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ABSTRACT

With an increasing demand for small energy generation in urban areas, small-scale Savonius wind turbines are growing their share rapidly.
In such an environment, Savonius turbines are exposed to low mean velocity with highly turbulent flows made by complex geographies.
Here, we report the flow-induced rotation of a Savonius turbine in a highly turbulent flow (18% turbulence intensity). The high turbulence is
realized by using the far-field of an open-jet. Compared to low turbulence inflow (1% turbulence intensity), the turbine rotates 4% faster in
high turbulence since the torque/power increases with turbulence intensity. The wake measurement by hot-wire anemometry and particle
image velocimetry reveals the suppression of vortex shedding in high turbulence. In addition, a newly developed semi-empirical low-order
model, which can include the effect of turbulence intensity and integral length scale, also confirms high turbulence intensity contributes to
the rotation of the turbine. These results will boost more installation of small Savonius turbines in urban areas in the future.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0180939

I. INTRODUCTION

Clean power generation is one of the primary targets of sustain-
able development goals. Wind turbines are expected to play a signifi-
cant role in replacing fossil fuel-based power generation. Large-scale
propeller-type horizontal axis wind turbines (HAWTs) have been
playing a primary role in responding to this demand. On the other
hand, in recent years, small-scale power generation in urban areas has
been expected to increase as a means of on-site electrical production
systems. For this purpose, vertical axis wind turbines (VAWTs) are
superior to HAWTs since VAWTs are known to be more robust in
urban wind conditions characterized by low mean velocity and high
turbulence intensity than atmospheric winds due to complex ter-
rains.1–3 VAWTs are generally categorized into two kinds, one is lift
driven such as Darrius wind turbines, and the other is drag driven
such as Savonius turbines.4 The primary advantage of VAWTs is their
omnidirectional wind acceptance. In addition to this, the Savonius
wind turbine has unique abilities over other kinds of wind turbines

such as quiet operation, low cut-in speed, harmoniousness with urban
landscapes, and simple construction. Because of these advantages,
Savonius wind turbines are often introduced in urban areas. Wind
flows in urban areas have low mean velocities and higher turbulence
intensity than atmospheric winds due to their complex terrains. Zou
et al.5 measured the turbulence characteristics of urban wind at a
pedestrian level and found the turbulence intensity was 30–40% and
the integral lengthscale was 3–6m. Conventional-sized Savonius tur-
bines in urban areas are, for example, used for a street lighting sys-
tem6,7 and on-site power generation system for buildings.8–10 Under
such environments, Savonius turbines operate typically at the
diameter-based Reynolds number Re ofOð105Þ.

In recent years, more downsized Savonius turbines have been
developed. It is known that the performance of Savonius turbines with
helically twisted blades decreases with decreasing Reynolds numbers,11

whereas conventional (non-twisted) Savonius turbines show robust-
ness in power acquisition at lower Reynolds numbers.12,13 This is
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because the helical blade surface causes negative pressure due to the
streamlined curvature that contributes to the additional torque genera-
tion. One example of conventional Savonius turbines at low Reynolds
numbers is a wind energy harvesting device called aeroleaf,14 which
has the shape of a tree consisting of a cluster of conventional (non-
twisted) Savonius turbines, developed for various applications such as
providing street lights, WiFi hotspot, and mobile devices charging.
This wind energy harvester has a size of 10m and consists of more
than 30 Savonius turbines which operate at Re ¼ Oð104Þ. On a rather
smaller scale, Wang and Yeung13 investigated a micro-scale conven-
tional Savonius turbine at Re¼ 1500 as its application for powering
wireless sensor nodes. They found that the micro-scale Savonius tur-
bine exhibited the maximum power coefficient of 0.18, which is
approximately the same as the power coefficient at a much higher
Reynolds number Re¼ 80000. Their study shows that Savonius tur-
bines have the ability to operate at very low Re. For those small-scale
Savonius turbines, both their size and rotational frequency are exposed
in the inertial subrange in the energy spectrum of the inflow turbulent
wind. In such conditions, other lift-driven wind turbines exhibit poor
performances as the lift coefficient decreases with Reynolds numbers.
For these reasons, Savonius turbines are more suitable for lower
Reynolds numbers. Therefore, in this paper, we perform experiments
at Re ¼ Oð104Þ.

Figure 1 illustrates the classification of inflow disturbances. The
flow disturbances are first categorized into a coherent flow and turbu-
lence. The coherent flow is further classified into (a) vortex gust such
as K�arm�an vortex shedding from an upstream cylinder interacting
with the turbine when the vortex shedding frequency matches with the
rotational frequency of the turbine and (b) periodic streamwise gust
whose frequency improves the power output of the turbine.
Turbulence is classified into (c) two Savonius turbines interaction and
(d) highly turbulent inflow. For (c) two Savonius turbines interaction,
periodic velocity fluctuation from the upstream turbine affects the per-
formance of the turbine downstream. Shigetomi et al.15 found an opti-
mal arrangement of the two turbines that improve the power output

than the single turbine. Highly turbulent inflow that contains a wide
wave spectrum of kinetic energy also affects the turbine characteristics,
which is the focus of the present study.

There are a number of research that investigated the effect of free-
stream turbulence on horizontal axis propeller type turbines, for exam-
ple, in Refs. 16–23. There have been also several studies to understand
the effect of freestream turbulence on Savonius turbines. Wekesa
et al.18 tested a two-staged and three-bladed Savonius turbine in turbu-
lence with turbulence intensity between 9% and 14%. They observed
turbine’s efficiency increased in turbulence when Re< 340000. In con-
trast, Loganathan et al.24 investigated the effect of turbulence on a
multi-bladed Savonius turbine (24–40 blades) at Re¼ 230 000 and
confirmed that the power output decreased with turbulence intensity.
Aliferis et al.25 also observed the decrease in efficiency with increasing
turbulence intensity up to 5.7% for a twisted Savonius turbine at Re of
Oð105Þ. These previous studies suggest that the Savonius turbine may
have a better performance in turbulence when the Reynolds number is
low. In this paper, we investigate the effect of freestream turbulence
with turbulence intensity of 18% at lower Reynolds numbers of
Oð104Þ.

The conventional Savonius turbine sheds coherent vortical struc-
tures in the wake in the flow with low turbulence intensity.13,15,26–28

These detached vortices, which contain kinetic energy, are advected
downstream, resulting in energy loss for the turbine. For static bluff-
bodies in a turbulent inflow, significant suppression of the vortex shed-
ding was reported.29–32 This attenuated vortex shedding is related to
the alternation of the separation point on the body surface due to tur-
bulence. For a rotating Savonius turbine, such vortex shedding attenu-
ation has not been clarified yet.

Figure 2 illustrates the possible turbulent flow spectrum and cor-
responding turbine sizes. When the turbine is in the integral scales of
the turbulence spectrum (a), the turbine–turbulence interaction
depends on the on-site condition, which exhibits complex characteris-
tics influenced by intrinsic coherent flow structure. In the inertial sub-
range (b), where Kolmogorov’s �5/3 law stands, the kinetic energy of

FIG. 1. Classification of flow disturbances.
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the flow is always transferred to the finer scales as indicated by an
arrow in the figure. Here, we are interested in the effect of freestream
turbulence on the Savonius turbine when its size or rotational speed is
inside the inertial subrange where the energy cascade occurs. In real
urban wind conditions, Savonius turbines typically have a diameter of
10�1 � 100 m (Ref. 33) rotating at frot ¼ 10�1 � 101 Hz and urban
wind has the inertial subrange at f ¼ 10�2 � 101 Hz.5 Therefore,
Savonius turbines are expected to rotate inside the inertial subrange of
the inflow wind.

The aim of this study is to investigate the Savonius turbine rota-
tion and its wake in highly turbulent freestream conditions following
Kolmogorov’s energy cascade at low Reynolds numbers
[Re ¼ Oð104Þ]. To accomplish this aim, we place the Savonius turbine
in the far-field of an open-jet. We perform the rotational speed mea-
surement and wake measurement by particle image velocimetry (PIV)
and hot-wire anemometry (HWA). In addition to this, we develop a
semi-empirical low-order model, which includes the effect of turbu-
lence intensity and integral length scale to predict the flow-induced
rotation of the turbine. The rest of the paper consists as follows.
Section II provides the flow characteristics of the jet. Section III
describes the details of the free-rotation measurement, PIV, and
HWA. Section IV provides the low-order semi-empirical model to pre-
dict the flow-induced rotation of the Savonius turbine. In Sec. V, the
results of the free-rotation measurement, the low-order model, and the
wake measurement are presented. Finally, conclusions are drawn in
Sec. VI.

II. FLOW CHARACTERISTICS OF AN OPEN-JET

In this section, we provide the turbulence characteristics of the
open-jet used in the entire experiment. Unlike conventional methods
for turbulence generations such as a turbulence grid, the far-field of
the open-square-jet is used. Although it is known that the flow in the

far-field of turbulent jets has high turbulence intensity close to 20%,
nearly isotropic turbulence, and a wide inertial subrange with
Kolmogorov’s �5/3 law,34–37 it is uncommon to use the far-field of
open-jet to study the freestream turbulence–body interaction. Thereby,
in this section, we compare the turbulence characteristics of the far-
field jet with other conventional turbulence generating methods in the
literature.

The open-square-jet is comprised of a fan, a duct, an expansion
section, a straighter mesh, a contraction section, and a square nozzle.
The jet outlet has a square nozzle of B¼ 0.35 m, and the center of the
nozzle is located 1:42m above the floor. The Cartesian coordinates X,
Y, and Z axes are in streamwise, vertically upwards, and spanwise
directions, respectively, with the origin located at the center of the jet
nozzle outlet as depicted in Fig. 3. The flow development of the open-
square-jet is also illustrated schematically in the figure.

Static hot-wire anemometry (HWA) with the constant tempera-
ture method is used to measure the instantaneous streamwise velocity
component. The hot-wire probe is comprised of a single tungsten wire
of 5 lm in diameter and 2mm in length. Signals are recorded at a sam-
pling frequency of 1 kHz for the length of 217 points, which correspond
to the recording time of approximately 131 s. The streamwise velocity
component is measured at 16 locations between 0 � x � 7:5m
(0 � X=B � 21:4) at 0:5m interval along the centerline. HWA is cali-
brated at the center of the nozzle exit where the relation between the
exit velocity U0 and the fan rotation frequency is investigated by a pitot
tube.

The mean streamwise velocity decay hUi=U0 and turbulence
intensity Iu ¼ u0=hUi are shown in Fig. 4. Here, hUi is the mean
freestream velocity and u is the velocity fluctuation. The angle
brackets h�i denote the mean value and the superscript 0 denotes the
root mean square value (e.g., u0 ¼ ffiffiffiffiffiffiffiffiffihu2ip

). The figure shows that
the region X=B < 3 is the potential core region where the exit veloc-
ity is nearly constant and turbulence intensity is low. In the transi-
tion region X=B > 3, the mean streamwise velocity decays
proportionally to ðX=BÞ�1. Turbulence intensity Iu increases with
X/B until it reaches X=B � 13, where it asymptotes to Iu � 0:18 in
the far-field. Thereby we select X=B ¼ 17 for testing the Savonius
turbine in a high turbulence condition. At X=B ¼ 17, the effect of
the mean velocity profile of the jet on the Savonius turbine is negli-
gible since the mean velocity at the tip of the Savonius turbine
(Y¼ 29mm) is estimated to be 0:998hUi by the empirical model.38–40

Hence, it is deemed that the turbine receives almost the same mean
momentum.

The Kolmogorov scale g ¼ ð�3=eÞ1=4 is estimated from dissipa-
tion rate with locally isotropic assumption e ¼ 15�hð@u=@xÞ2i. The
derivative is determined through a modified version of Taylor’s frozen
hypothesis, @u=@x ¼ �ðhUi þ uÞ�1@u=@t as adopted in previous
studies on turbulent jets.36,41,42 The Taylor microscale is computed by
k ¼ hu2i1=2=hð@u=@xÞ2i1=2. The integral length scale L is estimated
based on Taylor’s frozen hypothesis as

L ¼ hUi
ðsL
0

huðtÞuðt þ sÞi
hu2i ds; (1)

where sL is the first zero-crossing location of the auto-correlation func-
tion (integrand) and s is the delay. The integral length scale is
L¼ 335mm at X=B ¼ 17. This corresponds to L=D ¼ 5:78, where D
is the diameter of the Savonius turbine used in the experiment.

FIG. 2. The scale of a Savonius turbine in turbulent flow spectrum: (a) integral scale
has a spectrum dependent on flow configuration and energy transfers in two-way
between small and large scales where coherent flow structures affect the rotation of
the turbine, (b) inertial subrange has the universality of turbulent flow property fol-
lowing Kolmogorov’s �5/3 law and one-way energy cascade occurs from large to
small scales, and (c) in viscous scale, flow fluctuation is attenuated by viscous
energy dissipation to be converted gradually into thermal energy. In this study, the
Savonius turbine’s scale is in (b) inertial subrange. Note that this figure is concep-
tual and in reality the Savonius turbine having the size of the integral scale and
Kolmogorov scale is unrealistic, while the Savonius turbine having the same size as
the integral lengthscale is possible in wind tunnel experiments.
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A number of researchers have attempted to generate large-scale
turbulence with high turbulence intensity, high turbulence Reynolds
number Rek, and a wide inertial subrange since Batchelor43 stated that
the existence of the inertial subrange is clearly unlikely to be obtained

in laboratory wind tunnels. A classical method is to use a turbulence
grid. Kistler and Vrebalovich44 measured the characteristics of turbu-
lence generated by a square-mesh turbulence grid in a large adjustable-
pressure wind tunnel. They obtained a high turbulence Reynolds
number over 600 and succeeded in obtaining a wide inertial subrange
over 102 in the wavelength for the first time. This classical method is
simple and, therefore, still popular in researching the effect of turbulence
on wind turbines.16,18,24,25,45,46 Gad-el-Hak and Corrsin47 applied jet
injection to a grid and obtained a larger scale of turbulence
(L¼ 134.7mm) than the conventional grid turbulence when the jet was
injected in a counter-flow direction. However, no clear inertial subrange
was observed in the energy spectrum. Makita48 is a pioneer of the active
grid generated turbulence. He succeeded in obtaining a large-scale tur-
bulence with u0=hUi ¼ 16:4% and turbulent Reynolds number based
on Taylor’s microscale Rek ¼ hUik=� ¼ 387 by oscillating agitator
wings attached to turbulence grids. Nowadays, this method has become
popular in wind/tidal turbine research in turbulence.19,20,22,23

The turbulence characteristics of grid-generated turbulence are
compared with those of our open-jet in Table I. The turbulence char-
acteristics of atmospheric turbulence (7m above the ground) measured
by Praskovsky and Oncley49 are also added in the table.

Figure 5 shows the power spectral density (PSD) /ðf Þ of the
streamwise velocity fluctuation u measured 17B downstream the noz-
zle outlet. PSD of 217 points (corresponding to approximately 131 s) is
computed using the Welch’s method50 by applying a Hanning window
of 211 points (corresponding to approximately 2 s) with a 50% overlap.
The figure shows a wide inertial subrange in which a clear
Kolmogorov’s �5=3 law is present in the frequency band between
approximately 1 and 100Hz. The shaded region indicates the mean
rotational speed of the Savonius turbine at the freestream velocity
ranging 2:5 < U < 6 m s�1, and it is clear that it lies within the iner-
tial subrange.

FIG. 3. Schematics of the flow development along the open-jet axis.

FIG. 4. (a) Mean velocity decay hUi=U0 and (b) turbulence intensity development
Iu along the jet axis. The red markers denote the values at which the Savonius tur-
bine is placed (X=B ¼ 17).
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III. MEASUREMENT TARGET

Experiments are performed at the wind tunnel facility of the
Laboratory for Flow Control at Hokkaido University. As described in
the previous section, the open-jet wind tunnel with 0:35� 0:35m2

square nozzle is used. A small Savonius turbine model with the diame-
ter D¼ 58mm is used to explore the flow-induced rotation at low
Reynolds numbers for free-rotation conditions (i.e., only friction force
from bearings acts on the turbine). Figure 6 shows the cross section of
the Savonius turbine model used in the experiment. The turbine con-
sists of two half-cylindrical blades with an overlap distance
do ¼ 8mm, one end plate on the bottom, and a shaft. The blades are
made of acrylic resin and painted in black to minimize light reflection.
The half-cylindrical blades have a radius of a¼ 16mm, a height of
H¼ 80mm, and a thickness of d ¼ 0:5 mm. The aspect ratio of the

turbine and the overlap ratio are H=D ¼ 1:38 and do=D ¼ 0:14,
which are common in Savonius turbine research.33,51

The turbine is placed at X=B ¼ 0:43 as a low turbulence intensity
flow condition (LT flow) and X=B ¼ 17 as a high turbulence intensity
flow condition (HT flow). In both cases, the mid-height of the turbine
is placed along the centerline of the open-square-jet outlet. The experi-
mental condition is summarized in Table II.

A. Rotational speed measurement

For the rotational speed measurements, the mean freestream
velocity is varied such that hUi 2 f2:5; 4; 5; 6gms�1, which corre-
spond to the diameter-based Reynolds numbers of
Re 2 f0:96; 1:5; 1:9; 2:3g � 104. The rotational speed of the Savonius
turbine _h is recorded for 240 s by a laser tachometer at every 1 s. The
Savonius turbine is driven mainly by drag and typically its torque
decreases linearly with the tip-speed ratio TSR ¼ D _h=ð2UÞ. This is
the reason why the power coefficient curve is parabolic. Figure 7 illus-
trates our target in this measurement. Our question is how the

TABLE I. Comparison of turbulence characteristics with other turbulence generating methods.

Experiment and reference hUi (m/s) Iu (%) g (mm) k (mm) L (mm) e (m2/s3) Rek Applications

Turbulence grid by mesh
Kistler and Vrebalovich44 61 1.97 0.047 2.4 47.8 16.2 669 � � �
Aliferis et al.25 13.9 5.7 � � � � � � � � � � � � � � � Twisted Savonius turbine

Turbulence grid with jet injection
Gad-el Hak and Corrsin47 8.16 3.18 0.39 9.45 134.7 0.156 160 � � �

Active grid
Makita48 5.0 16.4 0.21 8.2 197 1.72 387 � � �
Rockel et al.19 6 15.9 � � � � � � � � � � � � � � � HAWT
Talavera and Shu20 13 8 � � � � � � � � � � � � � � � HAWT
Gambuzza andGanapathisubramani23 8 11.6 � � � � � � 1880 � � � � � � HAWT
Vinod and Banerjee22 0.82 13.9 � � � � � � 110 � � � � � � Tidal turbine

Atmospheric turbulence
Praskovsky and Oncley49 7.08 14.1 0.64 106 81 000 0.0201 7100 � � �

Open-jet far-field
Present study 2.7 18.5 0.44 19.3 335 0.0720 486 Savonius turbine

FIG. 5. Power spectral density (PSD) of velocity fluctuation in the far field of the
open-jet wind tunnel outlet 17B downstream the nozzle outlet. The shaded region,
which is the measured rotational frequency of the Savonius turbine, lies within the
inertial subrange where the energy cascade occurs.

FIG. 6. Cross section of Savonius turbine and definition of geometric parameters.
Red markers indicate the locations of hot-wires for the wake velocity measurement.
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conventional Savonius turbine is influenced by turbulence.
Theoretically, the time-averaged torque of the turbine increases with
velocity fluctuation. The torque of the turbine is proportional to
U2 ¼ ðhUi þ uÞ2,

T / ðhUi þ uÞ2 ¼ hUi2 þ 2hUiuþ u2: (2)

By taking the time average,

hTi / hUi2 1þ hu2i
hUi2

 !
¼ hUi2 1þ I2u

� �
; (3)

which means that the turbulence intensity increases the time-average
torque. In a similar manner, the power outputW of the turbine is pro-
portional toU3 ¼ ðhUi þ uÞ3,

W / hUi þ uð Þ3 ¼ hUi3 þ 3hUi2uþ 3hUiu2 þ u3
� �

: (4)

By taking the time average, we obtain

hWi / hUi3 1þ 3
hu2i
hUi2

 !
¼ hUi3 1þ 3I2u

� �
: (5)

The equation tells us that the power increases by 3I2u . This relation
between the time-averaged power and turbulence intensity is also
reported in, for example, Refs. [15,52–55]. In Fig. 7, this trend is illus-
trated by a gray solid line to a gray dashed line in (a) the torque coeffi-
cient Ct and (b) the power coefficient Cp, respectively. On the other
hand, TSR at the free rotation condition, i.e., the rotational speed of
the turbine in the unloaded state (no generator is connected) can be
hardly estimated in theory. It is determined by the balance between
positive and negative instantaneous torque acting on the blades during
its rotation. By measuring the free rotational speed in high turbulence,
we estimate the contribution of turbulence to the extension of the
energy harvestable range in TSR. To this end, the turbine must be
operated as autorotation, i.e., flow-induced rotation. Black solid lines
in Fig. 7 depict the significant improvement of the turbine perfor-
mance as the free rotational speed shifts higher (gray and black square
markers in Fig. 7) due to the effect of turbulence. In this context, we
compare the free rotational speed in the LT and HT flows.

B. Wake measurement

The Reynolds number is set at Re ¼ 0:96� 104 for the wake
measurements by hot-wire anemometry (HWA) and particle image
velocimetry (PIV). Time-resolved particle image velocimetry is per-
formed to measure the velocity in the wake of the turbine. The sche-
matic drawing of the PIV experiment and smoke flow visualization
setup is shown in Fig. 8. Smoke made of oil mist (10 lm average diam-
eter) is illuminated by a laser (Nd:YAG, 532nm) emitted horizontally
on the plane of half the turbine height. A high-speed camera (Photron,
FASTCAM Mini AX50) with 1024� 1024 pix resolution captures
5000 images at 1000Hz. Adaptive multi-pass cross correlation is
employed to compute velocity vectors, with a final interrogation win-
dow of 32� 32 pix, and an overlap of 67%, yielding a physical resolu-
tion of 2.8mm or 0:048D. Outliers are detected by the universal

TABLE II. Experimental conditions.

Turbine diameter D (mm) 58
Blade curvature radius a (mm) 16
Overlap distance do (mm) 8
Turbine height H (mm) 80
Reynolds number Re 9600
Turbulence intensity Iu (%) 1 and 18.5
Integral length scale L/D 5.8

FIG. 7. Estimated contribution of turbulence to Savonius turbine performance: (a) torque coefficient Ct which theory explains the increment due to turbulence but no theory gives
the extension of the working range in TSR, and (b) power coefficient Cp largely expands if the free rotation point shifts (square markers) to higher TSR. This is the rationale
behind measuring the free rotational speed. Note that the curves are exaggerated to make the difference clear.
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outlier detection56 and interpolated by Laplace equation interpolation
algorithm.57,58 Phase-averaged velocity fields are obtained for 62 peri-
ods assuming that half a revolution makes one cycle.

HWA is conducted in order to obtain time-resolved measure-
ments of the streamwise component of inflow and wake velocity.
Signals are recorded at 1 kHz for the length of 217 points, which corre-
spond to the recording time of approximately 131 s. As the turbine
rotates at frot ¼ 10:98 Hz, the turbine rotates approximately 1400
times during the measurement. The inflow velocity is measured 2D
upstream at ðx=D; y=DÞ ¼ ð�2; 0Þ. Wake velocity is measured at three
different positions 1D downstream, on the centerline at ðx=D; y=DÞ
¼ ð1; 0Þ, behind the advancing blade at ðx=D; y=DÞ ¼ ð1; 0:25Þ, and
behind the returning blade at ðx=D; y=DÞ ¼ ð1;�0:25Þ, respectively.
These three locations for the wake velocity measurement are, respec-
tively, referred to as “center,” “advance,” and “return” later in the
result section (Fig. 17).

IV. SEMI-EMPIRICAL LOW-ORDER MODEL

In this section, we present a semi-empirical low-order model to
predict the flow-induced rotation of a Savonius turbine under the free-
rotation condition. In this paper, we focus on two effects of turbulence
on the turbine’s rotation. One is due to the attenuated vortex shedding,
and the other is the turbulent kinetic energy of the inflow wind. The
first is investigated by the PIV and HWA measurements in the wake
of the turbine. Therefore, this section provides a semi-empirical model,
which includes the influence of inflow unsteadiness obeying
Kolmogorov cascade on the Savonius turbine’s rotation.

The main aim of presenting a low-order model is to better under-
stand the effect of inflow unsteadiness on the turbine rotation, rather
than to provide a universal model which can accurately predict the tur-
bine rotation. For this purpose, we develop a simple semi-empirical
low-order model, in which only Kolmogorov cascade is considered the

characteristics of turbulence. Therefore, the effect of vortex formation
is not included.

The governing equation of the rotational speed of the Savonius
turbine _h is expressed as

I
d _h
dt

¼ TG � TF; (6)

where I, t, TG, and TF are the moment of inertia, time, unsteady aero-
dynamic torque acting on the turbine, and friction torque of a bearing,
respectively. For simplicity, we assume that normal force contributes
to the turbine’s rotation and that the turbine does not have an overlap
distance as shown in Fig. 9. The aerodynamic interaction between
advancing and returning blades and the effect of vortex shedding are
neglected. As shown in Fig. 9, NA and NR are the quasi-steady normal
forces, respectively, acting on the advancing blade and returning blade.
The moment arm of normal forces has the length of the rotor curva-
ture radius a located at the mid-chord of the blade. The aerodynamic
torque TG acting on the turbine, and the friction torque TF by bearing
with inner diameter dB and friction coefficient l are expressed as

TG ¼ aðNA � NRÞ; (7)

TF ¼ 1
2
ldBðNA þ NRÞ; (8)

where normal forces are written as

NA ¼ 1
2
qU2SCNAðheff Þ and NR ¼ 1

2
qU2SCNRðheff Þ (9)

with q as the density of the fluid. S ¼ 2aH is the reference area of the
blade. CNA and CNR are quasi-steady normal force coefficients of the
advancing blade and the returning blade, respectively. heff is the effec-
tive angle of attack. In the computation, we use those normal force

FIG. 8. Experimental setup for PIV measurement.
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coefficients of a static semi-circular cylinder provided in Kyozuka59 as
plotted in Fig. 10. In their measurement, the blade has end-plates on
both ends of the blade, and forces are measured at Re ¼ Oð105Þ at the
angle of attack of 0� � h � 180� at every 5�. In reality, forces acting
on turbine blades are influenced by the other blade due to the flow
interaction between turbine blades, but this interaction is not consid-
ered in this model analysis. Hence, for simplicity, we assume two
blades are separated from one another (i.e., two blades with the phase
difference of p are rotating independently). The unsteady effect is
taken into account by introducing the effective angle of attack heff ,
which is the sum of the geometric angle of attack and the induced
angle of attack due to turbine rotation: heff ¼ hþ hi. As shown in
Fig. 9, the stream-normal velocity of the blades due to their rotation is
a _h cos h and thereby the induced angle of attack hi is defined by

hi ¼
�arctan

a _h cos h
U

� �
ðadvancing bladeÞ;

arctan
a _h cos h

U

� �
ðreturning bladeÞ:

8>>><
>>>:

(10)

One-dimensional turbulent inflow velocity is synthetically generated
by Shinozuka method,60,61 which simulates the wind velocity time
series as

U ¼
ffiffiffiffiffiffiffiffi
2Df

p XN
i¼1

ffiffiffiffiffiffiffiffiffi
/ðf Þ

p
sinð2pfit þ wiÞ; (11)

where Df is the frequency spacing, N is the number of fi components,
/ðf Þ is the turbulence spectrum model, and w is the phase angle,
which is a uniformly distributed random variable between 0 and 2p.
Here, we assume that the turbulence is spatially uniform. Scarlett and
Viola62 successfully evaluated the unsteady loads acting on tidal tur-
bine blades using the synthetically generated one-dimensional turbu-
lence. Among various turbulence spectrum models, von K�arm�an
model spectrum63 and Kaimal spectrum64 are frequently used.65,66 We
choose von K�arm�an model spectrum as it is based on the assumption
that the turbulence is homogeneous and isotropic. In addition, von
K�arm�an spectrum fits well for turbulence in wind tunnels, and hence,
it is often used for consistency with analytical expressions for
correlations66

/ðf Þ ¼ 4u02ðL=hUiÞ
½1þ 70:8ðfL=hUiÞ2�5=6

: (12)

Figure 11 shows the von K�arm�an spectrum generated for hUi ¼ 2:5
m/s, u0=hUi ¼ 0:18, and L¼ 0.335 m, representing the PSD obtained
in the far-field of the open-jet in our experiment very well.

The ordinary differential equation [Eq. (6)] is solved using the
implicit method based on multi-step variable order (first to fifth order)
backward differentiation formulas. As Table III summarizes, the geo-
metric parameters of the Savonius turbine are similar to our

FIG. 9. Normal forces and the characteristic blade velocities on Savonius turbine
without an overlap distance. NA and NR are normal forces acting on the advancing
blade and returning blade, respectively.

FIG. 10. Normal force coefficients of the advancing and returning blades with respect to the angle of attack h. Data points are taken from Kyozuka,59 and solid lines show cubic
spline interpolation.
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experimental conditions. The moment of inertia of blades I is esti-
mated by approximating the blades as an acrylic flat plate. Conditions
for computations are also listed in Table III.

V. RESULTS
A. Flow-induced rotation

The mean tip-speed ratio hTSRi for different Reynolds numbers
Re is compared between the experiment and semi-empirical model in
Fig. 12. Overall, the model captures the qualitative trend of the experi-
ment although the model overpredicts the rotational speed. This dis-
crepancy arises from the assumption adopted in the model. For
example, the static normal force coefficient of blades taken from
Kyozuka59 in Fig. 10 is measured at Re ¼ Oð105Þ, whereas our experi-
ment is performed at Re ¼ Oð104Þ. In addition, the flow is nominally
two-dimensional in their experiment as the blade has end-plates on
both sides, while our turbine has one end-plate on the bottom side.

hTSRi is nearly constant for all Re both in the experiment and
model. At lower Reynolds numbers (Re� 2:2� 104), hTSRi is higher
in the HT flow than in the LT flow. On average, hTSRi in the HT flow
is approximately 4% higher than that of the LT flow. At higher Re,

however, the difference becomes slight. The model correctly captures
this phenomenon as hTSRi is nearly the same between the steady and
turbulent flows.

Figure 13(a) compares the time histories of TSR of the turbine
obtained by the low-order model between the steady and turbulent
flows at Re¼ 10 600. The mean values are plotted in dash-dotted lines.
The fluctuation of TSR is much greater in turbulence. PSDs of TSR in
steady and turbulent flows are plotted in Fig. 13(b). A dominant peak
at the blade passing frequency f =fBP ¼ 1 is clearly identified in the
steady flow. Since the Savonius turbine has two blades, the blade pass-
ing frequency is twice the rotational frequency of the turbine
fBP ¼ 2frot. Its harmonic peaks are also clearly identified. In turbu-
lence, a more flattened hump is identified at f =fBP ¼ 1. This indicates
that the rotation is still relatively periodic even though the incoming
flow is highly turbulent.

Figure 14 presents the effect of turbulence intensity Iu and inte-
gral length scale L on the mean tip-speed ratio hTSRi of the turbine,
predicted by the low-order model. Turbulence intensity Iu and integral
length scale divided by the turbine diameter L/D are varied from 5% to
40% and from 0.1 to 10 at Re¼ 10 600, respectively. It is clear that
hTSRi increases with the turbulence intensity, which means that the
turbulent kinetic energy of the inflow wind has a positive effect on the
rotation of the turbine. At low turbulence intensity, there is not a dis-
tinct tendency in the effect of the integral length scale on hTSRi. At
high turbulence intensity (approximately Iu > 35%), on the other
hand, large integral length scales (L=D ¼ 10) are harmful to the tur-
bine rotation.

B. Savonius turbine wake

In order to investigate further the difference in the mechanism of
turbine rotation between LT and HT flows, we take a look at the wake
of the turbine. Figure 15 compares the flow structure around the tur-
bine at high azimuthal angles by smoke flow visualization. The figure
presents only high azimuthal angles where the wake becomes vortex-
dominated due to the separated vortex from the advancing blade. The
topological flow representation of the LT flow is also depicted in the
figure. In the LT flow [see Figs. 15(a) and 15(b)], a flow reversal occurs
in the concave side of the advancing blade at h ¼ 90�. This flow meets

FIG. 11. von K�arm�an model spectrum [Eq. (12)] for hUi ¼ 2:5 m/s,
u0=hUi ¼ 0:18, and L¼ 0.335 m. The PSD obtained by experiment at X=B ¼ 17
is plotted in gray.

TABLE III. Geometric parameters of the Savonius turbine and calculation conditions
to solve Eq. (6).

Turbine height H (mm) 80
Turbine blade curvature radius a (mm) 16
Moment of inertia I (kgm2) 1� 10�6

Friction coefficient of bearing l (-) 0.0015
Inner diameter of bearing dB (m) 0.004
Density of air q (kg/m3) 1.2
Initial rotational speed x0 (rad/s) 0:2hUi=R
Time increment Dt (s) 0.01
Maximum time tmax (s) 500

FIG. 12. The Reynolds number dependency of mean tip-speed ratio hTSRi com-
pared between LT and HT flows. Both the experiment and model show that higher
hTSRi at lower Reynolds numbers (Re� 2:2� 104).
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the freestream near the edge and forms a coherent vortex (h ¼ 120�

and 150�). Subsequently, this coherent vortex is advected downstream
(h ¼ 180�). These flow structures are akin to those reported in
Fujisawa26 in which the flow around the Savonius turbine is visualized
by smoke in a wind tunnel at TSR¼ 0.9 and in Nakajima et al.28 where
the flow is visualized by ink in water channel at TSR¼ 1.1. In the HT
flow [see Fig. 15(c)], coherent vortex shedding becomes intermittent
due to high turbulence intensity. When the coherent vortex shedding
is suppressed, a transition from the flow reversal to a vortex is seen at
h ¼ 120�, but this vortex does not grow into a large coherent vortex
and dissipates due to the effect of freestream turbulence (h ¼ 150� and
180�).

Phase-averaged vorticity is compared between the HT and LT
flows in Fig. 16. The vorticity plot of the LT flow is taken from
Shigetomi67 in which the Savonius turbine of a similar geometry
rotates at TSR¼ 0.75 in the unloaded (free-rotation) condition at

Re ¼ Oð104Þ, using the same wind tunnel facility. The results using
the same data set are also published in Ref. 15. Overall, the vortical
structures around the turbine are similar between the HT and LT flow
in the near-wake x=D < 1. The distinct difference appears in the far-
wake x=D > 1, where vortical structures dissipate in the HT flow.
Shed vortices from advancing and returning blades are clearly visible
in the wake of the LT flow, whereas in the HT flow, such vortices
spread out due to high turbulence intensity. For example, the returning
blade vortex (RBV) in the HT flow starts to grow at h ¼ 60� as marked
in the red dashed line in the figure. This RBV grows and detaches
from the blade at h ¼ 120� � 150�. At h ¼ 180�ð0�Þ, the RBV is not
coherent anymore whereas that of the LT flow remains coherent.

It is also clear that the advancing blade vortex (ABV) growth and
shedding cycle are different between the LT and HT flows. In the LT
flow, the ABV begins to grow at h ¼ 60�. The ABV grows until it
detaches from the turbine in one cycle [h ¼ 90� þ 180� ¼ 270�ð90�Þ].
In the HT flow, the ABV starts to grow at h ¼ 60� though it is not visi-
ble in the figure. This ABV detaches from the blade at h ¼ 90� and
advects downstream afterward (see the blue dashed line in Fig. 16). At
h ¼ 120�, the second ABV starts to grow (see the dotted line in dark
green in the figure). However, this second ABV cannot remain as a
vortex and dissipates in the wake (see h ¼ 0� � 60�).

Another clear difference is the trajectory of the ABV. In both HT
and LT flows, the ABV begins to detach from the turbine and advect
downstream at h ¼ 120� � 150�, but in the HT flow, the ABV travels
in the positive y� direction once it detaches from the turbine (see the
blue dashed line in Fig. 16) while that of the LT flows travels slightly in
the negative y� direction. This is because the clockwise rotation of the
turbine accelerates the flow around the advancing blade in the in the
negative y� direction in the LT flow, whereas high turbulence inten-
sity attenuates the induced velocity in the negative y� direction due to
the rotation of the advancing blade.

To further understand the difference in the wake between the LT
and HT flows, we have a look at the power spectral densities (PSDs) of
the wake velocity obtained by HWA. As already shown in Fig. 6, the
hot-wire measures the wake velocity at three different positions, which
are on the centerline, behind the advancing blade, and behind the

FIG. 13. (a) The comparison of the time variations of TSR of the Savonius turbine between the steady flow and the turbulent flow (Tu¼ 18%, L¼ 0.335 m) at Re¼ 10 600.
Mean tip-speed ratios hTSRi are plotted in dash-dotted lines. (b) Power spectral density (PSD) of rotational speeds in the steady flow and the turbulent flow in an arbitrary unit.
fBP is the blade passing frequency.

FIG. 14. The effect of turbulence intensity Iu and integral length scale L on the
mean tip-speed ratio hTSRi. hTSRi increases with Iu.
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returning blade at x=D ¼ 1. These positions are selected because ABV
and RBV pass through after they separate from the turbine and before
they dissipate in the wake (see the vorticity field of LT flows in Fig. 16).
Figure 17 compares the PSDs of the wake velocity of the turbine at
three different positions, between the LT flow [Fig. 17(a)] and the HT
flow [Fig. 17(b)].

In the LT flow [Fig. 17(a)], there are clear peaks at frequencies
corresponding with the turbine’s blade passing frequency
fBP ¼ 2frot ¼ 21:97Hz. There are also peaks at harmonics of fBP in the
PSD of the advancing blade wake. On the other hand, there is also a
peak at a frequency corresponding with half the blade passing fre-
quency 0:5fBP ¼ frot ¼ 10:98Hz in the PSD of the advancing blade
wake in particular. This is a feature of a body that is auto-rotating per-
pendicular to the flow at a high tip-speed ratio TSR> 0.5.15,68,69 The
advancing blade generally sheds a vortex every half a rotation. At a
high TSR, however, the shed vortex from the advancing blade is caught
up by a newly generated advancing blade vortex at around x=D ¼ 1,
and eventually these two advancing blade vortices merge into a single
vortex.68,69 Therefore, the vortex shedding frequency equal to the tur-
bine rotation frequency is observed. The PSD of the advancing blade
wake exhibits much higher intensity than the other two because the
wake velocity behind the advancing blade is faster due to its rotating
direction.

Figure 17(b) provides the PSD of wake velocities in the HT flow.
The predominant difference from the LT flow is that there is no

remarkable peak at fBP regardless of wake positions. Furthermore,
there are no peaks at the harmonics of fBP and a half of fBP. As a result,
PSDs obtained at three different positions in the turbine wake have
continuous spectra under the energy cascade process. A large-scale
coherent vortex cannot be formed since the energy cascade process
dissipates such vortices before they start growing as seen in the flow-
field in Fig. 16. Intensities of PSDs at the blade passing frequency
/ðfBPÞ are low compared with those in LT flows. In addition, the PSD
of the advancing blade wake is almost the same as the others while that
of the LT flow has much higher intensity. This result suggests that the
vortex shedding due to the turbine rotation is alleviated in the HT
flow. In other words, the rotation of the advancing blade does not
accelerate the flow, which results in less velocity gradient and hence
the attenuated ABV shedding, as observed in the flowfield in Fig. 16.
Therefore, the kinetic energy that is generated by the turbine rotation
and shed into the wake is attenuated and transformed into the energy
available for the turbine. We deem that this is one of the reasons that
improves the torque and power of the Savonius turbine in turbulence.
The attenuated vortex shedding in turbulence is also reported for static
bluff bodies with different geometries, such as cylinders,29 spheres,30

disks,31 and cubes.32

To further understand the wake structure, proper orthogonal
decomposition (POD) is employed to extract flow structures around
the Savonius turbine in the HT flow. POD approximates the physical
parameters as a linear combination of spatial eigenfunctions with time

FIG. 15. Flow topology around the Savoinius turbine: (a) flow topology in the LT flow, (b) smoke flow visualization in LT flow, and (c) in the HT flow. Coherent vortex shedding
is observed in the LT flow, whereas the coherent vortex shedding is intermittent in the HT flow.
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coefficients. For straight-bladed VAWT, Le Fouest et al.70 and Dave
and Franck71 succeeded in connecting PODmodes with torque gener-
ation mechanism. Eigenvalues are sorted such that the first mode is
the most dominant flow structure. Flowfields (u, v, x) are recon-
structed as, for example for vorticityx

xðx; yÞ ¼
XN
i

aiðtnÞwx;iðx; yÞ; (13)

where ai is the time coefficient of the i th POD mode wi. In total, 5000
PIV snapshots are used for POD, and 20 modes are used to reconstruct

FIG. 16. The comparison of phase-averaged vorticity fields of six different rotation angles between HT and LT flows. The vorticity plots of the LT flow are taken from
Shigetomi67 in which the Savonius turbine rotates at TSR¼ 0.75 in a free-rotation condition at Re ¼ Oð104Þ.

FIG. 17. Power spectral density (PSD) of velocity fluctuation measured in the wake: (a) LT flow and (b) HT flow. fBP is the blade passing frequency. The spectra of the inflow
velocity are shown in the gray lines. Center, advance, and return denote the locations where the velocity is sampled by HWA: 1D behind the turbine along the centerline, 1D
behind the advancing blade, and 1D behind the returning blade.
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the instantaneous flowfields. The time coefficient ai indicates the sig-
nificance of i th mode with respect to time.

The eigenvalue distribution of the first 500 POD modes is
depicted in Fig. 18. The magnified window in (a) shows the first ten
PODmodes of the vorticity. Although the POD modes for the stream-
wise and stream-normal velocities (u and v) are not shown in this
paper, the eigenvalue distribution for these velocities is also plotted
with that of vorticity. The second and third POD modes of vorticity
dominate the rest as shown in the magnified window in Fig. 18(a), but
each has only 3% of the total energy. This means that the vortex shed-
ding is highly intermittent and chaotic. Figure 18(b) shows the first
100 POD modes of vorticity represent approximately 60% of the total
energy.

Figure 19 presents the second and third POD modes of vorticity
field and corresponding time coefficients. The time coefficients ai are
normalized by the eigenvalues obtained by POD. The first mode is not
presented here because it shows the time-averaged flowfields. Both the
second and third modes reflect a periodic vortex shedding pattern.
Furthermore, they capture coherent vortex structures in the far-wake
of the turbine at x=D ¼ 2, which are not captured by the phase-
averaged vorticity field. The second mode mainly captures the vorticity
field at h ¼ 90� where the time coefficient takes its maximum. By
comparing this mode with the phase-averaged vorticity field shown in
Fig. 16, this mode clearly captures the vortical structure near the
advancing blade. Although we do not measure the time-dependent tor-
que, this mode will probably be the torque-generating mode since the
dynamic torque of a freely rotating Savonius turbine takes its highest
at around h ¼ 90� and the lowest at h ¼ 0�.13 In addition, the second

mode also captures the shed vortex from the advancing blade, shown
as a red region at around ðx=D; y=DÞ ¼ ð2; 1Þ, at h ¼ 150� � 180� (or
0�), where the time coefficient takes its negative peak. Note that the sign
of the vorticity (red and blue in color) is inverted in the POD mode
because of the negative time coefficient [i.e.,x ¼PN

i aiðtnÞwx;i].
The time coefficient of the third mode [Fig. 19(b)] has the posi-

tive peak at h ¼ 120� � 150�. The mode represents the counter-
rotating twin vortex behind the turbine (x=D ¼ 1) that is seen from
the phase-averaged vorticity field in Fig. 16. The negative peak of the
time coefficient is present at h ¼ 30� � 60�. This mode captures the
K�arm�an vortex-like structure at x=D ¼ 2, which is not identified by
the phase-averaged vorticity field (cf. Fig. 16). This K�arm�an vortex-like
structure is the feature of the fast-rotating Savonius turbine.15

VI. CONCLUDING REMARKS

This study reports the effect of turbulence on the rotation and the
wake of the Savonius turbine at Re ¼ Oð104Þ. We use the far-field of
the open-jet where turbulence intensity is high (Iu ¼ 18%) with a wide
inertial subrange following Kolmogorov’s �5/3 law. As a result, we
find turbulence intensity plays a significant role in the turbine rotation.

The mean tip-speed ratio hTSRi of the Savonius turbine is
approximately 4% higher in the HT flow than the LT flow when the
turbine receives the same mean inflow velocity. This is due to two rea-
sons. One is the turbulence intensity, which theoretically increases the
time-averaged torque and power of the turbine. The other is the atten-
uated vortex shedding due to turbulence. The effect of turbulence
intensity is confirmed by developing a low-order model to predict the
flow-induced rotation of the turbine. We find that the turbulence
intensity particularly augments TSR, which corroborates our experi-
mental results. In addition, we also find that TSR is increased when the

FIG. 18. (a) Eigenvalue distribution and (b) cumulative distribution of streamwise
velocity u, stream-normal velocity v, and vorticity x as a function of the number of
modes m. The magnified window in (a) shows the first ten POD modes of the vortic-
ity x.

FIG. 19. (a) Second and (b) third POD modes of vorticity field and corresponding
time coefficients. The blue dashed line indicates a vortex pair structure and the
green dashed line indicates the K�arm�an vortex-like structure.
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scale of turbulence (the integral scale) has a similar size as the Savonius
turbine.

The attenuated vortex shedding is confirmed by PIV and HWA.
PIV shows that the vortex shedding in the HT flow is attenuated, so
coherent vortical structures are not clearly formed. HWA reveals that
any peaks in PSDs of the wake velocities corresponding with the blade
passing frequency fBP and its harmonics are not observed in the HT
flow, while remarkable peaks are identified in the LT flow. Finally, the
POD analysis confirms that the vortex shedding process is highly
intermittent. Nonetheless, the first two modes, which have approxi-
mately 3% of the total energy each, capture coherent vortex structures
that are not seen in the phase-averaged vorticity field. These results
indicate that the vortex shedding process (kinetic energy loss into
wake) due to the turbine rotation is attenuated because of the highly
turbulent inflow.

The present study experimentally and analytically provides the
future possibilities that the Savonius wind turbine will be more com-
monplace in urban areas due to its robustness with turbulence, as well
as its well-known advantages such as quiet operations. The results may
not only be relevant to Savonius turbines but also any kind of turbines
that are exposed to high turbulence intensity with Kolmogorov energy
cascade.

Meanwhile, this study also suggests that the current process
of wind turbine design assuming steady and uniform flows without
considering turbulence can overlook its significant features. The
present study provides the results of the unloaded free-rotation at
Re ¼ Oð104Þ under the hypothesis that the change in torque would
appear in the free rotational speed. Nonetheless, torque measurement
for a passively rotating Savonius turbine at different TSR will be
desired to strengthen this hypothesis. Furthermore, future studies
should be performed to investigate the effect of turbulence intensity on
the torque and power of the Savonius turbine. In future work, there-
fore, we will conduct time-resolved torque measurements at different
tip-speed ratios to characterize more detailed torque and power differ-
ences over a range of turbulence intensities.
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