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Abstract: Savonius vertical axis wind turbines have simple structures, can self-start in environments
with low wind speed and strong turbulence intensity, and can be installed at low costs. Therefore,
installation is possible in urban centers with low wind speeds, which may contribute to the con-
struction of a decentralized power system. Savonius wind turbines are operated by drag force, with
the blades moving in the same direction as the flow current providing the thrust force and those
moving in the opposite direction of the wind being rotated by the drag force. In this study, the
Savonius wind turbine design was examined to develop a stable wind turbine for use in urban
centers at low wind speeds. The Savonius rotor design variables (aspect and overlap ratios) and blade
forms (semi-circular, Bach, and elliptical type) were examined using computational fluid dynamics
analysis. Moreover, a rotor capable of providing the target output was designed and maximum rotor
efficiency of 18% was realized. Further, changes to the flow corresponding with various turbine
layouts were analyzed to determine the arrangement that would maximize turbine performance. The
results showed that the maximum efficiency of the turbines was in the 17–19% range and without
significant variation.

Keywords: numerical simulation; vertical axis wind turbine; savonius rotor; wake; layout

1. Introduction

Global cumulative wind power capacity grew rapidly to 778 GW in 2020, and is
expected to reach 1247 GW in 2025. This translates to an annual average growth rate of
8.4% in comparison to 2020 [1]. In modern large-scale wind farms, horizontal axis wind
turbines with high efficiency are used. Currently, the global wind power market is focused
on the development of the offshore wind power industry because the onshore wind power
market has reached saturation level and is subject to the imposition of restrictions on
new installations arising out of environmental concerns. However, offshore wind turbine
installations pose unique challenges compared to onshore wind turbines, owing to water
depth as well as the higher installation and maintenance costs. Therefore, it is necessary
for each country to expand the use of small wind turbines to increase the proportion of
renewable energy generated and thereby achieve energy independence. The dissemination
of small wind turbines along with photovoltaic systems has the potential to increase the
energy self-sufficiency rate and contribute to the development of a decentralized power
system. Among the small wind turbines, vertical axis wind turbines with relatively low
rotational speeds provide greater structural stability than horizontal axis wind turbines,
which generally operate at high rotational speeds [2]. Further, vertical axis wind turbines are
more favorable from a maintenance standpoint because they do not require yaw movement
controls and the main machinery is installed closer to the ground.

Energies 2022, 15, 9500. https://doi.org/10.3390/en15249500 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en15249500
https://doi.org/10.3390/en15249500
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-4140-4197
https://orcid.org/0000-0002-8438-6670
https://doi.org/10.3390/en15249500
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15249500?type=check_update&version=2


Energies 2022, 15, 9500 2 of 17

Among vertical axis wind turbines, Savonius wind turbines have lower noise and
wear and tear of parts owing to lower rotational speeds [3]. Because they are not affected
by the wind direction and require simpler support structures, their manufacturing costs
are also lower [4]. However, because Savonius wind turbines exhibit lower efficiencies
than Darrieus turbines, studies to improve their overall performance have been conducted.
Particularly, research on the benefits of applying additional devices, such as nozzles [5],
V-shaped wedge deflectors [6], deflecting plates [7], curtains [8], venting slots [9], and
guide vanes [10] has been conducted. However, it is worth noting that the efficiency of
Savonius wind turbines does not exceed the 20 to 30% range even with the application of
aforementioned additional devices [11]. The application of these additional devices had the
negative effect of countering the inherent benefits of Savonius wind turbines by increasing
their manufacturing cost and decreasing their structural stability. Consequently, many
researchers have conducted studies to improve the turbine performance by changing the
blade geometry and other design parameters.

Among the design parameters of Savonius turbine blades, those that have the largest
effects on performance are the aspect ratio (AR) and overlap ratio (OR). The AR is defined
as the ratio between the rotor height and rotor diameter; the AR and angular velocity
increase as the rotor height increases and diameter decreases [12]. Akwa [2] analyzed the
flow characteristics of the Savonius rotor through an experimental study, and the results
revealed an effect similar to that of the endplate in correspondence with the AR. Although
increase in AR improves rotor performance, increase in rotor height results in structural
instability; thus, there is a limit to how far the AR can be increased. Moreover, the efficiency
does not significantly increase beyond a certain value even when the AR is increased [13].
The ratio of the blade width and blade overlap length is defined as the OR. The blade
length varies in correspondence to the OR because each blade is overlapped, even for the
same rotor diameter. However, when the overlap area between the blades is increased
by increasing the OR, the rotor performance decreases owing to the expansion of the
recirculated flow [14]. Therefore, several experimental and numerical analysis studies have
been conducted to determine the OR that leads to the best turbine performance. Through
an experimental study, Blackwell et al. [15] found that turbine performance reached its peak
when the OR was between 0.1 and 0.15. Ushiyama [16] reported that maximum efficiency
could be attained in a Savonius rotor with an OR of 0.167. Furthermore, based on numerical
analysis, Akwaet et al. [17] stated that the highest turbine efficiency was attained when the
AR is 0.15, whereas Gupta et al. [18] observed the highest efficiency at AR value of 0.2. Even
though these research results establish that turbine performance is influenced by the AR
and OR of the Savonius rotor, accurate AR and OR values have not yet been determined.

To determine a Savonius rotor design that is suitable for meeting the objectives,
each design parameter must be re-examined. A blade geometry with a semi-circular
bucket structure was used during the early development stages of the Savonius turbine.
Subsequently, several studies have been conducted to determine a blade geometry that
can improve the turbine efficiency aerodynamically. For instance, Ushiyama et al. [19]
compared the efficiency of the semi-circular and the Bach rotors through numerical analysis
and reported that the Bach rotors had superior performance. Similarly, Banerjee et al. [20]
compared the performance of the semi-circular and elliptical rotors through numerical
analysis and found that the elliptical type achieved superior performance. Alom et al. [21]
compared the wind tunnel test results and numerical analysis results for semi-circular,
Benesh, Bach, and elliptical Savonius rotors. They reported that the elliptical type had
the highest rotor efficiency. The numerical analysis in the above study was conducted
using two-dimensional (2D) unsteady simulations without considering flow in the rotor
height direction, and the efficiency determined was higher than that obtained in the wind
tunnel test results. As mentioned previously, the main design parameters of Savonius
rotors are the AR and OR, which significantly influence the rotor performance. Therefore,
three-dimensional (3D) unsteady simulation is required because it is necessary to analyze
the effects of the spaces between the blades on the flow.
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In this study, the Savonius turbine that has the capability to generate power even in low
wind speed areas owing to its lower rotor operating speed has been utilized as the reference
geometry to develop user-friendly urban wind turbines. The objectives were to ensure the
stability of the rotor blade in unexpected situations and develop an eco-friendly turbine
using recycled fabric materials such as discarded banners. Because recycled fabric materials
were used, a complex blade geometry such as a twisted blade could not be adopted.
Therefore, among various Savonius rotor types it became necessary to determine the rotor
geometry that would enable stable power generation while taking manufacturability into
consideration. Consequently, the simple semi-circular type was determined as the most
suitable geometry in this study, and its performance was compared to that of the Bach and
elliptical types. The main design parameters, that is to say, the AR and OR, of the semi-
circular type were determined through 3D unsteady simulation analysis, and the change in
rotor performance in correspondence with the design parameters of the Bach and elliptical
types was analyzed. Savonius wind turbines exhibit a significant difference in power
generated depending on the rotational position of the rotor. Therefore, the rotor geometry
with the lowest difference between minimum and maximum power generated according to
the rotational position of the rotor was chosen as the final geometry. Furthermore, because
of the necessity to install a large number of wind turbines in a narrow space in the case
of small wind turbines, a rotor arrangement that factors in the influence of the wake was
adopted. The rotor rotation direction and rotor spacing that minimizes the interference
between the turbines when a large number of wind turbines are installed were examined.
The flow characteristics of each rotor were analyzed according to its rotational position.
After arranging up to three rotors, the performance change of each rotor was analyzed and
the optimal position of each rotor was suggested based on the findings.

2. Numerical Method

For wind turbine design, it is necessary to examine the turbine’s performance under
various operating conditions. Because experimental research involving wind tunnel tests
requires considerable time and cost, numerical analysis is conducted in the initial design
stage. For vertical axis wind turbines such as Savonius wind turbines, 3D transient flow
analysis is required because the torque significantly varies depending on the rotational
position of the rotor. In this study, Simcenter STAR-CCM+V15.04 (Siemens) commercial
software was used, and the k-ω shear stress transport (SST) gamma re-theta turbulence
model based on Reynolds-averaged Navier–Stokes (RANS) equations was applied to
analyze the effects of flow and wake in the area in which the blades are overlapped. The
time step was set to the rotation interval of 1◦ of the rotor and was calculated based on
the inlet wind speed and tip speed ratio. After the simulation started, when the rotor
rotated once, the flow field was stabilized, and it was confirmed that the monitoring values
converged in the same pattern from the second rotation. The total simulation time was set
to five revolutions of the rotor. The average power of the rotor in the analysis result was
calculated by averaging the power generated during the fifth rotation.

2.1. Boundary Condition and Grid Independence Test

The computational fluid dynamics (CFD) simulations performed in this study can
be classified as single- and multiple-rotor simulations. The analysis model and boundary
conditions of the single rotor are shown in Figure 1. For multiple rotors, the rotors and a
rotating area were added considering the same conditions as those for the single rotor. For
the rotating area of the Savonius rotor, a rectangular parallelepiped control volume with
distances of 10D (where D is the rotor diameter) to the velocity inlet, 30D to the pressure
outlet, and 5D to the top, bottom, and side surfaces from the rotor center was constructed
under a velocity inlet whose flow direction was along the x axis, so that there was no effect
from the flow analysis domain.

As the analysis model had a high curvature and the area in which the blades over-
lapped was small, the analysis results might vary depending on the grid system configura-
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tion. The analysis model for the grid independence test had D = 0.8 m and a rotor height
(H) of 1.28 m. The detailed design specifications are provided in Section 3. Because the
RANS-based k-ω SST model was sensitive to the grid distance from the wall, the value
of y+, which is the dimensionless wall distance, is important. Because the Savonius wind
turbine was rotated by lift and drag, it was necessary to accurately simulate the velocity
gradient inside the blade surface boundary layer. Therefore, the prism grid diffusion ratio
was uniformly adjusted to 1.5 times by applying 20 prism grids in the viscous sub-layer
area, and the grids were constructed so that the condition of y+ = 1 could be satisfied.
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Figure 1. Boundary conditions and model for CFD analysis.

The trim mesh was constructed using the Simcenter STAR-CCM+ software as shown
in Figure 1. The converging flow field and analysis model grids were examined. The
resolution of the mesh under analysis was adjusted by the target size of the blade surface.
The target sizes of the low-resolution, medium-resolution, and high-resolution meshes
were 1.5 × 10−2, 0.5 × 10−2, and 0.1 × 10−2 m, respectively, and their total number of grids
were 1.0 × 107, 1.6 × 107, and 3.0 × 107, respectively. As shown in Figure 2, the average
power change in 1 s was similar for all resolutions. However, the power at low resolution
exhibited a difference of more than 10% from that at high resolution. Moreover, because
rotor speed increases with an increase in tip speed ratio (TSR), convergence may not occur
and incorrect results may be obtained when the grid resolution is low. Therefore, in this
study, analysis was conducted based on the grid level of 1.6 × 107 cells, which does not
significantly affect convergence despite increase in the rotor speed.
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2.2. Numerical Method Validation

To confirm the validity of the numerical analysis results, it was necessary to compare
them with test data. As the research in this study was focused on the initial design stage,
test data could be secured upon completion of the basic design. Therefore, the experimental
data from previous studies [15,22] were used, and CFD analysis was conducted under
the same conditions. The efficiency of the rotor was then compared according to the TSR
change. The reference length for calculating the Reynolds number was based on a blade
width of 0.45 m. As the Reynolds number increased, efficiency of the rotor also linearly
increased. The experimental Reynolds number was 8.67 × 105, and the inflow wind speed
was 14 m/s. The inflow wind speed was quite high, and the maximum efficiency was
24–25%. For the analysis model, flow analysis was conducted on the semi-circular type
blades with endplates, with a rotor diameter of 1 m and height of 1 m, in the same manner
as in the previous studies under the same Reynolds number conditions. Figure 3 shows the
experimental data and simulation results. The compared power coefficient was calculated
as Equation (1)

CP =
Protor

Pavailable
=

Protor
1
2ρAV3 , (1)

where ρ represents the density, and A is the product of the rotor diameter and height
(D × H), which are equal to 0.9 m and 1 m, respectively. The rotor efficiency of the
experimental data increased with the TSR, and maximum efficiency of more than 24%
could be observed when the TSR value was approximately 0.9. In the simulation results,
the rotor efficiency also increased with increasing TSR, and the maximum efficiency occured
when the TSR value was approximately 0.8, which is similar to the tendency of the test data.
The flow analysis and test data showed similar rotor efficiencies and the same maximum
efficiency (24–25%) corresponding with the TSR change, thereby sufficiently validating the
results obtained through numerical analysis.
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3. Estimation of Rotor Power

The Savonius wind turbine rotates owing to lift and drag. In Figure 4, the Savonius
wind turbine rotates clockwise because the torque developed by the concave blade in the
wind direction is larger than that of the convex blade [23]. To improve the rotor performance,
it is necessary to minimize the negative torque generated in the direction opposite to that
of the rotor rotation. Because the blades in this study had to be composed of fabric
materials, three types of blade geometries were considered based on manufacturability.
The application of endplates may increase the rotor efficiency, but research was conducted
without endplate application to decrease the manufacturing cost and improve safety. The
semi-circular type blade, which is the basic geometry, can be classified under the Bach and
elliptical types according to the blade curvature [24,25]. The common design parameters
(AR and OR) of each Savonius blade were determined by conducting CFD analysis of the
semi-circular type. Using the design parameters shown in Figure 4, the AR was defined
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as the ratio of the blade height to its width (H/D) and the OR was defined as the ratio
between the blade width and blade overlap length (e/d). Regarding the design parameters
that determine the curvature of each blade, the values that led to the highest efficiency
were determined through a case study, and the performance of each blade geometry
was compared.
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3.1. Design Paramaters

The efficiency of the Savonius rotor was highest when the AR was 2.4 and remained
similar when the AR ranged from 2.4 to 3.3 [26]. For the initial analysis model in this
study, the AR was determined to be 3.2 with D = 0.8 m and H = 1.28 m. The flow in
the overlap area (e) improved the rotor performance by generating lift on the concave
blade that receives the wind [27]. For the same rotor diameter, the blade length (d) varied
depending on the OR. Ushiyama presented the highest rotor performance when the OR
was 1/6 [16]. In this study, the rotor efficiencies for OR values zero (at d = 0.4 m) and
1/6 (at d = 0.43 m) were compared and maximum efficiencies of 12 and 16%, respectively,
were observed, as shown in Figure 5a. Figure 5b presents the efficiencies of the two rotors,
and a significant difference in performance depending on the OR can be observed. The
OR was determined by examining the previous studies mentioned above. To determine
the appropriate design values for the 100-W-class rotor targeted in this study, the power
and efficiency corresponding to different H and D values were analyzed. The reference
geometry was defined as RotorV3 in Table 1, and the rotor types were classified into four
groups. For Group 1, D was fixed at 600 mm based on RotorV3 and H was varied. For
Group 2, D and H were varied based on the swept area A of RotorV3 (A = 0.9 m2). For
Group 3, H was fixed at 1500 mm based on RotorV3 and D was varied. For Group 4, D and
H were varied based on the swept area of RotorV3 (A = 0.9 m2).

For the same TSR, the rotational speed increases as the AR of each geometry decreases,
thereby resulting in an increase in efficiency. Therefore, flow analysis was conducted at a
constant rotational speed (150 rpm) to compare the power and efficiency corresponding
to different H and D values. Figure 6 shows the rotor power and efficiency for each case.
As A increases, the power and efficiency increase correspondingly. When A is constant,
the power and efficiency increase as the value of AR increases. However, in the case of
RotorV5, RotorV6, and RotorV7, all of which had the same value of A, the rotor performance
decreased under the condition of RotorV7, i.e., when AR was 2.8. This finding indicates
that the most efficient design can be achieved when the AR value is maintained above 2.8.
Among all the cases, RotorV10 exhibited the best design value considering the stable power
generation at the targeted 100 W and structural stability.
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Table 1. Definitions of design parameters and analysis cases for a semi-circular rotor.

Rotor
Type

D H d A AR OR
mm mm mm m2 (H/D) (e/d)

RotorV1 800 1280 436.5 1 3.2 0.167
RotorV2 600 1800 330 1.1 5.9 0.182
RotorV3 600 1500 330 0.9 5.0 0.182
RotorV4 600 1200 330 0.7 4.0 0.182
RotorV5 500 1800 275 0.9 7.1 0.182
RotorV6 600 1290 385 0.9 3.7 0.182
RotorV7 700 1125 440 0.9 2.8 0.182
RotorV8 500 1500 275 0.8 5.9 0.182
RotorV9 550 1500 303 0.8 5.6 0.182
RotorV10 650 1500 358 1 4.5 0.182
RotorV11 400 2450 220 0.9 11.1 0.182
RotorV12 450 2200 250 0.9 9.1 0.182
RotorV13 550 1840 300 0.9 5.9 0.182
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3.2. Comparison of Various Rotor Types

To compare the performance corresponding to the Savonius rotor geometry, semi-
circular, Bach, and elliptical rotors were considered. The OR (0.182) and AR (4.5) values of
RotorV10 determined by analyzing the design parameters of the semi-circular rotor were
applied. In addition, d, H, and the width (W) of each configuration were modeled in the
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same way as for RotorV10, which was a semi-circular rotor. In the case of the Bach type,
g was set to 10% of the blade length because g = 0 causes the blades to overlap during
the design process. For the elliptical type, the distance from the center of the ellipse to
the end point (A) was set to be the same as d. The design specifications are shown in
Figures 7 and 8, and Table 2 presents the power generated during one rotor rotation at
150 rpm. Although there was no significant difference in performance between the semi-
circular and elliptical types owing to their similar geometries, the elliptical type exhibited
better performance. Conversely, the Bach type displayed significant difference between
maximum and minimum power and showed the worst performance with 11% efficiency.
Because the design values of the Bach and elliptical types in Figure 7 were determined
based on RotorV10, it was necessary to define the design parameters for the blade geometry
and conduct additional analysis to maximize the performance of each rotor. Therefore, the
AR and OR were applied in the same manner as for RotorV10, and design parameters for
the blade geometry were re-defined to improve the performance of the Bach and elliptical
types, as shown in Figure 9.
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Table 2. Comparison of average rotor power and efficiency according to rotor geometry.

Type Power [W] Power Coefficient [–]

Semi-circular (Rotor V10) 151 0.15
Bach 114 0.11

Elliptical 155 0.16
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Figure 9. Definitions of design parameters for Bach and elliptical rotors.

Tables 3 and 4 summarize the performance and efficiency of the Bach and elliptical
types, respectively, consequent to changes in the design parameters under conditions
with TSR value of 0.6. In the case of the Bach type, the blade curvature increased as a
decreased and negative torque did not occur when a < 0.22 m. As θ decreased, the blade
curvature decreased, and the difference between the minimum and maximum torque
increased. Among all the cases, the BachV5 (a = 0.3D, θ = 135◦) geometry showed the
lowest difference between the minimum and maximum power and the highest average
power generation. In the case of the elliptical type, because the blade geometry is similar to
that of the semi-circular type, with a decrease in a, both power and efficiency decreased as
well. Conversely, the power and efficiency increased in correspondence with an increase
of θ due to increase in the curvature of the rotor; however, the trend reversed when θ
exceeded 40◦ at which point the performance declined. The maximum efficiency attained
with the elliptical geometry was 18%, and the average power was the highest at a = 0.41D
and θ = 40◦ (EllipticalV8).

To compare the performance of the three types of rotors, the rotor power in relation to
the TSR at a wind speed of 12 m/s is shown in Figure 10. The semi-circular type exhibited
lowest power when the TSR range was between 0.1 and 0.4, beyond which its power
increased until TSR = 0.8; the power reduction rate was not high compared to those with
other rotor geometries. For the Bach and elliptical types, the average power tended to
decrease due to the significant difference between the minimum and maximum power. In
particular, the maximum efficiency, which was attained when TSR > 0.6, and the power
difference significantly increased depending on the rotor rotation position. Therefore,
taking into consideration the ease of manufacture due to its simple design geometry and
the stability in power generation capability, the semi-circular type was finally selected.

Table 3. Rotor power and efficiency according to Bach rotor design parameters.

Type a θ Power (min) Power (max) Power Power Coefficient
m ◦ W W W -

Bach V1 0.24 135 −16 324 151 0.15
Bach V2 0.23 135 −9 319 155 0.16
Bach V3 0.22 135 2 304 158 0.16
Bach V4 0.21 135 6 304 162 0.16
Bach V5 0.2 135 11 298 165 0.17
Bach V6 0.2 125 1 296 167 0.17
Bach V7 0.2 130 8 300 167 0.17
Bach V8 0.2 140 14 302 163 0.16
Bach V9 0.2 145 4 314 159 0.16

Bach V10 0.2 150 −14 311 155 0.15
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Table 4. Rotor power and efficiency according to elliptical rotor design parameters.

Type a θ Power (min) Power (max) Power Power Coefficient
m ◦ W W W -

EllipticalV1 0.29 45 15 308 164 0.16
EllipticalV2 0.28 45 22 307 173 0.17
EllipticalV3 0.27 45 17 310 181 0.18
EllipticalV4 0.26 45 22 309 180 0.18
EllipticalV5 0.25 45 25 309 181 0.18
EllipticalV6 0.27 30 −5 304 175 0.18
EllipticalV7 0.27 35 14 311 181 0.18
EllipticalV8 0.27 40 19 315 183 0.18
EllipticalV9 0.27 50 23 313 175 0.18
EllipticalV10 0.270 55 32 313 170 0.17Energies 2022, 15, 9500  11  of  17 
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4. Effect of Rotor Arrangement

Wind turbines produce electrical energy by converting wind energy into kinetic energy.
A wind turbine that is positioned in the wake of another wind turbine shows performance
degradation because it is affected by the wind turbine in front. Hence, when small wind
turbines are used, they must be arranged within the minimum available space so as to
maximize efficiency and energy generation. Vertical axis wind turbines have a structure
in which the torque significantly varies depending on the rotor position during rotation.
Therefore, the wake flow, which changes during rotor rotation, was analyzed in a single
rotor simulation, and the changes in rotor performance under various rotor arrangements
were also analyzed.

4.1. Analysis of Single Rotor Wake

To analyze the changes in the wind flow that passes through a rotor, the velocity and
pressure according to the rotation position of a single rotor were analyzed. Figures 11 and 12
present the pressure and velocity flow fields, respectively, of a rotor rotating in the counter-
clockwise direction at 30◦ intervals. The inflow wind direction was the positive x-direction
in all cases. Because the positions of blades 1 and 2 were symmetrical in 180◦ intervals, the
rotation angle was expressed from 30 to 180◦. As Figure 11 shows, when the rotor rotated
by 30◦ counterclockwise, an area of high pressure was evident on the convex surface of
blade 1 and an area of relatively low pressure occurred on the concave surface. In this
instance, a torque in the direction opposite to the rotation direction occurred due to pressure
difference between the convex and concave surfaces, and a thrust acting on the convex
surface of blade 1 inhibited the rotor rotation. In addition, the separation of the vortex with
low pressure at the tip of blade 2 reduced the pressure difference, resulting in low power
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generation of 44 W. When the rotor was rotated by 60◦, the pressure difference between
the convex and concave surfaces of blade 1 was similar to that under the 30◦ rotor rotation
condition, but the low-pressure area on the convex surface increased. In addition, because
the thrust acting on the convex surface of blade 1 in the wind direction decreased due to
the change in rotation position, the power generation increased. Thus, the highest power
generation was observed at 60–120◦, when the torque acting in the direction opposite to the
thrust acting on blade 1 decreased. In the velocity flow field behind the rotor in Figure 12,
areas in which the velocity decreased and increased due to the rotating blade can be seen.
The area in which the velocity decreased remained relatively constant as the rotor rotation
position changed. Under the 30◦ and 180◦ conditions with low rotor power, however,
a vortex with high velocity occurred at the tip of blade 2, and it expanded as it moved
backward. Therefore, the performance of the Savonius turbine was improved when the
torque and thrust acting in the direction opposite to the rotation direction were minimized
as mentioned above. In the case of a downstream turbine, a rotor arrangement that can
locate the rotation-inhibiting blade in the low-velocity zone and torque generation by the
blade in the rotation direction in the high-velocity zone are required.

4.2. Multi Turbine Interaction Effect

To examine the influence of spacing between rotors, the power generation in relation
to the separation distance between rotors 1 and 2 in the x-direction was calculated, as
shown in Figure 13a. Figure 13b depicts the power according to the rotor rotation position,
and it is evident that the power generation of rotor 2 decreased as it approached rotor 1.
The wake zone of rotor 1 in the x-direction had low velocity, as depicted in Figure 12.
Consequently, the power decreased by more than 68% (Rotor 2_3.5D) despite an increase
in the separation distance between the turbines. To minimize the power reduction of the
rotor located in the wake zone, the performance corresponding to the separation distances
in the x- and y-directions was analyzed. Table 5 summarizes the various arrangements and
analysis results. For cases 1–3, the separation distance in the x-direction was fixed at 2D
and the separation distance in the y-direction was varied. For cases 4–6, the separation
distance in the x-direction was fixed at 3D and the separation distance in the y-direction
was varied. Based on the results for cases 1 and 4 in which rotor 2 was 1D away from rotor
1 in the y-direction, it can be observed that the power decreased owing to the interference
between the front and rear turbines. Moreover, the performance of rotor 2 in case 4 is
lower than that in case 1, even though it is 3D away from rotor 1 in the x-direction. For a
more detailed analysis, the velocity distribution of each case is shown in Figure 14. The
results for cases 1 and 4 in Figure 14 indicate that the power generation of rotor 2 decreased
because wind with low velocity was introduced to the rotor 2, which received wind in the
rotation direction due to the wake of rotor 1 in the front. Between cases 2 and 5, case 2
generated higher power than case 5 because the vortex with high velocity generated by
rotor 1 acted on rotor 2 before it got diffused. Between cases 3 and 6, the power generation
of case 3 was higher. It is noteworthy that cases 3 and 6 generated higher power than
cases 2 and 5 because rotor 2 was not influenced by the wake produced by rotor 1 due to
further movement in the y-direction. The above results confirm that the performances of
the turbines were not influenced by each other when rotor 2 was 2D away from rotor 1
in the x- or y-direction, or when the rotors were arranged in the positive y-direction with
respect to rotor 1.
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Figure 13. Analysis conditions for rotor spacing examination and comparison of power per rotor
rotation: (a) Rotor arrangement cases, (b) Power per rotor rotation.

Table 5. Rotor power according to downstream rotor position.

Case
Number

Rotor 2 Position Power Rotor
1 [W]

Power Rotor
2 [W]

Rotor 2 Power
Reduction Rate [%]x Axis y Axis

Case 1 2D 1D 121.9 82.2 −32.6
Case 2 2D 1.5D 124.9 128.7 3
Case 3 2D 2D 124.8 132.2 5.9
Case 4 3D 1D 121.9 55.8 −54.3
Case 5 3D 1.5D 123.5 99 −19.9
Case 6 3D 2D 124.5 117.1 −6
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To examine more diverse arrangement conditions, an analysis was conducted consid-
ering three rotors. Table 6 summarizes the arrangement cases for the three rotors and the
power of each rotor, and Figure 15 shows the conditions of case 1. Because rotors 1 and 3
were set to rotate clockwise, rotor 2 was set to rotate counterclockwise so as to utilize the
vortex with increased wind speed generated by rotor 1. When the separation distance of
other rotors from rotor 1 in the x-direction increased from 2D to 3D, the power generation
of rotors 2 and 3 decreased. Further, when the separation distance between rotors 1 and
3 in the y-direction increased to 1.5D and 2.0D, the power of rotor 3 increased. When the
combined power generation of all the three rotors are considered together, it was evident
that case 9 generated the maximum power. The distances of rotors 2 and 3 from rotor 1
were 2D in both the x-axis and y-axis directions in case 9, and the results were identical to
those obtained earlier through analysis when two rotors were taken into consideration. In
case 9, the rotor 1, rotor 2, and rotor 3 attained efficiencies of 17, 19, and 18%, respectively.
The reduction in the efficiency of rotor 1 could be attributed to the fact that rotors 2 and
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3 utilized the kinetic energy boost that was caused by the wake of rotor 1. The optimal
positions of the downstream turbines need to be examined to use the high-speed vortex
generated periodically by the upstream turbine. The power generation of rotor 1 in Table 6
showed that the downstream rotors influenced the performance of the upstream rotor.
Figure 16 presents the velocity distribution according to the rotor rotation position in case 9.
The wake zone of rotor 1 can be divided into high- and low-velocity zones, and it can be
seen that rotors 2 and 3 were not located in the low-velocity zone. Consequently, case 9
was the optimal arrangement that can minimize the loss by the downstream rotors because
it demonstrates the highest power generation of rotor 1 among all the cases.

Table 6. Arrangement cases for three rotors and power of each rotor.

Case Number Rotor 2 Position Rotor 3 Position Power
Rotor [W]

Power Rotor
2 [W]

Power Rotor
3 [W]

Power sum
[W]

x Axis y Axis x Axis y Axis

Case 1 3.0 D 2.0 D 2.0 D 1.0 D 121.6 119.8 124.7 366.1
Case 2 3.0 D 2.0 D 2.0 D 1.5 D 125.4 119 129.5 373.8
Case 3 3.0 D 2.0 D 2.0 D 2.0 D 126.4 118.9 131 376.3
Case 4 3.0 D 2.0 D 3.0 D 1.0 D 121.3 120.4 130.7 372.5
Case 5 3.0 D 2.0 D 3.0 D 1.5 D 123.6 119.6 131.2 374.4
Case 6 3.0 D 2.0 D 3.0 D 2.0 D 123.7 121 129.8 374.5
Case 7 2,0 D 2.0 D 2.0 D 1.0 D 121.7 139.8 127.3 388.8
Case 8 2.0 D 2.0 D 2.0 D 1.5 D 125.5 136.4 131.6 393.5
Case 9 2.0 D 2.0 D 2.0 D 2.0 D 128.4 140.1 129.7 398.1
Case 10 2.0 D 2.0 D 3.0 D 1.0 D 122.8 137.3 126 386
Case 11 2.0 D 2.0 D 3.0 D 1.5 D 125 137.3 127.4 389.7
Case 12 2.0 D 2.0 D 3.0 D 2.0 D 126.8 137 127 390.8
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5. Conclusions

This paper presents a conceptual design and modeling method for the development
of small urban wind turbines as well as a wake flow analysis of the rotor arrangement
that can maximize rotor efficiency. A three-dimensional CFD simulation was performed,
and the analysis results were compared with the experimental data from previous studies
to examine their validity. At a Reynolds number of 8.67 × 105 (wind speed 14 m/s), the
experimental data and CFD analysis results showed similar efficiency (up to 24%). Because
the objectives of this study were to ensure stability in unexpected situations and to develop
an eco-friendly turbine using recycled fabric materials, additional devices and endplates
that could improve the rotor efficiency were not applied. The OR and AR, which are
the design parameters that most significantly affect rotor performance, were determined
based on a semi-circular rotor. The performance was compared when the OR was 0 and
1/6, and higher efficiency was confirmed when the OR was 1/6. Thirteen cases were
generated according to the AR, and the power change was compared. Efficiency was
realized when the AR was designed to be above 2.8, and the targeted power was achieved
by RotorV10, which had an AR of 4.5. The performance of the Bach and elliptical types
was analyzed to determine a geometry that could improve the rotor performance. The OR
and AR identified based on RotorV10 were applied, and the performance of the Bach and
elliptical types according to the design parameters was analyzed. In addition, the power
generated by each type of rotor was compared. The three geometries exhibited similar
maximum efficiencies (17–18%), but the difference between the maximum and minimum
power generated was found to be large for the Bach and elliptical types. Therefore, the
semi-circular type, which is capable of stable power generation, was finally selected. The
optimal rotor arrangement was examined by arranging two and three rotors through wake
flow analysis for a single rotor. The Savonius turbine has a structure in which the torque
significantly varies depending on the rotor position during rotation. For the blades of a
downstream turbine, a rotor arrangement that can locate the blade generating negative
torque in the low-velocity zone and the blade generating positive torque in the high-
velocity zone was required. Considering two rotors, the efficiency did not decrease when
the separation distance between the upstream and downstream rotors was 2D in both
the x- and y-directions. For three rotors, the efficiency again did not decrease when the
separation distance between the upstream and downstream rotors was 2D in both the x-
and y-directions.

The aforementioned results confirm that a semi-circular rotor, which has a small
difference between the maximum and minimum power generated, enables stable power
generation despite a slight reduction in efficiency. The installation of multiple turbines does
not decrease the performance, and the power can be improved by placing the downstream
turbines at a distance corresponding to twice the rotor diameter from the upstream turbine.
However, as this study has been conducted under the assumption of a steady inflow
of wind in one direction, the positions of the downstream turbines with respect to the
upstream turbine may require to be changed when the actual wind direction changes.
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Therefore, research on the construction of a cluster that enables yaw motion with respect to
the upstream turbine is required to develop a small wind turbine system that is stable and
does not experience reduced turbine efficiency.
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