the number of segments is mainly to lower the manufacturing
complexity and reduce the weight. Nevertheless, it should be emphasized that rotor
modifications should never deteriorate the rotor’s effectiveness. Therefore, the effect of
rotor modifications on the aerodynamics and effectiveness should be fully verified.

Summarizing most of the information found in the literature, one can expect that
increased elongation brings a positive effect on rotor effectiveness. However, this enhances
the instability of the torque on the rotor axis. However, in the authors” wind turbine
concept [24], the generator is driven by a line of several rotors, located one over the
other (Figure 4c). They may be set with a shift of an angular position, allowing smooth
distribution of torque peaks within a rotation without the necessity to use segmented rotors.

3. Experimental Investigations

The investigated aspect of the Savonius rotor design in this paper was, therefore, the
elongation (aspect ratio) of the rotor segments. The rotors used in this experiment are
shown in Figure 4a,b. They both are H = 1.0 m high and D = 0.25 m in diameter; the
segment aspect ratio is Ar = 1 and Ar = 4. One rotor consists of four segments (Figure 4a)
and the other is composed of a single segment (Figure 4b) [19,28].

A special stand for rotor performance investigation was built at the IMP PAN labo-
ratory, Gdansk, Poland. A 2.2 kW fan, 1 m in diameter, was blowing the air stream into
the test section through a flow straightener. The straightened circular stream was flowing
into the compensating reservoir, converging towards the rectilinear part of the passage, the
entrance to which was covered by a mesh compressing the flow and spreading the stream
over the rectangular cross-section of the rectilinear passage. The test section channel, at a
distance of 2.0 m, was reshaping the stream into a rectangular outlet 1.2 m high and 0.4 m
wide (Figure 6). A test rotor, H = 1 m high and D = 0.25 m in diameter, was inserted in the
outlet stream. It should be emphasized that the rotor was placed outside the test section.
This is an open test section of a wind tunnel, therefore, there is no flow blocking effect as
would be if the rotor was inside the test section. The rotor is located close to the channel
outlet in order to avoid the stream mixing with ambient stationary air, which would also
affect the core of the air stream coming from the channel.

This type of test section always induces much uncertainty as to whether such con-
ditions may be representative of rotor behavior in the open air. Such questions imply
that open-air conditions mean a steady and uniform stream of a constant velocity. This is
idealistic, wishful thinking because in real open-air conditions the wind is very changeable
in temporal and spatial terms. The environment is obviously essential to investigate the
absolute characteristics of a rotor. We may have a large, closed test section with a relatively
small turbine inside to minimize the blocking effect, as in [17,26]. One can also have
an ‘open test section” wind tunnel where the air stream is blown into stagnant air onto
the test rotor [6,31]. The quality of the stream blown on the test rotor is very important
when the objective is to compare the rotor characteristics against other types of rotors,
juxtaposed with experiments performed in other labs. None of the approaches used in a
wind turbine analysis reflect the conditions of a uniform and endless stream. Those closest
to real conditions are the experiments of Blackwell [17] who used a very large wind tunnel,
which, therefore, have become a reference database for many papers in this field.

In the case of the study presented here, we want to compare one rotor against an-
other. For such an objective, the important issue is that both rotors are exposed to the
same conditions.

The stream velocity field at the test section outlet was measured by a hot wire probe
in a grid of 100 measurement points. The tests were carried out at maximum fan operating
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conditions which enabled the largest non-uniformity. This section is very close to the rotor
and, therefore, the air stream indicates the rotor upstream effect with a lower velocity
in the central part and an increased velocity on both sides of the rotor (Figure 7a). The
measurements were carried out with the rotor operating at low power conditions. The
non-uniformity of the stream at the test section outlet is the same for both rotors, which is
important for the present comparative study. The difference in velocity filed for both rotors
at the same wind velocity is presented in Figure 7b. These differences are small, confirming
the fact that both rotors are exposed to the same flow conditions.

20m

Tested rotor Reference velocity measurement

Figure 6. Experimental stand.
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Figure 7. Velocity map; (a) with single-segment rotor; (b) difference between a single-segment and
four-segment rotor.

The reference velocity for each test case was measured upstream of the outlet, inside
the last constant cross-section part of the wind channel, as indicated in Figure 6. The outlet
stream turbulence was measured in the middle of the outlet cross-section. The turbulence
level was measured without the presence of rotors which would induce additional fluc-
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tuations. The tests were carried out for low outlet velocity, 5.0 m/s, and for high velocity,
7.5 m/s. Measured turbulence levels were 10% and 11.5%, respectively. In this simple test
section, such a level of turbulence is not surprising. Such a level of turbulence is typical
for wind turbines [33,34]. Moreover, it is worth mentioning that in measured velocity
fluctuations there is no trace of blade passing frequency. This means that the used flow
straightener and meshes are effective.

It was necessary to measure the rotational speed of the Savonius rotor and the torque
at the rotor axis to determine the rotor power output. The torque was measured by an
NCTE sensor and the result was averaged over several rotations at a high sampling rate
of 1 kHz (this value is sufficiently high when compared against the RPM values that are
of interest in our experiment). The rotor loading was enforced by a dedicated electric
generator the characteristics of which were measured at the IMP PAN laboratory. The
rotational speed was measured in two ways, by sampling the generator signal and by using
Hall sensors mounted on the rotor, both enabling very accurate measurements. The exact
uncertainty of this measurement is described in Section 6, but it can be considered as exact
when compared to other measurements. The measurements were performed in a low wind
velocity range of 5 to 7.5 m/s for which stream uniformity is better than in Figure 7.

There are always numerous details to be discussed on the test section configuration
and measurement system operation. In our case, the important issue is that both rotors
were investigated in an identical environment and with the same measurement systems
and procedures. The analysis of measurement reliability and errors is presented in Section 6
of this paper.

4. Measurements and Data Analysis

The investigations were carried out to determine the power characteristics of both
rotors. Each measurement session started with a selected wind velocity adjustment. At
these wind conditions, the loading on the rotor was set to several values. The rotor
conditions for each load value were stabilized, allowing the reading of torque (M) and the
rotation speed to be taken. The set of such measured data was used to obtain the rotor
characteristics for each wind velocity case in the form of M = f (TSR).

The measured angular speed of the rotor w and the rotor radius allowed us to calculate
the tangential velocity of the rotor outer circumference Vg. This velocity would always be
normalized with the reference wind velocity to provide the so-called ‘tip speed ratio” (1):

TSR = Vr/VwIND 1)

The TSR was used in the plots as abscissa, as in most of the publications. The measured
torque M [Nm] was used as the ordinate. Six wind velocity cases were measured for both
rotors. These were: Vyyinp = 5.0; 5.5; 6.0; 6.5; 7.0 and 7.5 m/s, which mean the Reynolds
number (Re) was based on rotor diameter in a range from 150,000 to 250,000. The torque
was measured between the rotor and the generator which was controlling the load of the
rotor. This means that the torque taken by the bearings was reducing the torque provided
by the rotor. We assumed that this power consumed by the bearing was the same for both
rotors and did not affect the main objective of our investigation.

In order to gain confidence in the experimental approach presented here, one should
refer to dimensionless coefficients. In this case, the torque coefficient (2) needs to be
compared to other studies shown in the literature. It is a coefficient that provides the
relation between the measured torque value normalised by the reference torque (3). This
reference value is the product of the wind dynamic head acting over rotor area A and the
rotor radius. This is presented by the expressions shown below:

Cm = M/ My (2)
MO:FOR:<gV£A)R ®)


http://mostwiedzy.pl

A\ MOST

Energies 2021, 14, 2912

90f18

Torque M [Nm]
o o o o o
— (2% w L= w

(=]

Figure 9. Torque characteristics for single-segment rotor; (a) velocity V = 5.0 m/s; (b) velocity V=7.5m/s.

All the measurement points for the single-segment rotor are presented in Figure 8.
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Figure 8. Torque coefficient for single-segment rotor and data from [16].

TSR[-]

The plot in Figure 8 shows that the obtained results are close to other results found
in the literature [17]. It follows from the above that placing the rotor downstream of the
passage outlet is an effective method for the test stand design. Confidence can be gained
that the used experimental setup may produce reliable results even in comparison with
large wind tunnel measurements. This indicates that the obtained measurements are
reliable in our study of a comparison between the two rotors.

4.1. Single-Segment Rotor

The direct comparison of measurements on both rotors were carried out based on
torque values without any normalization. Examples of measurement results at high and

low wind velocities for a single-segment rotor are presented in Figure 9a,b.

e

V=5.0m/s

0.5
TSR[-]

(a)

07
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0.5 {—L%\
s 04
203
EOZ
£ =
01
0

[Nm]

V=7.5m/s

|
|

0

=
TSR[-]

(b)

The measurement points are marked by marker x’. The error bars are indicated
(see Section 6). The characteristics of the torque may be described by the second degree
polynomial function (quadratic equation) depicted as a continuous line. The type of
characteristic line was chosen only because of the good quality of approximation. The
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coefficients “a’, ‘b’ and ‘c’ of these approximation equations for each wind velocity case are
presented in Table 1. For the lowest wind velocity the relation becomes linear.

Table 1. Approximation function coefficients for single-segment rotor characteristics.

V [m/s] al b1 cl
7.5 —0.28 0.07 0.52
7.0 —-0.24 0.04 0.47
6.5 -0.18 0.00 0.40
6.0 —0.10 —0.05 0.34
5.5 —0.04 —0.10 0.28
5.0 0 —0.14 0.24

It turns out that the dependence of these coefficients on the wind velocity may be
further approximated by linear functions. This is presented in the plots in Figure 10, the
error bars indicating the uncertainty of the approximation for each point are also given.

b=f(V) c=f(V)

05
c¢=0.116 V-0.35
+ 04

4 0.1

©

02‘

0.2

0 2 4 6 8

Figure 10. Dependence of coefficients a, b and ¢ on wind velocity for single-segment rotor.

The approximation is linear and the coefficients may be expressed by the follow-
ing equations:

al=—0.1189 - V + 0.6029, @)
b1 =0.0869 - V — 0.5729, (5)
1 =0.1160 - V — 0.3500. (6)

Hence, it follows from the above that the torque on the rotor axis M [Nm] for a single-
segment rotor may be described by the function M = f (TSR) with the wind velocity as a
parameter V [m/s]:

M1 = (—0.1189 - V + 0.6029) - TSR? + (0.0869 - V — 0.5729) - TSR + (0.116 - V — 0.35). (7)

This relation (Equation (7)) is drawn as solid lines in the plot in Figure 11 for the indi-
cated wind velocities. The markers represent the measurement points for each selected wind
velocity. Figure 11 shows a good coincidence of the measurement points with the characteris-
tics provided by Equation (7). The comparison scope of the measurements and Equation (7)
in the TSR range from 0.2 to 1.2 and are sufficiently large for application purposes.

The above-presented torque can be expressed as a torque coefficient (Figure 12), where
the dependence on the wind speed is visible. It changes the character from quadratic
to linear for high velocity and low velocity, respectively. Such a presentation allows for
comparison of the results with the literature. Equation (7) should not be used, however, for
extrapolation to another range of wind velocities.

The analysis of the torque coefficient values creates confidence in the measurements
carried out. The above approximation should not be misinterpreted with physical modeling
of the Savonius rotor. This is only a method to allow a useful comparison between the two
rotors within the wind velocity range from 5 m/s to 7.5 m/s for a large scope of TSR.
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Figure 11. Comparison of measurements with approximation of characteristics (Equation (7)) for
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Figure 12. Approximated torque coefficient dependence on wind velocity.

4.2. Four-Segment Rotor

All the measurement procedures used for the analysis of the four-segment rotor were
identical, as for the single-segment rotor. The characteristic behavior of the torque M
as a function of the TSR also shows the quadratic function behavior. Nonetheless, the
coefficients are obviously different, as shown in Table 2.
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Table 2. Approximation function coefficients for four-segment rotor characteristics.

V [m/s] ad b4 cd
7.5 —0.25 0.12 0.43
7.0 —0.20 0.07 0.38
6.5 -0.14 0.00 0.33
6.0 —0.08 —0.05 0.28
55 —0.03 —0.11 0.23
5.0 0.01 —0.16 0.19

The dependence of the coefficients on the wind velocity turns out also to be linear and
is described by the following linear equations:

a4 = —0.1069 - V + 0.5529, (8)
b4 =0.1137 - V — 0.7324, )
c4 =0.0971 - V — 0.3005. (10)

Following the presented relations, an equation approximating the measured torque
can be formulated in the form given by Equation (11):

M4 = (—0.1069 - V + 0.5529) - TSR2 + (0.1137 - V — 0.7324) - TSR + (0.0971 - V — 0.3005) (11)

A comparison of the measurements and the approximation functions is presented
in Figure 13. Different markers show the measured values for different wind velocities.
The solid lines represent the approximation functions (Equation (11)) for the given wind
velocity cases. The corresponding curves can be identified by the coincidence with appro-
priate markers.
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Figure 13. Comparison of measurements with approximation of characteristics (Equation (11)) for
four-segment rotor.

The above-presented approach has shown that it is possible to provide an analytical
description of the measured torque as a function of the corresponding speed coefficient
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TSR for both rotors. The good coincidence of these analytical approximations with mea-
surements gives confidence in the further comparison of the aerodynamic characteristics of
these rotors.

5. Comparison of Characteristics of Single- and Four-Segment Rotors

A further comparison of a single-segment rotor and a four-segment rotor is carried
out here on the basis of two interpolation functions of Equations (1) and (2). These provide
the value of torque (M) on the rotor axis and the rotational speed. On this basis the
corresponding power delivered by the rotor can be determined from the known relation:

P=M- w. (12)

Knowing the wind velocity, the reference power of the wind stream of cross section
‘A’ can be calculated:
Pwmnp =0.5-p - A - V3. (13)

This reference power of the air stream allows the determination of the rotor power
coefficient (Cp) as:

Cp = P/Pwmp. (14)

The obtained rotor effectiveness values should not be treated as an absolute determi-
nation of the rotor quality, which could be used for comparison with other rotors, measured
by other researchers and for free wind conditions. There is a slight uncertainty as to how the
reference velocity measurement point (Figure 6) is corresponding to the free wind velocity
in the real conditions. Nevertheless, it is very important that both rotors are measured
in the same experimental environment and with the same measurement techniques and
equipment. Therefore, a comparison of the operation of these rotors is fully justified. The
results presented here have to be treated as a comparative study.

It is obvious that the behavior of both rotors is dependent on the wind velocity. This
is shown in Figure 14 for the maximum and minimum wind velocity in our experiment. It
should be noticed that the range of TSR = 0.2 to 1.2 is sufficient for the presented research
as it includes the characteristic maximum of the power coefficient that can be obtained
from the rotors of interest. The maximum effectiveness at V = 7.5 m/s is nearly 30% which
is within the limit for the Savonius rotor published by other research groups, as shown
e.g., in [16,23]. As has been mentioned earlier, the effectiveness concerns the rotor with
bearings but without an electric generator. The results are obtained in a special test section
environment, not in the free wind conditions. Therefore, this high Cp value may be justified.
It is worth noting that the range of the obtained power coefficients in the whole experiment
spans between 0.05 to 0.3, depending on the flow conditions. This Cp range fits well with
the results presented in the literature.
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- o025
S 015 .
£ ¥ 020 1
- ]
© 2 01s
5 010 H
2
% S 010
v
o 005 1-segment A 1-segment
N 0.05
- = -4-segment - = =4-segment
0.00 : : : . . . \ 0.00
0 02 04 06 08 1 12 14 0 bz o0& 06 03 B d2 - 14
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Figure 14. Comparison of rotor effectiveness (Cp) at different TSR; (a) characteristics at 5.0 m/s;
(b) characteristics at 7.5 m/s.
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Figure 14 proves that the aerodynamic characteristics of both rotors nearly overlap
at a high wind velocity (7.5 m/s). However, there is evident loss of effectiveness of a
four-segment rotor by 10% until the maximum power is reached. This means that the
introduction of segment division plates is only slightly noticeable at this wind velocity.
Nonetheless, there is a small shift in the TSR for the maximum power at a 4-segment rotor
towards higher values.

At lower wind velocities, the difference between the two rotors becomes considerable.
The effectiveness of a 4-segment rotor is nearly two times lower than for the single-segment
one. The plot for 5 m/s shows that the difference between rotors becomes very high
for a high TSR and is reduced for a lower TSR case. The reduction of effectiveness is
accompanied by the characteristic maximum shift to a lower TSR.

In Figure 15, the maximum effectiveness is plotted at each wind velocity. This shows
clearly a higher effectiveness of the single-segment rotor in the whole range of the consid-
ered wind velocities. The difference becomes really important at low wind velocities. At
higher velocities the difference becomes much smaller. Therefore, it is advisable to use
single-segment rotors in the locations where the winds are low.
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Figure 15. Maximum effectiveness (Cp) for both rotors.

The above dependence of the rotor segmentation effect on the wind velocity is a
new finding which has not been presented earlier. This observation is important from the
application point of view, but the explanation of this effect is a challenge. The explanation
of this effect calls for very advanced time-resolved measurements and for high fidelity
unsteady numerical simulations.

It is also interesting that the maximum effectiveness for a single-segment rotor occurs
always at the same value of TSR = 0.9 (Figure 14). In the case of a four-segment rotor,
the local maximum location shifts from TSR = 0.65 at V =5 m/s up to TSR = 0.95 at
V =7.5m/s. There is not enough information in the literature to generalise this result.
Mostly, the maximum reported power takes place at TSR ~ 0.9 and the dependence on the
wind velocity is not discussed.

6. Uncertainty Analysis

The physical quantities measured, and thus introducing uncertainty, were: torque M,
rotor circumference speed Vg involved in the calculation of the TSR, and wind velocity Viyinp.

A high frequency measurement of velocity for assessing the turbulence level of the
test stand was done with a CTA system (DANTEC 54T30 CTA system and NI 11bit ADC
working at 10 kHz). The overall uncertainty of the TI (turbulence intensity) value is lower
than 10%.

The torque was measured with a torque transducer with a range of 5 Nm and with
the accuracy combined with the accuracy of transmission being not lower than 2% FS at
the sampling rate of 1 kHz. This introduces an average uncertainty of 15% for the cases
of interest.
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The circumferential speed was measured by an instrument with a reference frequency
supplied by the TXCO oscillator and transmitted with an accuracy of 1 LSB (Least Signifi-
cant Bit) of an 8 Bit number. The two, combined with the measurement range of the device,
yield a maximum absolute error of 0.08 Hz for every measurement case.

The wind velocity (except for the turbulence level, as described above) was measured
using NIST certified air velocity transducer TSI8455. The transducer range was 7.5 m/s
and the absolute error introduced was 1% FS. The relative error of the wind velocity does
not exceed 2% for all the cases covered in the article.

The above are summarized in Table 3.

Table 3. Accuracies of measurement chain elements.

Observed Value Meter Accuracy Absolute Uncertainty
Torque NCTE2000 1% FS 0.1 Nm
Torque voltage signal ~ External 16 bit ADC 2 LSB Negligible
Rotational speed uC, TXCO based T/C 1.0 x 1077 1Hz
Wind velocity TSI8455 2%FS 0.2m/s
Turbulence level CTA <10% Irrelevant
(DANTECS54T30) ?

As all the above were measured with separate instruments, hence, we assume all
the errors to be random and independent. For that reason, it is correct to use the simple
principle of propagation of uncertainty for the product and the quotient instead of the total
derivative estimation of the maximum relative error. It follows from the foregoing that,
when calculating the uncertainty of power (being a product of rotational velocity w and
torque M) and for the TSR (being a quotient of circumferential speed Vi and wind velocity
VwinD), we use the following formulas:

ACORCS @

ATSR  [(dVR\?  [dVwmp )’ »
TSR (VR) i ( VwinD ) (16

The magnitude of the absolute uncertainty is marked in the corresponding plots
in Figure 7, but the average value of it is approximately 15% for the TSR and 20% for
the torque.

The values of uncertainties are significant, but it has to be taken into account that they
are accompanied by very high values of R (coefficient of determination); approximately
0.99 in most of the cases. This is essential in an analysis regarding approximations. The
values of R indicate that although there is an inevitable uncertainty resulting from the
apparatus, it is correct to identify the trends and approximate the torque (M) as a quadratic
function of TSR in Figure 7.

Regarding the last stage of the analysis concerning approximation of the coefficients
‘a’,’b’, and ‘¢’ in Tables 1 and 2, the uncertainties were calculated from a standard linear
regression analysis and they are marked in the respective plots in Figure 10.

7. Concluding Remarks
The main conclusions could be listed as follows:

1. The most important conclusion, new for the knowledge of Savonius rotors, is that the
difference in power production between single- and four-segment rotors depends on
the wind velocity;

2.  The difference between these rotors increases with reduced wind velocities;

3. A single-segment rotor is more effective than a four-segment one;
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4. At small wind velocities, a single-segment rotor is about 50% better than a four-
segment one, with the difference in change depending on the TSR, (Figure 14a);

5. For high winds, the single-segment rotor is about 10% more effective than a four-
segment one for all TSRs (Figure 14b);

6.  The torque characteristics at higher velocities can be approximated by the quadratic function;

7. The torque characteristics become linear at lower wind velocities.

The main conclusion leads to a new hypothesis; that the segment dividing plates
introduces effects which are dependent on the wind velocity. This could be inspiring for
further investigations of these phenomena. A higher wind speed at the same TSR means
the increasing rotational speed. Therefore, it can be concluded that the effect is reduced
with a shorter time for rotation.

Complex vortical structures are built, developed and shaded downstream in the wake
of the rotor during the rotation. These processes are time-dependent and, in shorter time,
the creation of such structures is less effective. In such a case, the differences between both
rotors may be strongly reduced which is proven by the presented results.

Experimental possibilities to detect the formation and development of 3-D structures,
especially in the time-dependent sense, are hardly available at the moment. A detailed, high
fidelity, unsteady, numerical study should be undertaken to explain the effects documented
in this paper.

An important conclusion of this paper is that it is favorable to use a single-segment
rotor. The presented results show that the addition of plates dividing rotor segments
reduces the rotor effectiveness, which is substantial, especially at low wind velocities.
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Nomenclature

HAWT Horizontal Axis Wind Turbine
VAWT Vertical Axis Wind Turbine
IMP PAN  Institute of Fluid Flow Machinery

CTA Constant Temperature Anemometer

TXCO Temperature Compensated Crystal Oscillator

FS Full Scale

LSB Least Significant Bit

U [m/s] velocity of the propelling blade with respect to the air
Re Reynolds number based on rotor diameter
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Vwinp, v, V [m/s]  wind velocity

Vg [m/s] speed of the rotor circumference (at outer radius)
M [Nm] torque on the rotor axis
M1 [Nm] torque for a single-segment rotor
M4 [Nm] torque for a four-segment rotor
TSR [-] tip speed ratio (TSR = VVXI’; D)
w [1/s] angular rotor velocity
A [m?] rotor projection area
Ar [] aspect ratio—segment height over rotor diameter h/D
P [W] power
Pwinp [W] power of the reference wind stream
Cpl-] power coefficient, effectiveness
H [m] rotor height
h [m] segment height
D [m] rotor diameter
p [kg/ m?] air density
al, bl,cl coefficients of the quadratic function for single-segment rotor
a4,b4, c4 coefficients of the quadratic function for four-segment rotor
ADC Analog-to-Digital Converter
uC microcontroller
T/C Timer/Counter registers
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