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Abstract: The geometry of a conventional two-bladed Savonius rotor was used in this study based
on a report available in the literature. A two-dimensional rotor model consisting of two buckets
and an overlap ratio of 0.1 was prepared. The unsteady Reynolds averaged Navier-Stokes (URANS)
equations and the eddy-viscosity turbulence model SST k-w were employed in order to solve the
fluid motion equations numerically. Instantaneous velocities and pressures were calculated at defined
points around the rotor and then averaged. The research shows that the operating rotor significantly
modifies the flow on the downwind part of the rotor and in the wake, but the impact of the tip speed
ratio on the average velocity distribution is small. This parameter has a much greater influence on
the characteristics of the aerodynamic moment and the distribution of static pressure in the wake. In
the upwind part of the rotor, the average velocity parallel to the direction of undisturbed flow is 29%
lower than in the downwind part.
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1. Introduction

In recent years, global concern about the consequences of exploiting fossil fuel re-
sources has increased. Some of the effects of this exploitation include global warming
and environmental pollution. One of the ways to protect the environment is to invest in
renewable energy sources and decentralize energy sources. The Savonius wind turbine can
be an alternative for distributed power generation.

The Savonius wind turbine rotor (Figure 1) is a fluid-mechanical device that many
researchers have investigated since 1931 [1,2]. There are many different applications of this
device, such as driving an electrical generator, providing ventilation, or due to high torque,
pumping water. The Savonius rotor is also used to measure the velocity of ocean currents.

Due to the relatively low aerodynamic efficiency at tip speed ratios larger than one,
they cannot compete with either a Darrieus or a propeller-type wind turbine. However, it
has several advantages compared to typical horizontal axis wind turbines, such as high
starting torque [3], low noise emission [4], the ability to operate under complex turbulent
flows [5,6], and relatively simple construction at low cost [7,8]. The great interest in
Savonius wind turbines is also due to their potential as hydrokinetic devices [9].

The aerodynamic performance of a conventional Savonius turbine depends, among
other things, on the aspect ratio, the tips speed ratio, airflow parameters, the number of
blades, the overlap, the turbine shaft, the number of steps, end plates, and, to a lesser
extent, the Reynolds number [9-11]. Depending on these geometric, flow, and operational
parameters, the aerodynamic efficiency of the device, the rotor power coefficient, may
reach maximum values in the range of around 0.05-0.30 [12]. Generally, the Savonius wind
turbine is a device whose axis of rotation is perpendicular to the direction of undisturbed
flow (to the direction of the wind). The rotor uses drag to generate torque, although lift
is also created on its blades as the rotor rotates. During the operation of the device, the
aerodynamic forces acting on its buckets change cyclically during each full rotation of the
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rotor. Therefore, the torque created by the rotor, at a constant angular velocity, cyclically
varies during the device’s rotation [11].

T
J

Figure 1. Silhouette of the Savonius wind turbine.

In recent years, thanks to the development of computational fluid dynamics techniques,
researchers have devoted much attention to the analysis of the influence of the rotor
geometric parameters on its performance. Among other things, the influence of the gap
length, 3D effects, blade shapes, shaft, and stages were analyzed [12-14].

Zhou and Rempfer compared the aerodynamic performance of Bach and Savonius
rotors using a two-dimensional unsteady numerical model [15]. Roy and Ducoin [16]
analyzed the instantaneous lateral lift and longitudinal drag forces acting on each of the
blades of the conventional and modified Savonius rotor. These authors also performed a
time-dependent analysis of the flat flow around the rotors.

Unfortunately, a detailed analysis of the Savonius rotor flow around requires the use
of three-dimensional numerical models. In recent years, such studies have been conducted,
among others, by Jaohindy et al. [17], Mendoza et al. [18] or recently, Marini¢-Kragi¢ [19].
Jaohindy et al. [17] studied the transient aerodynamic loads acting on rotors with different
aspect ratios. Mendoza et al. [18] studied the flow around Savonius wind turbines with
twisted blades using OpenFOAM. Marini¢-Kragic et al. [19] optimized the performance of
the multi-blade rotor based on circular arc segments.

In the literature, there are also numerical-experimental studies of the performance
of the Savonius wind turbine. Ferrari et al. [14] studied 2D and 3D models using the
CFD code—OpenFOAM. These authors provided a tool for the geometric optimization of
the rotor. In their work, these researchers analyzed, among other things, the influence of
geometric parameters, such as rotor height, on the flow around the wind turbine rotor and
its power coefficient. They also studied the influence of the tip speed ratio. Talukdar et al. [9]
analyzed both numerically and experimentally the effect of the number of rotor blades on
the performance of the Savonius hydrokinetic turbine. These researchers compared the
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aerodynamic efficiency of both two- and three-bladed rotors. They also investigated the
performance of the elliptical blade rotor, confirming its inferior aerodynamic properties
compared to a two-bladed Savonius hydrokinetic turbine with conventional semicircular
blades. Nasef et al. [20], however, conducted experimental and numerical studies of the
influence of the overlap ratio on the aerodynamic characteristics of Savonius. The authors
of these studies managed to present, in addition to static and dynamic loads, pressure
distributions along the walls. The influence of the buckets overlap ratio of a Savonius wind
rotor was also analyzed numerically by Akwa et al. [12].

In recent years, there have also been many CFD studies aimed at improving the aero-
dynamic performance of Savonius by using various types of aerodynamic devices, such
as, for example, deflectors [21] or a system of ducted nozzle [22]. El-Askary et al. [23] pro-
posed three methods of controlling the wind direction around the area of the conventional
Savonius wind turbine.

Other contemporary trends in the study of various types of wind turbines, including
the Savonius wind turbine, are the investigation of their efficiency in the vicinity of various
types of terrain obstacles that may occur, for example, in urbanized areas [24,25] and in
wind farms [26,27].

The results obtained using CFD techniques may be sensitive due to the computational
grid used and the choice of the turbulence model [28]. However, the ability to solve
momentum equations on finite-volume grids makes it possible to analyze the performance
of these devices with almost any rotor configuration operating in rugged terrain, for
example, in urbanized areas [29,30].

The review of the literature presented above shows that many researchers in their
work focus mainly on the analysis of the aerodynamic performance of the Savonius wind
turbine—the torque coefficient and the power coefficient of the rotor. The causes of some
physical transient phenomena, such as vortex structures flowing off the rotor blades, are
explained in these works using instantaneous distributions of flow parameters such as
velocity and pressure. Understanding the nature of the flow of such a complicated device
as the Savonius wind turbine, however, requires an in-depth study of the fields of both
instantaneous and time-averaged flow parameters. To the best of the authors” knowledge,
this paper is the first attempt to estimate the two velocity components, axial and lateral, in
the vicinity of a Savonius wind turbine rotor. This work aims to determine what influence
both velocity components have on flow deflection and how these values depend on the
tip speed ratio. This work is extremely important for several reasons. Firstly, the results of
the presented research allow for a deeper understanding of the impact of the two velocity
components on the nature of the flow around the working rotor. Secondly, knowledge of
the averaged values of velocities and pressures in the rotor area can significantly help in
the design of additional devices that improve the efficiency of the rotor, such as deflectors.
Third, this article proposes a new method for obtaining these averaged flow parameters. It
is possible to use the same procedure for a Darrieus wind turbine and a classical horizontal
axis wind turbine. This method, therefore, makes it possible to compare wind turbines of
various types in terms of the distribution of averaged flow parameters in the rotor area.

2. Numerical Model of the Savonius Wind Turbine
2.1. Description of the Rotor

Two-dimensional modeling for the geometry of the vertical-axis Savonius turbine in
operation is performed in Figure 2. The rotor consists of two semicircular blades, whereas
the dimensionless overlap ratio of this turbine, s/d, is equal to 0.10. The reason for choosing
this overlap is the need to conduct a validation study based on the experimental results
published in the report [10]. The dimensions of the vertical-axis Savonius turbine are given
in Table 1.
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Figure 2. Conventional two-bladed Savonius wind turbine.

Table 1. Turbine dimensions.

Parameter Value
blade/bucket diameter, d [m] 0.5
number of buckets, N 2
diameter of the turbine, D [m] 0.95
overlap ratio, OR 0.1
sheet thickness, & [m] 0.0005

2.2. Benchmark

In order to validate the CFD results, measurement data from the Sandia Laboratories
report by Blackwell et al. were used [10,31]. The report by Blackwell et al. [10] is one
of the older works on the aerodynamics of the Savonius wind turbine. However, the
authors of this report put in a lot of effort to measure fifteen different rotor configurations
in the wind tunnel. The aerodynamic performance of two- and three-bladed rotors was
compared for different rotor heights, and different overlap ratios, for one- and two-stages
and for two Reynolds numbers. The results of these measurements are a benchmark for
many researchers [12-14,32-37]. Roy and Ducoin [16] compared the results of the average
torque coefficient for three experiments by D’Alessandro et al. [38], Roy and Saha [39],
and Blackwell et al. [10]. Although the experimental conditions for each reference were
different, these compared characteristics are very similar. In the studies of Mereu et al. [27],
Cp and Cq coefficients were compared for 2D and 3D rotor models. It also turns out that
the comparison of the results of numerical research using CFD methods with experimental
results from different periods gives similar conclusions. That is, if the numerical model of
the rotor is two-dimensional, then the obtained Cp values are overestimated in comparison
with these experiments [9].

Research by Blackwell et al. was carried out for two Reynolds numbers 4.32 x 10°
and 8.67 x 10°. As this larger Reynolds number was much less often taken into account
by researchers, all simulations presented in this paper have been performed for the larger
Reynolds number. The Reynolds number is based on the rotor diameter and the bulk velocity:

DV
o v

Re

)

where v is the kinematic viscosity of air. The validation process is based on dynamic
experimental data [10].
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2.3. Rotor Aerodynamic Performance

The torque, Q, generated by the rotor at a constant angular velocity, w, cyclically
varies during the rotation of the rotor. The rotor power, P, which is directly related to the
torque, is used to evaluate the efficiency of the device. In order to calculate the aerodynamic
efficiency of the device, called the power factor Cp, the power, P, produced by the rotor
should be divided by the power, Pqp1, available in the air stream flowing through the
rotor cross-sectional area at the wind velocity Veo:

P Qw

Cp= - = Co-TSR 9
r Paoailable (1 /2)pAVO3O Q ( )

where: A is the area of the rotor projected at the flow direction, C is the torque coefficient
and TSR is the tip speed ratio. The last two values are defined, respectively, as follows:

Q

0= A/pARVE ¥
TSR = “‘;—R @)

where R is the rotor radius. In this paper, the area A in Equations (2) and (3) is equal to:
A= (2d—s)-H=(2d —s)-1=095m? (5)
where: rotor high H in the present paper equals 1 m.

2.4. Computational Domain and Boundary Conditions

The computational domain consists of two parts: a rectangular fixed domain, and
a circular rotating domain containing the wind turbine rotor, that rotates with the same
angular velocity as the Savonius wind turbine. Too small a computational domain may
affect the obtained aerodynamic characteristics. If the domain is not large enough and its
boundaries are too close to the rotor, then air is artificially forced into the rotor because there
is not enough room to flow around the turbine. This in turn causes an overestimation of
the torque and aerodynamic efficiency of the device. Mohamed proved that the minimum
distance from the rotor in each direction should be at least ten rotor diameters [40,41]. On
this basis, in this study, a square computational domain, Figure 3, with a length of 12 m
was selected for the simulation; therefore, the distance from the axis of rotation of the rotor
to the boundaries of the domain is D/L = 12.63.

As shown in Figure 3, the velocity inlet boundary condition was assumed on the left
vertical edge of the square domain, and on the right edge, the pressure outlet condition. On
the other hand, the symmetry condition was defined on the upper and lower edges. The
boundary condition “symmetry” can be employed to model zero-shear slip walls in viscous
flows [42]. A circular sliding interface was used between the two parts of the domain, fixed
and circular [11,12]. The distance between the rotor surfaces and the interface should be
large enough that there are no errors in estimating distributions of vorticity [43,44]. To
avoid numerical errors on the interface and their impact on the results of the velocity and
pressure fields, the diameter of the circular part of the domain was set to 2 m. In Figure 4,
the distributions of static pressure and velocity magnitude on the interfaces for the fixed
and moving parts of the mesh are shown. This figure clearly shows that both the velocity
and pressure profiles are the same on each mesh in the interface zone.

2.5. Solver Settings and Turbulence Model

For all 2D simulations presented in this paper, the time step size is equivalent to
1000 time steps per one complete revolution of the rotor, corresponding to 0.36° per time
step. For unsteady Reynolds-averaged Navier-Stokes (URANS) simulations, the well-
known SIMPLE algorithm was employed for pressure-velocity coupling. The gradients
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are computed employing the least-square cell-based method. All variables were calculated
using second-order upwind schemes.
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Figure 3. Computational domain and boundary conditions.

Figure 4. Flow parameters across the two sides of the interface zone: (a) Velocity profiles; (b) static
pressure profiles.

In this paper, the average fields of flow parameters in the rotor area are analyzed for
three tip speed ratios: 0.75, 1.00, and 1.25. Each of these tip speed ratios corresponds to
a different angular velocity of the rotor; the angular velocities for individual tip speed
ratios are, respectively, equal to 22.10, 29.47, and 36.84 rad/s. For all the analyses shown in
this paper, fifteen full rotations of the rotor were simulated in order to avoid the effect of
initial conditions.

Popular CFD solvers such as ANSYS Fluent offer their users a wide choice of different
turbulence models. The most popular and most frequently chosen models are the k-¢ and
k-w models. These are, of course, the basic variants of these models. In applications with
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rotating blades and when using unstructured meshes, modified variants of these models are
highly recommended, e.g., the realizable k-¢ model or the SST k-w model that blends both
k-e and k-w turbulence models. The SST k-w approach was used in this work due to its
stability and high accuracy in solving the boundary layer [29]. The governing equations of
these turbulence models are not presented in this paper because they are clearly described
in the documentation of CFD solvers offering this turbulence model.

2.6. Mesh Convergence Study

In order to determine an efficient mesh and to prevent divergence generated by an
unsuitable mesh refinement strategy, a grid convergence study must be performed. In this
paper, the computational domain was discretized using a hybrid mesh that consists of a
quadrilateral structured mesh near the blades and a triangular unstructured mesh in the
rest of the domain, as it is shown in Figure 5. The growth rate of the unstructured mesh was
managed as 1.06; therefore, the grid density changed gradually, starting from the rotating
domain. The structured part of the mesh was applied in order to capture the boundary layer
viscous effects near the blades. The mesh first layer thickness from the blades was equal to
26 pm, which fulfills condition y+<1 required by turbulence models [40,45]. The number of
structural mesh layers was 75, while the bias factor was 50. For a structured mesh, this bias
factor corresponds to a growth rate of 1.06. We intended to provide a numerical grid that
satisfies three assumptions at once: it will ensure small numerical dissipation of turbulence
parameters between the inlet and the rotor; provides a smooth transition between structural
and unstructured mesh elements; gives better numerical results of the wake behind the
rotor. A grid independence study was performed for the three cases, as shown in Table 2.
The three meshes used in the mesh sensitivity test differed in the number of nodes, N, on
the edges of the rotor blades. The following three cases were investigated: N = 500, N = 750,
and N = 1000. As can be seen from Table 2, the torque and power coefficients obtained
for the coarse mesh are not significantly different from those for the fine mesh. Also, two
publications proved that the number of nodes on the edges equal to 620 is sufficient for the
solution to be independent of mesh density [46,47].
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details around the blade.
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Table 2. Grid analysis.

Name TSR Cells Co Cp Err
Fine 1 498,766 0.2815 0.2815 -
Medium 1 388,328 0.2810 0.2810 —0.16%
Coarse 1 277,898 0.2818 0.2818 0.11%

2.7. Validation

In these studies, the validation process was performed based on two data sources.
The first source is the experiment [10] (Figure 6a,b), while the second is the numerical
results from the publication [12] (Figure 7a,b). However, this second comparison is not
direct because the results for a different value of the overlap ratio and a different value of
the Reynolds number were compared. The second comparison makes sense, however, for
two reasons. Firstly, Blackwell et al. [10] proved in their experiment that the differences in
rotor aerodynamic performance are minimal for both Reynolds numbers 4.32 and 8.64. In
Figure 6a,b, two sets of experimental data are summarized for these two Reynolds numbers.
Second, the CFD results presented in this study were compared with two sets of numerical
results by Akwa et al. [12]. These two datasets represent two overlap ratios of 0.0 and 0.15.
These values are relatively close to those used in this study. As can be seen from Figure 6a,b,
the nature of the numerical results is close to experimental. The obtained CFD values are
also slightly different from the numerical results obtained by Akwa et al. [12], in particular,
to those with an overlap ratio of 0.15.

0.3
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Figure 6. Comparison of CFD results with the experiment [10]: (a) Torque coefficient; (b) power coefficient.
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Figure 7. Comparison of CFD results with numerical results from [12]: (a) Torque coefficient;

(b) power coefficient.
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axis of

rotation

Also, significant differences in the CFD (2D model) and experimental results were
also observed by, among others, Talukdar et al. [9]. These authors concluded that the
dimensionality effect excluded during the CFD simulations may be responsible for this
minor discrimination. Ferrari et al. [14] conducted CFD studies of one of the Blackwell
et al. [10] configurations (overlap ratio of 0.2 and Re = 4.32-10°). Ferrari et al. [14] obtained
similar accuracy of the numerical results for the 2D model compared to the experiment
as the authors of this paper. Ferrari et al. proved that only the 3D model significantly
improves the results.

2.8. Flow Parameters Averaging Method

The primary purpose of this paper is to examine the averaged fields of flow parameters
in the rotor area and the wake downstream behind the rotor, depending on the tip speed
ratio. The averaged flow parameters analyzed in this work are two components of air
velocity and static pressure. In order to study these values, two series of points were
defined, where these instantaneous flow parameters were calculated, which were then
saved to a file and then averaged. One series of checkpoints was typically arranged behind
the rotor, as shown in Figure 8a. The second one was located around the rotor every 10
degrees at the distance D/2+d (according to the dimensions given in Table 1) from the axis
of rotation of the rotor—Figure 8b. The sampling rate, f, was:

_ 18-w
T oon

f (6)

checkpoints checkpoints

(@) (b)

Figure 8. Checkpoints for recording speeds and pressures: (a) Points in the wake; (b) points around
the rotor.

3. Results
3.1. Torque Coefficient and Forces Acting on the Rotor

The dimensionless torque and power coefficients shown in Figures 6 and 7 are, of
course, the result of integrating the aerodynamic torque for one complete revolution of the
rotor. Unlike conventional horizontal-axis wind turbines, the Savonius rotor’s aerodynamic
moment significantly changes with azimuth. The lower the number of rotor blades, the
larger the difference between the minimum and maximum torque. At the same time,
the larger the number of rotor blades, the larger the number of torque changes per rotor
revolution. Figure 9 shows the rotor aerodynamic moment as a dimensionless coefficient,
according to Equation (3). The torque coefficient is also compared for three different
values of the tip speed ratio. As can be seen in Figure 9, relatively small changes in the
tip speed ratio provide significant differences in the amplitude of changes, i.e., in the
difference between changes in the maximum and minimum value of the torque coefficient.
The differences of these changes for TSR = 0.75, 1.00, and 1.25 are equal to 5, 10, and 15
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respectively. It is also worth noting that at a constant angular velocity, the changes in the
power coefficient for the first and second halves of the rotation are the same. Moreover,
as can be seen in Figure 9, the maximum values of the torque coefficient are the highest
for the optimal tip speed ratio. On the other hand, the modules of the minimum values of
this coefficient increase with the increase of the tip speed ratio. It is also clear that the tip
speed ratio significantly affects these lower values of the torque coefficient. The last thing
worth observing is the faster occurrence of the minimum values of the torque coefficient
for higher and higher tip speed ratios.

0.8 T T T
—TSR=0.75
— TSR=1.00
0.6 TSR=1.25 [
0.4+ —
o
&)
02+ :
0 \/ .
0.2 '

0 100 200 300
0 [deg]

Figure 9. Torque coefficient as a function of azimuth.

In addition to the total torque acting on the entire rotor (Figure 9), it is also interesting
how the individual blades contribute to this torque. Figure 10 compares the torque char-
acteristics for one blade for three tip speed ratios. In addition, for TSR = 1.0, the torque
characteristics were compared separately for the first and second blades. As it turns out,
the torque characteristics for each of the blades are not as different from each other as the
total torque acting on the rotor. The maximum values of the torque coefficient for the two
largest tip speed ratios investigated in this work reach almost the same value. The largest
differences between the three curves are visible in the results for the downstream part of
the rotor. The most important observation, however, is that each blade produces a positive
torque in the azimuth range from 34-38 to 222-245 degrees, depending on the tip speed
ratio. That means, as the tip speed increases, the aerodynamic drag acting on the blade in
the downstream part of the rotor increases.

3.2. Averaged Flow Parameters

Figures 11 and 12 show the average flow parameters around the rotor. Figure 11a,b
shows the two components of the flow velocity, a component, Vy, parallel to the wind
direction, and a component, V, perpendicular, respectively. In contrast, Figure 12a,b
shows the flow angle and the static pressure distribution around the rotor, respectively.
The velocities in Figure 11 have been normalized by the undisturbed flow velocity V.
This flow angle is defined as tan ~!(V},/V,) [48] and expressed in degrees. All results are
compared for three tip speed ratios.
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Figure 10. Torque coefficient acting on individual blades.
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Figure 11. Average flow parameters around the rotor: (a) Vy velocity component; (b) V;, velocity component.

Analyzing the distribution of the Vy component of the flow velocity (Figure 11a),
two characteristic decreases in this velocity can be seen. The first is for the windward
part of the rotor, for azimuth in the range of 0 to 180 degrees, and the second is for the
leeward part, for azimuth in the range of 180 to 360 degrees. Of course, the velocity drop
in this second part of the rotor is greater compared to the velocity drop in the windward
part. What is evident from these results, however, is that the velocity distribution is not
significantly TSR-dependent. The average velocity for all tip speed ratios for the windward
part of the rotor is 12.49 m/s and for the leeward part, it is equal to 8.79 m/s. It is worth
emphasizing that with increasing tip speed ratio, average V, decrease, but these differences
are negligible. The difference in average velocity V, for TSR = 0.75 and 1.25 is 0.08 m/s for
the windward part and 0.48 for the leeward part. This is therefore a difference of less than
one meter per second. This is a different tendency than in the case of the Darrieus wind
turbine, for which the distribution of the average velocity V depends quite significantly
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on the tip speed ratio [49,50]. In addition, unlike the Darrieus wind turbine, a significant
increase in the average velocity V can be seen near the azimuth of 180 degrees. In the case
of the Darrieus wind turbine, for this azimuth and for optimal TSR, it can be seen that the
local flow velocity V reaches or slightly exceeds the wind velocity Ve [50]. In contrast,
in the case of the Savonius wind turbine, the local velocity V can increase by up to 32%
on average compared to the undisturbed flow velocity V. It is also interesting that the
maximum value of this velocity is localized for the azimuth of 190-200 degrees. Thus, it
appears already in the downwind part of the rotor. On the other hand, the area for which
the velocity ratio Vy/ V. is greater than one and extends in the azimuth range from 140 to
220 degrees. This local increase in the average speed Vy up to the azimuth of about 200
degrees entails a decrease in the rotor torque coefficient (Figure 9), which for the azimuth
of 172-200 degrees, depending on the tip speed ratio, reaches a minimum value.
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—TSR=1.00 —TSR=1.00
TSR=1.25 50} TSR=1.25
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Figure 12. Average flow parameters around the rotor: (a) Flow angle; (b) static pressure.

In the downwind part of the rotor, a significant decrease in Vy velocity down to a
negative value is visible, which means that locally, the flow velocity is opposite to the
direction of the wind (In the leeward part of the rotor, a significant decrease in V, velocity
down to a negative value is visible, which means that locally the flow velocity is opposite
to the direction of the wind). This local velocity V, drop also significantly modifies the
velocity component field V, (Figure 11b), and the static pressure field (Figure 12b). The
minimum value of the velocity Vy was obtained with an average of —0.73 m/s, which
corresponds to an azimuth of 300 degrees and a maximum flow angle of 122 degrees on
average (Figure 11b).

The pressure reaches a local minimum value at the azimuth of 220 degrees, which is
shown in Figure 12a. At this azimuth, both blades simultaneously achieve a very similar
torque value close to zero, which can be seen in Figure 10. This pressure peak seen in the
graph is also directly related to the presence of a vortex structure that is formed at the tip
of the blade from an azimuth of about 136 degrees (Figure 13).

Figures 14-16 illustrate the distribution of pressure and velocity components in the
wake downstream behind the rotor. These results shown in the graphs were calculated
on defined rakes located behind the rotor as shown in Figure 8. The instantaneous values
were then averaged, as discussed in Section 2.8 of this paper. In contrast to the velocity
distributions, the characteristics of the pressures behind the rotor differ significantly more
depending on the tip speed ratio. Therefore, in Figures 14 and 15, these relationships are
shown separately for each of the rakes. It is clear from these graphs that these results are
a function of both the tip speed ratio and the x and y coordinates. The largest pressure
drop is visible for the location x/R =1 and the case TSR = 0.75. However, this research
has shown that the greatest impact on the velocity distribution, especially the component
parallel to the direction of undisturbed flow, has the distance from the rotor axis. Therefore,
in order to save space, only the results for the case TSR = 1.00 are presented in this article
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in Figure 16. These studies have shown that as the x coordinate increases, the velocity
distribution V, becomes more and more symmetric concerning the y = 0 coordinate. This is
due to the weakening of the vortex flowing down from the lower blade.

0=136 deg 0=151 deg

Figure 13. Instantaneous static pressure distributions for the tip speed ratio of 1.00.
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Figure 14. Static pressure in the wake: (a) Location x/R = 1 behind the rotor axis; (b) location x/R =2
behind the rotor axis.
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Figure 15. Static pressure in the wake: (a) Location x/R = 3 behind the rotor axis; (b) location x/R = 4

behind the rotor axis.
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Figure 16. Velocity components in the wake at TSR = 1.00 for four x/R locations: (a) Velocity
component Vy; (b) velocity component V.

4. Conclusions

In this paper, the average values of static pressure and velocity components around

the rotor were studied. The purpose of this analysis is to examine the effect of the tip speed
ratio on the average velocity field and the pressure field around the rotor and to compare
the flow parameters for two rotor halves: windward and leeward. Based on the conducted
research, the following conclusions were obtained:

Aerodynamic performance, rotor power coefficient, directly depends on aerodynamic
torque. The aerodynamic torque of the two-bladed rotor changes significantly with
azimuth. The operation of the rotor at these tip speed ratios requires, of course, the
use of a second additional rotor section with blades rotated 90 degrees relative to the
first section;

Each blade produces a positive torque in the azimuth range from 34-38 to 222-245
degrees, depending on the tip speed ratio. As the tip speed increases, the aerodynamic
drag acting on the blade in the downstream part of the rotor increases;

Contrary to the Darrieus rotor, in the case of the Savonius rotor, the tip speed ratio
has little influence on the average speed distribution around the rotor. This applies
to both the velocity component parallel to the direction of undisturbed flow and
the perpendicular component. In the upwind part of the rotor, the average velocity
parallel to the direction of undisturbed flow is on average 29% lower than in the
downwind part;
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e In the case of the Savonius wind turbine, an increase in the V velocity can be observed
locally in relation to the undisturbed flow velocity. Locally, the velocity component Vy
may be as much as 32% higher when compared to the velocity V.. In addition, the
maximum of the velocity component V is observed already in the leeward part of
the rotor;

e Inthe downwind part of the rotor, the flow is much more complex. Both the pressure
and the flow angle reach their extreme values. On the other hand, the velocity compo-
nent Vy reaches a locally negative value. This is directly influenced by the geometry of
the rotor and the aerodynamic performance of the rotor blades;

e Negative static pressure is visible throughout the area on the downwind part of the
rotor. This is another significant difference compared to Darrieus wind turbine rotor
with high solidity and operating at low tip speed ratios [49];

e  The influence of the tip speed ratio on the pressure distribution in the wake down-
stream behind the rotor is much larger than in the case of the pressure distribution
around the rotor;

e Asin the case of the distribution of velocity components around the rotor, the impact
of the tip speed ratio on the velocity distributions in wake is definitely much smaller;

e  Both the static pressure and the tip speed ratio are a function of the distance from the
axis of the rotor;

e  As the distance from the rotor axis increases, the velocity V, distribution becomes
more symmetrical with respect to the y = 0 coordinate; and

e  Moving away from the rotor axis has a much greater effect on the pressure distribution
than on the velocity distribution.
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