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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 realised 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.

I. INTRODUCTION

Clean power generation is one of the primary targets of sustainable development goals. Wind turbines are expected
to play a significant 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 characterised by low mean velocity and high turbulence intensity than
atmospheric winds due to complex terrains [1–3]. VAWTs are generally categorised 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 - 6 m. Conventional-sized Savonius
turbines in urban areas are, for example, used for a street lighting system [6, 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 of O

(

105
)

.
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 robustness in power acquisition at lower Reynolds numbers [12, 13]. This is
because the helical blade surface causes negative pressure due to the streamlined curvature that contributes to the
additional torque generation. 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 10 m and consists of more than 30 Savonius
turbines which operate at Re = O

(

104
)

. On a rather smaller scale, Wang and Yeung [13] investigated a micro-scale
conventional Savonius turbine at Re = 1500 as its application for powering wireless sensor nodes. They found that
the micro-scale Savonius turbine exhibited the maximum power coefficient of 0.18, which is approximately the same
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(a) Vortex gust (b) Periodic gust

(c) Two Savonius turbines interaction (d) Highly turbulent inflow
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FIG. 1: Classification of flow disturbances: (a) vortex gust, (b) periodic gust, (c) Two turbines interaction, and (d)
highly turbulent inflow.

as the power coefficient at a much higher Reynolds number Re = 80000. Their study shows that Savonius turbines
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 = O

(

104
)

.

Figure 1 illustrates the classification of inflow disturbances. The flow disturbances are first categorised into a
coherent flow and turbulence. The coherent flow is further classified into: (a) vortex gust such as Kármán 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 performance
of the turbine downstream. Shigetomi et al. [15] found an optimal arrangement of the two turbines that improves 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 researches that investigated the effect of freestream turbulence on horizontal axis propeller
type turbines, for example, in [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 contrast, Loganathan et al. [24] investigated the effect of turbulence on a multi-bladed Savonius
turbine (24 - 40 blades) at Re = 230000 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 O

(

105
)

. 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 O

(

104
)

.

The conventional Savonius turbine sheds coherent vortical structures 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 shedding
was reported [29–32]. This attenuated vortex shedding is related to the alternation of the separation point on the
body surface due to turbulence. For a rotating Savonius turbine, such vortex shedding attenuation has not been
clarified yet.

Figure 2 illustrates the possible turbulent flow spectrum and corresponding 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 characteristics influenced by intrinsic coherent flow structure. In the inertial subrange (b),
where Kolmogorov’s -5/3 law stands, the kinetic energy of 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 [33] rotating at frot = 10−1 − 101 Hz and urban wind
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(c) Dissipation range
<latexit sha1_base64="HsIYi4h9cwsVr4bGZXE2O+tTwDg=">AAACKXicbVA9SwNBEN3zM8avqKUWi0GITbiLgpYBLSyjmA9IjrC3mSRL9vaO3TkxHGn8NYKV/hM7tfU/WHtJrjCJDwYe780wM88LpTBo25/W0vLK6tp6ZiO7ubW9s5vb26+ZINIcqjyQgW54zIAUCqooUEIj1MB8T0LdG1yN/foDaCMCdY/DEFyf9ZToCs4wkdq5oxbCI8YFfkqvhTEinOhUM9WDUTuXt4v2BHSROCnJkxSVdu6n1Ql45INCLpkxTccO0Y2ZRsEljLKtyEDI+ID1oJlQxXwwbjz5YkRPEqVDu4FOSiGdqH8nYuYbM/S9pNNn2Dfz3lj8z2tG2L10Y6HCCEHx6aJuJCkGdBwJ7QgNHOUwIYxrkdxKeZ9pxjEJbmaL58/8EIf9oRHcjINy5mNZJLVS0Tkrlm7P8+W7NLIMOSTHpEAcckHK5IZUSJVw8kSeySt5s16sd+vD+pq2LlnpzAGZgfX9C7twqAY=</latexit>

(a) Integral scales
<latexit sha1_base64="yFXAHvCflH4mplGUeFZcIJJZEWQ=">AAACJ3icbVA9SwNBEN3zM35H7bRZDEJswl0UtAzYaKdiEiEJYW4zSZbs7R27c2I4Av4awUr/iZ1o6Z+w9hJTmMQHA4/3ZpiZ50dKWnLdT2dufmFxaTmzsrq2vrG5ld3eqdgwNgLLIlShufPBopIayyRJ4V1kEAJfYdXvnQ/96j0aK0N9S/0IGwF0tGxLAZRKzexenfCBkjwc8UtN2DGguBWg0A6a2ZxbcEfgs8Qbkxwb46qZ/a63QhEHqEkosLbmuRE1EjAkhcLBaj22GIHoQQdrKdUQoG0kox8G/DBVWrwdmrQ08ZH6dyKBwNp+4KedAVDXTntD8T+vFlP7rJFIHcWEWvwuaseKU8iHgfCWNChI9VMCwsj0Vi66YEBQGtvEFj+Y+CGJun0rxSgobzqWWVIpFrzjQvH6JFe6GUeWYfvsgOWZx05ZiV2wK1Zmgj2yJ/bCXp1n5815dz5+W+ec8cwum4Dz9QPf5KcN</latexit>

f−1
<latexit sha1_base64="F4cN3PxQV3sH5ueAKA+cjS1UG68=">AAACEXicbVDLSsNAFL2pr1pfVZduBovgxpJUQZcFNy6r2Ae0sUymk3bsTBJmJkII/QfBlf6JO3HrF/gjrp20WdjWAxcO59zLvfd4EWdK2/a3VVhZXVvfKG6WtrZ3dvfK+wctFcaS0CYJeSg7HlaUs4A2NdOcdiJJsfA4bXvj68xvP1GpWBjc6ySirsDDgPmMYG2klv+QnjmTfrliV+0p0DJxclKBHI1++ac3CEksaKAJx0p1HTvSboqlZoTTSakXKxphMsZD2jU0wIIqN51eO0EnRhkgP5SmAo2m6t+JFAulEuGZToH1SC16mfif1421f+WmLIhiTQMyW+THHOkQZa+jAZOUaJ4Ygolk5lZERlhiok1Ac1s8MfdDGo0SxYjKgnIWY1kmrVrVOa/Wbi8q9bs8siIcwTGcggOXUIcbaEATCDzCM7zCm/VivVsf1uestWDlM4cwB+vrF2TPnnI=</latexit>

(b) Inertial subrange
<latexit sha1_base64="OQ3mJp8rKvcgkCpAEqWKVwSP7Us=">AAACKXicbVC7SgNBFJ31GeMraqnFYBBiE3ajoGXARrso5gFJCLOTm2TI7Owyc1cMSxq/RrDSP7FTW//B2smjMIkHBg7n3Mfc40dSGHTdT2dpeWV1bT21kd7c2t7ZzeztV0wYaw5lHspQ13xmQAoFZRQooRZpYIEvoer3r0Z+9QG0EaG6x0EEzYB1legIztBKrcxRA+ERk5x/Sm8UaBRMUhP7mqkuDFuZrJt3x6CLxJuSLJmi1Mr8NNohjwNQyCUzpu65ETYTZudyCcN0IzYQMd5nXahbqlgAppmMrxjSE6u0aSfU9imkY/VvR8ICYwaBbysDhj0z743E/7x6jJ3LZiJUFCMoPlnUiSXFkI4ioW2hgaMcWMK4FvavlPeYZhxtcDNb/GDmhiTqDYzgZhSUNx/LIqkU8t5ZvnB7ni3eTSNLkUNyTHLEIxekSK5JiZQJJ0/kmbySN+fFeXc+nK9J6ZIz7TkgM3C+fwGwaKgA</latexit>
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Energy cascade
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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 following

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 conceptual and in reality the
Savonius turbine having the size of the integral scale and Kolmogorov scale is unrealistic, whilst the Savonius

turbine having the same size as the integral lengthscale is possible in wind tunnel experiments.

has the inertial subrange at f = 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 rotation and its wake in highly turbulent freestream
conditions following Kolmogorov’s energy cascade at low Reynolds numbers (Re = O

(

104
)

). To accomplish this aim,
we place the Savonius turbine in the far-field of an open-jet. We perform the rotational speed measurement 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 turbulence 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 predict the flow-induced rotation of the Savonius turbine.
In Section V, the results of the free-rotation measurement, the low-order model, and the wake measurement are
presented. Finally, conclusions are drawn in Section 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 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 B = 0.35 m, and the center of the nozzle is located 1.42 m
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 centre 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 temperature method is used to measure the instantaneous
streamwise velocity component. The hot-wire probe is comprised of a single tungsten wire of 5 µm in diameter and
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X/B = 0.43
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X/B = 17

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

(b)
<latexit sha1_base64="h49KqPh2Lpn9OImXLMM8zMgv1Iw=">AAACFnicbVBNS8NAEN3Ur1q/qh69BItQLyWpgh4LXjxWsB/YhrLZbtqlu5uwOxFDyL/w4EV/ijfx6tVf4tVtm4NtfTDweG+GmXl+xJkGx/m2CmvrG5tbxe3Szu7e/kH58Kitw1gR2iIhD1XXx5pyJmkLGHDajRTFwue0409upn7nkSrNQnkPSUQ9gUeSBYxgMNJDH+gTpFX/PBuUK07NmcFeJW5OKihHc1D+6Q9DEgsqgXCsdc91IvBSrIARTrNSP9Y0wmSCR7RnqMSCai+dXZzZZ0YZ2kGoTEmwZ+rfiRQLrRPhm06BYayXvan4n9eLIbj2UiajGKgk80VBzG0I7en79pApSoAnhmCimLnVJmOsMAET0sIWXyz8kEbjRDOis5JJyl3OZZW06zX3ola/u6w0mnlmRXSCTlEVuegKNdAtaqIWIkiiZ/SK3qwX6936sD7nrQUrnzlGC7C+fgFpZKBa</latexit>
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FIG. 4: (a) Mean velocity decay ⟨U⟩/U0 and (b) turbulence intensity development Iu along the jet axis. The red
markers denote the values at which the Savonius turbine is placed (X/B = 17).

2 mm in length. Signals are recorded at a sampling 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 ≤ 7.5 m (0 ≤ X/B ≤ 21.4) at 0.5 m interval along the center-line. HWA is calibrated 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 ⟨U⟩/U0 and turbulence intensity Iu = u′/⟨U⟩ are shown in Fig. 4. Here ⟨U⟩
is the mean freestream velocity and u is the velocity fluctuation. The angle brackets ⟨·⟩ denote the mean value and

the superscript ′ denotes the root-mean-square value (e.g. u′ =
√

⟨u2⟩). The figure shows that the region X/B < 3 is
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TABLE I: Comparison of turbulence characteristics with other turbulence generating methods.

Experiment and reference ⟨U⟩ [m/s] Iu [%] η [mm] λ [mm] L [mm] ε [m2/s3] Reλ Applications

Turbulence grid by mesh
Kistler and Vrebalovich [44] 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 Corrsin [47] 8.16 3.18 0.39 9.45 134.7 0.156 160 -

Active grid
Makita [48] 5.0 16.4 0.21 8.2 197 1.72 387 -
Rockel et al. [19] 6 15.9 - - - - - HAWT
Talavera and Shu [20] 13 8 - - - - - HAWT
Gambuzza and Ganapathisubramani [23] 8 11.6 - - 1880 - - HAWT
Vinod and Banerjee [22] 0.82 13.9 - - 110 - - Tidal turbine

Atmospheric turbulence
Praskovsky and Oncley [49] 7.08 14.1 0.64 106 81000 0.0201 7100 -

Open-jet far-field

Present study 2.7 18.5 0.44 19.3 335 0.0720 486 Savonius turbine

the potential core region where the exit velocity is nearly constant and turbulence intensity is low. In the transition
region X/B > 3, the mean streamwise velocity decays proportionally to (X/B)−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 = 17
for testing the Savonius turbine in a high turbulence condition. At X/B = 17, the effect of the mean velocity profile
of the jet on the Savonius turbine is negligible since the mean velocity at the tip of the Savonius turbine (Y = 29 mm)
is estimated to be 0.998⟨U⟩ by the empirical model [38–40]. Hence it is deemed that the turbine receives almost the
same mean momentum.

The Kolmogorov scale η = (ν3/ε)1/4 is estimated from dissipation rate with locally isotropic assumption ε =
15ν⟨(∂u/∂x)2⟩. The derivative is determined through a modified version of Taylor’s frozen hypothesis, ∂u/∂x =
−(⟨U⟩+ u)−1∂u/∂t as adopted in previous studies on turbulent jets [36, 41, 42]. The Taylor microscale is computed
by λ = ⟨u2⟩1/2/⟨(∂u/∂x)2⟩1/2. The integral length scale L is estimated based on Taylor’s frozen hypothesis as

L = ⟨U⟩

∫ τL

0

⟨u(t)u(t+ τ)⟩

⟨u2⟩
dτ, (1)

where τL is the first zero-crossing location of the auto-correlation function (integrand) and τ is the delay. The integral
length scale is L = 335 mm at X/B = 17. This corresponds to L/D = 5.78, where D is the diameter of the Savonius
turbine used in the experiment.

A number of researchers have attempted to generate large-scale turbulence with high turbulence intensity, high
turbulence Reynolds number Reλ, and a wide inertial subrange since Batchelor [43] 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 Vrebalovich [44] measured the characteristics of turbulence 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 Corrsin [47] applied jet injection to a grid and obtained a larger scale of turbulence (L = 134.7 mm)
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. Makita [48] is a pioneer of the active grid generated turbulence.
He succeeded in obtaining a large-scale turbulence with u′/⟨U⟩ = 16.4% and turbulent Reynolds number based on
Taylor’s microscale Reλ = ⟨U⟩λ/ν = 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 characteristics of atmospheric turbulence (7 m above the ground) measured by Praskovsky and Oncley
[49] are also added in the table.

Figure 5 shows the power spectral density (PSD) ϕ(f) of the streamwise velocity fluctuation u measured 17B
downstream the nozzle outlet. PSD of 217 points (corresponding to approximately 131 seconds) is computed using
Welch’s method [50] applying a Hanning window of 211 points (corresponding to approximately 2 seconds) 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 Hz and 100 Hz. The shaded region indicates the mean rotational speed
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f−5/3
<latexit sha1_base64="/vBlP0bbMTYK4cGPeBe/OCdXFjI=">AAACE3icbVDLSsNAFL2pr1pfVZduBovgxpq0ii4LblxWsQ9oY5lMJ+3QySTMTIQQ+hOCK/0Td+LWD/BHXDtpu7CtBy4czrmXe+/xIs6Utu1vK7eyura+kd8sbG3v7O4V9w+aKowloQ0S8lC2PawoZ4I2NNOctiNJceBx2vJGN5nfeqJSsVA86CSiboAHgvmMYG2ktv+Ynl2eV8e9Ysku2xOgZeLMSAlmqPeKP91+SOKACk04Vqrj2JF2Uyw1I5yOC91Y0QiTER7QjqECB1S56eTeMToxSh/5oTQlNJqofydSHCiVBJ7pDLAeqkUvE//zOrH2r92UiSjWVJDpIj/mSIcoex71maRE88QQTCQztyIyxBITbSKa2+IFcz+k0TBRjKgsKGcxlmXSrJSdarlyd1Gq3c8iy8MRHMMpOHAFNbiFOjSAAIdneIU368V6tz6sz2lrzprNHMIcrK9fW8ue7A==</latexit>

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.

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
inertial subrange.

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 m × 0.35 m square nozzle is used. A small
Savonius turbine model with the diameter D = 58 mm 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). Fig. 6 shows the cross-
section of the Savonius turbine model used in the experiment. The turbine consists of two half-cylindrical blades with
an overlap distance do = 8 mm, one end plate on the bottom, and a shaft. The blades are made of acrylic resin and
painted in black to minimise light reflection. The half-cylindrical blades have a radius of a = 16 mm, a height of
H = 80 mm, and a thickness of δ = 0.5 mm. The aspect ratio of the turbine and the overlap ratio are H/D = 1.38
and do/D = 0.14, which are common in Savonius turbine research [33, 51].

The turbine is placed at X/B = 0.43 as a low turbulence intensity flow condition (LT flow) and X/B = 17 as a
high turbulence intensity flow condition (HT flow). In both cases, the mid-height of the turbine is placed along the
centre line of the open-square-jet outlet. The experimental condition is summarised in Table II.

θ
<latexit sha1_base64="yeJP/oUU4oiwI4rc6Ld2rxxL8bM=">AAACEnicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY8BLx4jmAckS5idzGbHzMwuM73CsgT8BA9e9FO8iVd/wC/x6uRxMIkFDUVVN91dQSK4Adf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUU9aksYh1JyCGCa5YEzgI1kk0IzIQrB2MbiZ++5Fpw2N1D1nCfEmGioecErBSqwcRA9IvV9yqOwVeJd6cVNAcjX75pzeIaSqZAiqIMV3PTcDPiQZOBRuXeqlhCaEjMmRdSxWRzPj59NoxPrPKAIextqUAT9W/EzmRxmQysJ2SQGSWvYn4n9dNIbz2c66SFJiis0VhKjDEePI6HnDNKIjMEkI1t7diGhFNKNiAFrYEcuGHPIkyw6kZl2xS3nIuq6RVq3oX1drdZaVOnmaZFdEJOkXnyENXqI5uUQM1EUUP6Bm9ojfnxXl3PpzPWWvBmed8jBbgfP0CtaCfaQ==</latexit>

Advancing blade

Returning blade

θ̇
<latexit sha1_base64="p4mYNdVsYizp6/AGs/aHDQEnMcw=">AAACGHicbZDLSgMxFIYzXmu9VV26CRbBVZmpgi4LblxWsBfoDCWTZjqhyUxIzgjDUPApXLjRR3Enbt35JG5NLwvb+kPg5z/ncE6+UAluwHW/nbX1jc2t7dJOeXdv/+CwcnTcNmmmKWvRVKS6GxLDBE9YCzgI1lWaERkK1glHt5N655Fpw9PkAXLFAkmGCY84JWAj3x+kUPgQMyDjfqXq1typ8Krx5qaK5mr2Kz92nGaSJUAFMabnuQqCgmjgVLBx2c8MU4SOyJD1rE2IZCYopjeP8blNBjhKtX0J4Gn6d6Ig0phchrZTEojNcm0S/lfrZRDdBAVPVAYsobNFUSYwpHgCAA+4ZhREbg2hmttbMY2JJhQspoUtoVz4Q6Hi3HBqxmVLylvmsmra9Zp3WavfX1Ub5GnGrIRO0Rm6QB66Rg10h5qohShS6Bm9ojfnxXl3PpzPWeuaM+d8ghbkfP0C/QCiQA==</latexit>
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D<latexit sha1_base64="1zE2GMhH2Y+8AVTbRNrtvYidzVE=">AAACDXicbVA9SwNBEJ3zM8avqKXNYRCswl0UtAxoYZmA+YDkCHubSbJkd+/Y3ROOI2BvYaM/xU5s/Q3+Els3H4VJfDDweG+GmXlhzJk2nvftrK1vbG5t53byu3v7B4eFo+OGjhJFsU4jHqlWSDRyJrFumOHYihUSEXJshqPbid98RKVZJB9MGmMgyECyPqPEWKl21y0UvZI3hbtK/DkpwhzVbuGn04toIlAayonWbd+LTZARZRjlOM53Eo0xoSMywLalkgjUQTY9dOyeW6Xn9iNlSxp3qv6dyIjQOhWh7RTEDPWyNxH/89qJ6d8EGZNxYlDS2aJ+wl0TuZOv3R5TSA1PLSFUMXurS4dEEWpsNgtbQrHwQxYPU82oHudtUv5yLqukUS75l6Vy7apYIU+zzHJwCmdwAT5cQwXuoQp1oIDwDK/w5rw4786H8zlrXXPmOZ/AApyvX1eznQk=</latexit>
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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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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

Start-up

torque

Real torque 

in turbulence

Free-rotation point

Theoretical torque increment 

due to turbulence

Extension of 

working range

Extension of 

working range

Real power

in turbulence

Theoretical power increment 

due to turbulence

Without

turbulence

Without

turbulence

Free-rotation point
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(b)

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.

A. Rotational speed measurement

For the rotational speed measurements, the mean freestream velocity is varied such that ⟨U⟩ ∈ {2.5, 4, 5, 6} m s−1,
which correspond to the diameter-based Reynolds numbers of Re ∈ {0.96, 1.5, 1.9, 2.3} × 104. The rotational speed

of the Savonius turbine θ̇ 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 = Dθ̇/(2U). This is the
reason why the power coefficient curve is parabolic. Fig. 7 illustrates our target in this measurement. Our question
is how the 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 = (⟨U⟩+ u)2,

T ∝ (⟨U⟩+ u)2 = ⟨U⟩2 + 2⟨U⟩u+ u2. (2)

By taking the time average,

⟨T ⟩ ∝ ⟨U⟩2
(

1 +
⟨u2⟩

⟨U⟩2

)

= ⟨U⟩2
(

1 + I2u
)

, (3)

which means that the turbulence intensity increases the time-average torque. In a similar manner, the power output
W of the turbine is proportional to U3 = (⟨U⟩+ u)3,

W ∝ (⟨U⟩+ u)
3
=
(

⟨U⟩3 + 3⟨U⟩2u+ 3⟨U⟩u2 + u3
)

, (4)
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Wind tunnel 

nozzle

High speed 

camera

Laser-sheet 

forming optics

Savonius turbine
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FIG. 8: Experimental setup for PIV measurement.

By taking the time average, we obtain

⟨W ⟩ ∝ ⟨U⟩3
(

1 + 3
⟨u2⟩

⟨U⟩2

)

= ⟨U⟩3
(

1 + 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, [15, 52–55]. In Fig. 7, This trend is illustrated by a grey solid line to a grey
dashed line in (a) the torque coefficient 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 performance as the free rotational speed shifts higher (grey 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 = 0.96 × 104 for the wake measurements by hot-wire anemometry (HWA) and
particle image velocimetry (PIV). Time-resolved particle image velocimetry is performed to measure the velocity in
the wake of the turbine. The schematic drawing of the PIV experiment smoke flow visualisation setup is shown
in Fig. 8. Smoke made of oil mist (10 µm average diameter) is illuminated by a laser (Nd:YAG, 532 nm) 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 1000 Hz. Adaptive multi-pass cross-correlation is employed to
compute velocity vectors, with a final interrogation window of 32× 32 pix, and an overlap of 67%, yielding a physical
resolution of 2.8 mm or 0.048D. Outliers are detected by the universal outlier detection [56] and interpolated by
Laplace equation interpolation algorithm [57, 58]. Phase-averaged velocity fields are obtained for 62 periods assuming
that half a revolution makes one cycle.

HWA is conducted in order to obtain time-resolved measurements of the streamwise component of inflow and
wake velocity. Signals are recorded at 1k Hz for the length of 217 points, which correspond to the recording time of
approximately 131 s. As the turbine rotates at frot = 10.98 Hz, the turbine rotates approximately 1400 times during
the measurement. The inflow velocity is measured 2D upstream at (x/D, y/D) = (−2, 0). Wake velocity is measured
at three different positions 1D downstream, on the centre line at (x/D, y/D) = (1, 0), behind the advancing blade
at (x/D, y/D) = (1, 0.25), and behind the returning blade at (x/D, y/D) = (1,−0.25), respectively. These three
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Advancing blade

Returning blade
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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.

locations for the wake velocity measurement are respectively referred to as ‘centre’, ’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 understand the effect of inflow unsteadiness on the
turbine rotation, rather than to provide a universal model which can accurately predict the turbine rotation. For this
purpose, we develop a simple semi-empirical low-order model, in which only Kolmogorov cascade is considered as the
characteristics of turbulence. Therefore the effect of vortex formation is not included.

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

I
dω

dt
= TG − TF (6)

where I, t, TG, and TF are the moment of inertia, time, unsteady aerodynamic 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 curvature 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 µ are expressed as,

TG = a(NA −NR), (7)

TF =
1

2
µdB(NA +NR), (8)

where normal forces are written as

NA =
1

2
ρU2SCNA(θeff) and NR =

1

2
ρU2SCNR(θeff), (9)
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CNA<latexit sha1_base64="WhGYybRNfMLHsdi/xirnCoPPEz8=">AAACF3icbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMdKL56kgv2ANJTNdtMu3WzC7kQMoT/Dgxf9Kd7Eq0d/iVe3bQ629cHA470ZZub5seAabPvbKqytb2xuFbdLO7t7+wflw6O2jhJFWYtGIlJdn2gmuGQt4CBYN1aMhL5gHX/cmPqdR6Y0j+QDpDHzQjKUPOCUgJHcRr8H7Amyu5tJv1yxq/YMeJU4OamgHM1++ac3iGgSMglUEK1dx47By4gCTgWblHqJZjGhYzJkrqGShEx72ezkCT4zygAHkTIlAc/UvxMZCbVOQ990hgRGetmbiv95bgLBtZdxGSfAJJ0vChKBIcLT//GAK0ZBpIYQqri5FdMRUYSCSWlhix8u/JDFo1Rzqiclk5SznMsqadeqzkW1dn9ZqTfzzIroBJ2ic+SgK1RHt6iJWoiiCD2jV/RmvVjv1of1OW8tWPnMMVqA9fULYo2g4g==</latexit>

CNR
<latexit sha1_base64="4WjA7y2396wIcIy5Xxq0LGUOQwc=">AAACF3icbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMdCL56kiv2ANJTNdtMu3WzC7kQMoT/Dgxf9Kd7Eq0d/iVe3bQ629cHA470ZZub5seAabPvbKqytb2xuFbdLO7t7+wflw6O2jhJFWYtGIlJdn2gmuGQt4CBYN1aMhL5gHX/cmPqdR6Y0j+QDpDHzQjKUPOCUgJHcRr8H7Amy2/tJv1yxq/YMeJU4OamgHM1++ac3iGgSMglUEK1dx47By4gCTgWblHqJZjGhYzJkrqGShEx72ezkCT4zygAHkTIlAc/UvxMZCbVOQ990hgRGetmbiv95bgLBtZdxGSfAJJ0vChKBIcLT//GAK0ZBpIYQqri5FdMRUYSCSWlhix8u/JDFo1Rzqiclk5SznMsqadeqzkW1dndZqTfzzIroBJ2ic+SgK1RHN6iJWoiiCD2jV/RmvVjv1of1OW8tWPnMMVqA9fULfteg8w==</latexit>

FIG. 10: Normal force coefficients of the advancing and returning blades with respect to the angle of attack θ. Data
points are taken from Kyozuka [59] and solid lines show cubic spline interpolation.

with ρ as the density of the fluid. S = 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. θeff is the effective angle of attack. In
the computation, we use those normal force coefficients of a static semi-circular cylinder provided in Kyozuka [59] 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 = O

(

105
)

at the angle of attack of 0◦ ≤ θ ≤ 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 considered
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 π are rotating independently.). The unsteady effect is taken into account by introducing
the effective angle of attack θeff, which is the sum of the geometric angle of attack and the induced angle of attack due
to turbine rotation: θeff = θ + θi. As shown in Fig. 9, the stream-normal velocity of the blades due to their rotation
is aθ̇ cos θ and thereby the induced angle of attack θi is defined by

θi =























− arctan

(

aθ̇ cos θ

U

)

(advancing blade)

arctan

(

aθ̇ cos θ

U

)

(returning blade)

(10)

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

U =
√

2∆f

N
∑

i=1

√

ϕ(f) sin(2πfit+ ψi), (11)

where ∆f is the frequency spacing, N the number of fi components, ϕ(f) the turbulence spectrum model, and ψ is the
phase angle, which is a uniformly distributed random variable between 0 and 2π. Here we assume that the turbulence
is spatially uniform. Scarlett and Viola [62] successfully evaluated the unsteady loads acting on tidal turbine blades
using the synthetically generated one-dimensional turbulence. Amongst various turbulence spectrum models, von
Kármán model spectrum [63] and Kaimal spectrum [64] are frequently used [65, 66]. We choose von Kármán model
spectrum as it is based on the assumption that the turbulence is homogeneous and isotropic. In addition, von Kármán
spectrum fits well for turbulence in wind tunnels and hence it is often used for consistency with analytical expressions
for correlations [66].

ϕ(f) =
4u′2(L/⟨U⟩)

[1 + 70.8(fL/⟨U⟩)2]
5/6

. (12)

Fig. 11 shows the von Kármán spectrum generated for ⟨U⟩ = 2.5 m/s, u′/⟨U⟩ = 0.18, and L = 0.335 m, representing
the PSD obtained in the far-field of the open-jet in our experiment very well.
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FIG. 11: von Kármán model spectrum (Eq. 12) for ⟨U⟩ = 2.5 m/s, u′/⟨U⟩ = 0.18, and L = 0.335 m. The PSD
obtained by experiment at X/B = 17 is plotted in grey.

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 [kg·m2] 1× 10−6

Friction coefficient of bearing µ [-] 0.0015
Inner diameter of bearing dB [m] 0.004
Density of air ρ [kg/m3] 1.2
Initial rotational speed ω0 [rad/s] 0.2⟨U⟩/R
Time increment ∆t [s] 0.01
Maximum time tmax [s] 500

The ordinary differential equation (Eq. 6) is solved using the implicit method based on multi-step variable order (1st
to 5th order) backward differentiation formulas. As Table III summarises, the geometric parameters of the Savonius
turbine are similar to our experimental conditions. The moment of inertia of blades I is estimated 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 ⟨TSR⟩ for different Reynolds numbers Re are compared between the experiment and
semi-empirical model in Fig. 12. Overall, the model captures the qualitative trend of the experiment although the
model overpredicts the rotational speed. This discrepancy arises from the assumption adopted in the model. For
example, the static normal force coefficient of blades taken from Kyozuka [59] in Fig. 10 is measured at Re = O

(

105
)

whereas our experiment is performed at Re = O
(

104
)

. 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.

⟨TSR⟩ is nearly constant for all Re both in the experiment and model. At lower Reynolds numbers (Re ≲ 2.2×104),
⟨TSR⟩ is higher in the HT flow than in the LT flow. On average, ⟨TSR⟩ 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 ⟨TSR⟩ is nearly the same between the steady and turbulent flows.

Fig. 13 (a) compares the time histories of TSR of the turbine obtained by the low-order model between the steady
and turbulent flows at Re = 10600. 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 = 1 is clearly identified in the steady flow. Since the Savonius turbine has two
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×104
<latexit sha1_base64="7nfxnHxLpneR4i6o8GrQqIk3hdE=">AAACF3icbVA9SwNBEJ3zM8avqKXNYhCswl0MaBmw0S6C+YDLGfY2m2TJ7u2xuyccR36GhY3+FDuxtfSX2LpJrjCJAwOP92Z4My+MOdPGdb+dtfWNza3twk5xd2//4LB0dNzSMlGENonkUnVCrClnEW0aZjjtxIpiEXLaDsc3U739RJVmMnowaUwDgYcRGzCCjaX8rmGCauS5j7VeqexW3FmhVeDloAx5NXqln25fkkTQyBCOtfY9NzZBhpVhhNNJsZtoGmMyxkPqWxhh6xRks5Mn6NwyfTSQynZk0Iz9u5FhoXUqQjspsBnpZW1K/qf5iRlcBxmL4sTQiMyNBglHRqLp/6jPFCWGpxZgopi9FZERVpgYm9KCSygWfsjiUaoZ0ZOiTcpbzmUVtKoV77JSva+V63d5ZgU4hTO4AA+uoA630IAmEJDwDK/w5rw4786H8zkfXXPynRNYKOfrFyzKoCI=</latexit>

FIG. 12: The Reynolds number dependency of mean tip-speed ratio ⟨TSR⟩ compared between LT and HT flows.
Both the experiment and model show that higher ⟨TSR⟩ at lower Reynolds numbers (Re ≲ 2.2× 104).

hTSRiturbulent
<latexit sha1_base64="OrEFuDqX8QWaxzDmAy9iB+Sef14=">AAACMnicbVA9T8MwFHT4LOWrwMhiUZCYqgSQYKzEAluBFpCaqHLc19bCcSL7BVFF/QP8GgYW+CewIVZ2VtyQgQInWTrdvdPzuzCRwqDrvjhT0zOzc/OlhfLi0vLKamVt/dLEqebQ4rGM9XXIDEihoIUCJVwnGlgUSrgKb47H/tUtaCNi1cRhAkHE+kr0BGdopU5l25dM9SXQ5sU59XXOOz7CHWaY6jCVoHDUqVTdmpuD/iVeQaqkQKNT+fS7MU8jG+aSGdP23ASDjGkUXMKo7KcGEsZvWB/alioWgQmy/JoR3bFKl/ZibZ9Cmqs/ExmLjBlGoZ2MGA7Mb28s/ue1U+wdBZlQSYqg+PeiXiopxnRcDe0KDRzl0BLGtbB/pXzANONoC5zYEkYTN2TJYGgEN6Oybcr73ctfcrlX8/Zre2cH1fpp0VmJbJItsks8ckjq5IQ0SItwck8eyBN5dh6dV+fNef8enXKKzAaZgPPxBdkfq/Y=</latexit>

hTSRisteady
<latexit sha1_base64="PIjxtNWMTnXXanAE4Edu0v1jcO0=">AAACL3icbZC7SgNBFIZnvRtvUUub0SBYhd0oaCnYaBc1N8iGMDs5SYbMzi4zZ8VlSe3TWNjoo4iN2PoEtk4uhVF/GPj4zzmcOX8QS2HQdd+cufmFxaXlldXc2vrG5lZ+e6dmokRzqPJIRroRMANSKKiiQAmNWAMLAwn1YHAxqtfvQBsRqQqmMbRC1lOiKzhDa7Xz+75kqieBVm5vqK/H3PYR7jEzCKyTDtv5glt0x6J/wZtCgUxVbue//E7EkxAUcsmMaXpujK2MaRRcwjDnJwZixgesB02LioVgWtn4lCE9tE6HdiNtn0I6dn9OZCw0Jg0D2xky7JvftZH5X62ZYPeslQkVJwiKTxZ1E0kxoqNcaEdo4ChTC4xrYf9KeZ9pxtGmN7MlCGduyOJ+agQ3w5xNyvudy1+olYrecbF0fVI4v5pmtkL2yAE5Ih45JefkkpRJlXDyQB7JM3lxnpxX5935mLTOOdOZXTIj5/MbAHiqfQ==</latexit>
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<latexit sha1_base64="vR9CCx3qD5UhT2L3pCYS0bRLOP0=">AAACFXicbVBNS8NAEN34WetX1aOXxSLUS0mqoMeCF/FUwX5gG8pmu2mX7m7C7kQMof9C8KT/xJt49ewf8WzS5mBbHww83pthZp4XCm7Atr+tldW19Y3NwlZxe2d3b790cNgyQaQpa9JABLrjEcMEV6wJHATrhJoR6QnW9sbXmd9+ZNrwQN1DHDJXkqHiPqcEUumhB+wJkgo5m/RLZbtqT4GXiZOTMsrR6Jd+eoOARpIpoIIY03XsENyEaOBUsEmxFxkWEjomQ9ZNqSKSGTeZXjzBp6kywH6g01KAp+rfiYRIY2LppZ2SwMgsepn4n9eNwL9yE67CCJiis0V+JDAEOHsfD7hmFEScEkI1T2/FdEQ0oZCGNLfFk3M/JOEoNpyaLChnMZZl0qpVnfNq7e6iXL/NIyugY3SCKshBl6iOblADNRFFCj2jV/RmvVjv1of1OWtdsfKZIzQH6+sX0KCgQw==</latexit>
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<latexit sha1_base64="cwXZKXoKrY+c7Zf+dWKb/vrPXQA=">AAACFXicbVBNS8NAEN34WetX1aOXxSLUS0mqoMeCF/FUwX5gG8pmu2mX7m7C7kQMof9C8KT/xJt49ewf8WzS5mBbHww83pthZp4XCm7Atr+tldW19Y3NwlZxe2d3b790cNgyQaQpa9JABLrjEcMEV6wJHATrhJoR6QnW9sbXmd9+ZNrwQN1DHDJXkqHiPqcEUumhB+wJkop3NumXynbVngIvEycnZZSj0S/99AYBjSRTQAUxpuvYIbgJ0cCpYJNiLzIsJHRMhqybUkUkM24yvXiCT1NlgP1Ap6UAT9W/EwmRxsTSSzslgZFZ9DLxP68bgX/lJlyFETBFZ4v8SGAIcPY+HnDNKIg4JYRqnt6K6YhoQiENaW6LJ+d+SMJRbDg1WVDOYizLpFWrOufV2t1FuX6bR1ZAx+gEVZCDLlEd3aAGaiKKFHpGr+jNerHerQ/rc9a6YuUzR2gO1tcv0kqgRA==</latexit>

fBP
<latexit sha1_base64="MXm1Akh5ugy5PkkjTAH4jGtEtEE=">AAACF3icbVBNS8NAEN34WetX1aOXxSJ4KkkV9Fj0orcK9gPSUDbbTbt0swm7EzGE/AwPXvSneBOvHv0lXt22OdjWBwOP92aYmefHgmuw7W9rZXVtfWOztFXe3tnd268cHLZ1lCjKWjQSker6RDPBJWsBB8G6sWIk9AXr+OObid95ZErzSD5AGjMvJEPJA04JGMkN+j1gT5BdN/N+pWrX7CnwMnEKUkUFmv3KT28Q0SRkEqggWruOHYOXEQWcCpaXe4lmMaFjMmSuoZKETHvZ9OQcnxplgINImZKAp+rfiYyEWqehbzpDAiO96E3E/zw3geDKy7iME2CSzhYFicAQ4cn/eMAVoyBSQwhV3NyK6YgoQsGkNLfFD+d+yOJRqjnVedkk5Szmskza9ZpzXqvfX1Qbd0VmJXSMTtAZctAlaqBb1EQtRFGEntErerNerHfrw/qcta5YxcwRmoP19Qug3aEB</latexit>

2fBP
<latexit sha1_base64="94mLiVI0S8OYNrGqW2NDiKHE8+Y=">AAACGHicbVBNS8NAEN34WetX1aOXYBE8laQKeix60VsF+wFNKJvtpl26myy7EzGE/A0PXvSneBOv3vwlXt22OdjWBwOP92aYmRdIzjQ4zre1srq2vrFZ2ipv7+zu7VcODts6ThShLRLzWHUDrClnEW0BA067UlEsAk47wfhm4nceqdIsjh4gldQXeBixkBEMRvLqYd8D+gTZdTPvV6pOzZnCXiZuQaqoQLNf+fEGMUkEjYBwrHXPdST4GVbACKd52Us0lZiM8ZD2DI2woNrPpjfn9qlRBnYYK1MR2FP170SGhdapCEynwDDSi95E/M/rJRBe+RmLZAI0IrNFYcJtiO1JAPaAKUqAp4Zgopi51SYjrDABE9PclkDM/ZDJUaoZ0XnZJOUu5rJM2vWae16r319UG3dFZiV0jE7QGXLRJWqgW9RELUSQRM/oFb1ZL9a79WF9zlpXrGLmCM3B+voFGzGhPQ==</latexit>

FIG. 13: (a) The comparison of the time variations of TSR of the Savonius turbine between the steady flow and the
turbulent flow (Tu = 18%, L = 0.335 m) at Re = 10600. Mean tip-speed ratios ⟨TSR⟩ 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.

blades, the blade passing frequency is twice the rotational frequency of the turbine fBP = 2frot. Its harmonic peaks
are also clearly identified. In turbulence, a more flattened hump is identified at f/fBP = 1. This indicates that the
rotation is still relatively periodic even though the incoming flow is highly turbulent.

Fig. 14 presents the effect of turbulence intensity Iu and integral length scale L on the mean tip-speed ratio ⟨TSR⟩
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 Re = 10600, respectively. It is clear that
⟨TSR⟩ 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 distinct tendency in the
effect of the integral length scale on ⟨TSR⟩. At high turbulence intensity (approximately Iu > 35%), on the other
hand, large integral length scales (L/D = 10) are harmful to the turbine 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. Fig. 15 compares the flow structure around the turbine 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 Fig. 15 (a) and (b)), a flow reversal occurs in the concave side of
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FIG. 14: The effect of turbulence intensity Iu and integral length scale L on the mean tip-speed ratio ⟨TSR⟩.
⟨TSR⟩ increases with Iu.

θ = 90◦
<latexit sha1_base64="9KJ/jBa+xeFaycDTWfq1c8LAvE4=">AAACH3icbVDLSsNAFJ34rPWV6tLNYBFclaQK6kIouHFZwT6giWUynTRDJw9mbpQQ+iku3OinuBO3/RK3TtssbOuBC4dz7uXee7xEcAWWNTHW1jc2t7ZLO+Xdvf2DQ7Ny1FZxKilr0VjEsusRxQSPWAs4CNZNJCOhJ1jHG91N/c4zk4rH0SNkCXNDMoy4zykBLfXNigMBA4Jv8Y315FAuad+sWjVrBrxK7IJUUYFm3/xxBjFNQxYBFUSpnm0l4OZEAqeCjctOqlhC6IgMWU/TiIRMufns9DE+08oA+7HUFQGeqX8nchIqlYWe7gwJBGrZm4r/eb0U/Gs351GSAovofJGfCgwxnuaAB1wyCiLThFDJ9a2YBkQSCjqthS1euPBDngSZ4lSNyzopezmXVdKu1+yLWv3hstpoFpmV0Ak6RefIRleoge5RE7UQRS/oFb2jD+PN+DS+jO9565pRzByjBRiTXy4+org=</latexit> θ = 120◦

<latexit sha1_base64="02CF28whCFCFCaVbQi0fLy2LD4k=">AAACIHicbVDLSsNAFJ3UV62vWJduBovgqiRV0I1QcOOygn1AE8tkOmmGTh7M3Igh9FdcuNFPcScu9UfcOm2zsK0HLhzOuZd77/ESwRVY1pdRWlvf2Nwqb1d2dvf2D8zDakfFqaSsTWMRy55HFBM8Ym3gIFgvkYyEnmBdb3wz9buPTCoeR/eQJcwNySjiPqcEtDQwqw4EDAi+xnbDenAol3Rg1qy6NQNeJXZBaqhAa2D+OMOYpiGLgAqiVN+2EnBzIoFTwSYVJ1UsIXRMRqyvaURCptx8dvsEn2pliP1Y6ooAz9S/EzkJlcpCT3eGBAK17E3F/7x+Cv6Vm/MoSYFFdL7ITwWGGE+DwEMuGQWRaUKo5PpWTAMiCQUd18IWL1z4IU+CTHGqJhWdlL2cyyrpNOr2eb1xd1FrtorMyugYnaAzZKNL1ES3qIXaiKIn9Ixe0ZvxYrwbH8bnvLVkFDNHaAHG9y+dhqLs</latexit>

θ = 150◦
<latexit sha1_base64="R6aXb6sHby90QwjMtCxNFRjjUPk=">AAACIHicbVDLSsNAFJ34rPUV69LNYBFclaQquhEKblxWsA9oYplMJ83QyYOZGzGE/ooLN/op7sSl/ohbp20WtvXAhcM593LvPV4iuALL+jJWVtfWNzZLW+Xtnd29ffOg0lZxKilr0VjEsusRxQSPWAs4CNZNJCOhJ1jHG91M/M4jk4rH0T1kCXNDMoy4zykBLfXNigMBA4KvsX1hPTiUS9o3q1bNmgIvE7sgVVSg2Td/nEFM05BFQAVRqmdbCbg5kcCpYOOykyqWEDoiQ9bTNCIhU24+vX2MT7QywH4sdUWAp+rfiZyESmWhpztDAoFa9Cbif14vBf/KzXmUpMAiOlvkpwJDjCdB4AGXjILINCFUcn0rpgGRhIKOa26LF879kCdBpjhV47JOyl7MZZm06zX7rFa/O682mkVmJXSEjtEpstElaqBb1EQtRNETekav6M14Md6ND+Nz1rpiFDOHaA7G9y+ilqLv</latexit>

θ = 180◦
<latexit sha1_base64="6yukwlV3ei6zZvsw3l/Kgs4czlw=">AAACIHicbVDLSsNAFJ34rPUV69LNYBFclaQKdiMU3LisYB/QxDKZTpqhkwczN2II/RUXbvRT3IlL/RG3TtssbOuBC4dz7uXee7xEcAWW9WWsrW9sbm2Xdsq7e/sHh+ZRpaPiVFLWprGIZc8jigkesTZwEKyXSEZCT7CuN76Z+t1HJhWPo3vIEuaGZBRxn1MCWhqYFQcCBgRfY7thPTiUSzowq1bNmgGvErsgVVSgNTB/nGFM05BFQAVRqm9bCbg5kcCpYJOykyqWEDomI9bXNCIhU24+u32Cz7QyxH4sdUWAZ+rfiZyESmWhpztDAoFa9qbif14/Bb/h5jxKUmARnS/yU4EhxtMg8JBLRkFkmhAqub4V04BIQkHHtbDFCxd+yJMgU5yqSVknZS/nsko69Zp9UavfXVabrSKzEjpBp+gc2egKNdEtaqE2ougJPaNX9Ga8GO/Gh/E5b10zipljtADj+xenpqLy</latexit>

(a)
<latexit sha1_base64="TxQApKYDeQx3CpxHLqYjf0SuctE=">AAACFnicbVBNS8NAEN34WetX1aOXxSLUS0mqoMeCF71VsB/YhrLZbtqlm03YnYgh5F948KI/xZt49eov8eq2zcG2Phh4vDfDzDwvElyDbX9bK6tr6xubha3i9s7u3n7p4LClw1hR1qShCFXHI5oJLlkTOAjWiRQjgSdY2xtfT/z2I1Oah/Iekoi5ARlK7nNKwEgPPWBPkFbIWdYvle2qPQVeJk5OyihHo1/66Q1CGgdMAhVE665jR+CmRAGngmXFXqxZROiYDFnXUEkCpt10enGGT40ywH6oTEnAU/XvREoCrZPAM50BgZFe9Cbif143Bv/KTbmMYmCSzhb5scAQ4sn7eMAVoyASQwhV3NyK6YgoQsGENLfFC+Z+SKNRojnVWdEk5SzmskxatapzXq3dXZTrt3lmBXSMTlAFOegS1dENaqAmokiiZ/SK3qwX6936sD5nrStWPnOE5mB9/QJlnqBS</latexit>

(b)
<latexit sha1_base64="bz9h09fZep+ne3XVliKBHCusIdg=">AAACFnicbVBNS8NAEN34WetX1aOXxSLUS0mqoMeCF71VsB/YhrLZbtqlm03YnYgh5F948KI/xZt49eov8eq2zcG2Phh4vDfDzDwvElyDbX9bK6tr6xubha3i9s7u3n7p4LClw1hR1qShCFXHI5oJLlkTOAjWiRQjgSdY2xtfT/z2I1Oah/Iekoi5ARlK7nNKwEgPPWBPkFa8s6xfKttVewq8TJyclFGORr/00xuENA6YBCqI1l3HjsBNiQJOBcuKvViziNAxGbKuoZIETLvp9OIMnxplgP1QmZKAp+rfiZQEWieBZzoDAiO96E3E/7xuDP6Vm3IZxcAknS3yY4EhxJP38YArRkEkhhCquLkV0xFRhIIJaW6LF8z9kEajRHOqs6JJylnMZZm0alXnvFq7uyjXb/PMCugYnaAKctAlqqMb1EBNRJFEz+gVvVkv1rv1YX3OWlesfOYIzcH6+gVnSaBT</latexit>

(c)
<latexit sha1_base64="Dr0TJNqrg9A7Xggb9FVP82gXe3U=">AAACFnicbVBNS8NAEN34WetX1aOXxSLUS0mqoMeCF71VsB/YhrLZbtqlm03YnYgh5F948KI/xZt49eov8eq2zcG2Phh4vDfDzDwvElyDbX9bK6tr6xubha3i9s7u3n7p4LClw1hR1qShCFXHI5oJLlkTOAjWiRQjgSdY2xtfT/z2I1Oah/Iekoi5ARlK7nNKwEgPPWBPkFboWdYvle2qPQVeJk5OyihHo1/66Q1CGgdMAhVE665jR+CmRAGngmXFXqxZROiYDFnXUEkCpt10enGGT40ywH6oTEnAU/XvREoCrZPAM50BgZFe9Cbif143Bv/KTbmMYmCSzhb5scAQ4sn7eMAVoyASQwhV3NyK6YgoQsGENLfFC+Z+SKNRojnVWdEk5SzmskxatapzXq3dXZTrt3lmBXSMTlAFOegS1dENaqAmokiiZ/SK3qwX6936sD5nrStWPnOE5mB9/QJo9KBU</latexit>

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.

the advancing blade at θ = 90◦. This flow meets the freestream near the edge and forms a coherent vortex (θ = 120◦

and 150◦). Subsequently, this coherent vortex is advected downstream (θ = 180◦). These flow structures are akin to
those reported in Fujisawa [26] in which the flow around the Savonius turbine is visualised by smoke in a wind tunnel
at TSR = 0.9, and in Nakajima et al. [28] where the flow is visualised by ink in water channel at TSR = 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 θ = 120◦, but this
vortex does not grow into a large coherent vortex and dissipates due to the effect of freestream turbulence (θ = 150◦

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
1
8
0
9
3
9



14

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 Shigetomi [67] in which the Savonius turbine rotates at

TSR = 0.75 in a free-rotation condition at Re = O
(

104
)

.

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 Shigetomi [67] in which the Savonius turbine of a similar geometry rotates at TSR = 0.75 in the unloaded
(free-rotation) condition at Re = O

(

104
)

, using the same wind tunnel facility. The results using the same data set
are also published in [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 θ = 60◦ as marked in the red dashed line in the figure. This
RBV grows and detaches from the blade at θ = 120◦ − 150◦. At θ = 180◦(0◦), 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 θ = 60◦. The ABV grows until it detaches from the turbine
in one cycle (θ = 90◦ + 180◦ = 270◦(90◦)). In the HT flow, the ABV starts to grow at θ = 60◦, though it is not
visible in the figure. This ABV detaches from the blade at θ = 90◦ and advects downstream afterwards (see the blue
dashed line in Fig. 16). At θ = 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 θ = 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 θ = 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

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
1
8
0
9
3
9



15

(b)
<latexit sha1_base64="h49KqPh2Lpn9OImXLMM8zMgv1Iw=">AAACFnicbVBNS8NAEN3Ur1q/qh69BItQLyWpgh4LXjxWsB/YhrLZbtqlu5uwOxFDyL/w4EV/ijfx6tVf4tVtm4NtfTDweG+GmXl+xJkGx/m2CmvrG5tbxe3Szu7e/kH58Kitw1gR2iIhD1XXx5pyJmkLGHDajRTFwue0409upn7nkSrNQnkPSUQ9gUeSBYxgMNJDH+gTpFX/PBuUK07NmcFeJW5OKihHc1D+6Q9DEgsqgXCsdc91IvBSrIARTrNSP9Y0wmSCR7RnqMSCai+dXZzZZ0YZ2kGoTEmwZ+rfiRQLrRPhm06BYayXvan4n9eLIbj2UiajGKgk80VBzG0I7en79pApSoAnhmCimLnVJmOsMAET0sIWXyz8kEbjRDOis5JJyl3OZZW06zX3ola/u6w0mnlmRXSCTlEVuegKNdAtaqIWIkiiZ/SK3qwX6936sD7nrQUrnzlGC7C+fgFpZKBa</latexit>

(a)
<latexit sha1_base64="svLOhZALOjVTTdDXpYAu/k8+v8c=">AAACFnicbVBNS8NAEN3Ur1q/qh69BItQLyWpgh4LXjxWsB/YhrLZbtqlu5uwOxFDyL/w4EV/ijfx6tVf4tVtm4NtfTDweG+GmXl+xJkGx/m2CmvrG5tbxe3Szu7e/kH58Kitw1gR2iIhD1XXx5pyJmkLGHDajRTFwue0409upn7nkSrNQnkPSUQ9gUeSBYxgMNJDH+gTpFV8ng3KFafmzGCvEjcnFZSjOSj/9IchiQWVQDjWuuc6EXgpVsAIp1mpH2saYTLBI9ozVGJBtZfOLs7sM6MM7SBUpiTYM/XvRIqF1onwTafAMNbL3lT8z+vFEFx7KZNRDFSS+aIg5jaE9vR9e8gUJcATQzBRzNxqkzFWmIAJaWGLLxZ+SKNxohnRWckk5S7nskra9Zp7UavfXVYazTyzIjpBp6iKXHSFGugWNVELESTRM3pFb9aL9W59WJ/z1oKVzxyjBVhfv2e5oFk=</latexit>

fBP
<latexit sha1_base64="MXm1Akh5ugy5PkkjTAH4jGtEtEE=">AAACF3icbVBNS8NAEN34WetX1aOXxSJ4KkkV9Fj0orcK9gPSUDbbTbt0swm7EzGE/AwPXvSneBOvHv0lXt22OdjWBwOP92aYmefHgmuw7W9rZXVtfWOztFXe3tnd268cHLZ1lCjKWjQSker6RDPBJWsBB8G6sWIk9AXr+OObid95ZErzSD5AGjMvJEPJA04JGMkN+j1gT5BdN/N+pWrX7CnwMnEKUkUFmv3KT28Q0SRkEqggWruOHYOXEQWcCpaXe4lmMaFjMmSuoZKETHvZ9OQcnxplgINImZKAp+rfiYyEWqehbzpDAiO96E3E/zw3geDKy7iME2CSzhYFicAQ4cn/eMAVoyBSQwhV3NyK6YgoQsGkNLfFD+d+yOJRqjnVedkk5Szmskza9ZpzXqvfX1Qbd0VmJXSMTtAZctAlaqBb1EQtRFGEntErerNerHfrw/qcta5YxcwRmoP19Qug3aEB</latexit> 2fBP

<latexit sha1_base64="94mLiVI0S8OYNrGqW2NDiKHE8+Y=">AAACGHicbVBNS8NAEN34WetX1aOXYBE8laQKeix60VsF+wFNKJvtpl26myy7EzGE/A0PXvSneBOv3vwlXt22OdjWBwOP92aYmRdIzjQ4zre1srq2vrFZ2ipv7+zu7VcODts6ThShLRLzWHUDrClnEW0BA067UlEsAk47wfhm4nceqdIsjh4gldQXeBixkBEMRvLqYd8D+gTZdTPvV6pOzZnCXiZuQaqoQLNf+fEGMUkEjYBwrHXPdST4GVbACKd52Us0lZiM8ZD2DI2woNrPpjfn9qlRBnYYK1MR2FP170SGhdapCEynwDDSi95E/M/rJRBe+RmLZAI0IrNFYcJtiO1JAPaAKUqAp4Zgopi51SYjrDABE9PclkDM/ZDJUaoZ0XnZJOUu5rJM2vWae16r319UG3dFZiV0jE7QGXLRJWqgW9RELUSQRM/oFb1ZL9a79WF9zlpXrGLmCM3B+voFGzGhPQ==</latexit>

fBP

2
<latexit sha1_base64="e8LGIOVKTGk72czuPgbKRMCaflU=">AAACI3icbZDLSsNAFIYn9VbrLSqu3ASL4KokVdBl0Y3uKtgLNCFMppN26OTCzIlYhjyMCzf6KO7EjQufw63TNgvb+sPAz3/O4Zz5gpQzCbb9ZZRWVtfWN8qbla3tnd09c/+gLZNMENoiCU9EN8CSchbTFjDgtJsKiqOA004wupnUO49USJbEDzBOqRfhQcxCRjDoyDeP3FBgokLfBfoE6rqZ56qe+2bVrtlTWcvGKUwVFWr65o/bT0gW0RgIx1L2HDsFT2EBjHCaV9xM0hSTER7QnrYxjqj01PT83DrVSd8KE6FfDNY0/TuhcCTlOAp0Z4RhKBdrk/C/Wi+D8MpTLE4zoDGZLQozbkFiTVhYfSYoAT7WBhPB9K0WGWLNAzSxuS1BNPcHlQ7HkhGZVzQpZ5HLsmnXa855rX5/UW3cFczK6BidoDPkoEvUQLeoiVqIIIWe0St6M16Md+PD+Jy1loxi5hDNyfj+BZ/vpbA=</latexit>

fBP

2
<latexit sha1_base64="e8LGIOVKTGk72czuPgbKRMCaflU=">AAACI3icbZDLSsNAFIYn9VbrLSqu3ASL4KokVdBl0Y3uKtgLNCFMppN26OTCzIlYhjyMCzf6KO7EjQufw63TNgvb+sPAz3/O4Zz5gpQzCbb9ZZRWVtfWN8qbla3tnd09c/+gLZNMENoiCU9EN8CSchbTFjDgtJsKiqOA004wupnUO49USJbEDzBOqRfhQcxCRjDoyDeP3FBgokLfBfoE6rqZ56qe+2bVrtlTWcvGKUwVFWr65o/bT0gW0RgIx1L2HDsFT2EBjHCaV9xM0hSTER7QnrYxjqj01PT83DrVSd8KE6FfDNY0/TuhcCTlOAp0Z4RhKBdrk/C/Wi+D8MpTLE4zoDGZLQozbkFiTVhYfSYoAT7WBhPB9K0WGWLNAzSxuS1BNPcHlQ7HkhGZVzQpZ5HLsmnXa855rX5/UW3cFczK6BidoDPkoEvUQLeoiVqIIIWe0St6M16Md+PD+Jy1loxi5hDNyfj+BZ/vpbA=</latexit>

fBP
<latexit sha1_base64="MXm1Akh5ugy5PkkjTAH4jGtEtEE=">AAACF3icbVBNS8NAEN34WetX1aOXxSJ4KkkV9Fj0orcK9gPSUDbbTbt0swm7EzGE/AwPXvSneBOvHv0lXt22OdjWBwOP92aYmefHgmuw7W9rZXVtfWOztFXe3tnd268cHLZ1lCjKWjQSker6RDPBJWsBB8G6sWIk9AXr+OObid95ZErzSD5AGjMvJEPJA04JGMkN+j1gT5BdN/N+pWrX7CnwMnEKUkUFmv3KT28Q0SRkEqggWruOHYOXEQWcCpaXe4lmMaFjMmSuoZKETHvZ9OQcnxplgINImZKAp+rfiYyEWqehbzpDAiO96E3E/zw3geDKy7iME2CSzhYFicAQ4cn/eMAVoyBSQwhV3NyK6YgoQsGkNLfFD+d+yOJRqjnVedkk5Szmskza9ZpzXqvfX1Qbd0VmJXSMTtAZctAlaqBb1EQtRFGEntErerNerHfrw/qcta5YxcwRmoP19Qug3aEB</latexit>

2fBP
<latexit sha1_base64="94mLiVI0S8OYNrGqW2NDiKHE8+Y=">AAACGHicbVBNS8NAEN34WetX1aOXYBE8laQKeix60VsF+wFNKJvtpl26myy7EzGE/A0PXvSneBOv3vwlXt22OdjWBwOP92aYmRdIzjQ4zre1srq2vrFZ2ipv7+zu7VcODts6ThShLRLzWHUDrClnEW0BA067UlEsAk47wfhm4nceqdIsjh4gldQXeBixkBEMRvLqYd8D+gTZdTPvV6pOzZnCXiZuQaqoQLNf+fEGMUkEjYBwrHXPdST4GVbACKd52Us0lZiM8ZD2DI2woNrPpjfn9qlRBnYYK1MR2FP170SGhdapCEynwDDSi95E/M/rJRBe+RmLZAI0IrNFYcJtiO1JAPaAKUqAp4Zgopi51SYjrDABE9PclkDM/ZDJUaoZ0XnZJOUu5rJM2vWae16r319UG3dFZiV0jE7QGXLRJWqgW9RELUSQRM/oFb1ZL9a79WF9zlpXrGLmCM3B+voFGzGhPQ==</latexit>

f−1
<latexit sha1_base64="P7BmUW9KoZEx93EBAkocZhQx31c=">AAACEnicbVDLSsNAFL2pr1pfVZduBovgxpJUQZcFN7qrYB/QxjKZTtqxM0mYmQgh5B9cuNFPcSdu/QG/xK3TNgvbeuDC4Zx7ufceL+JMadv+tgorq2vrG8XN0tb2zu5eef+gpcJYEtokIQ9lx8OKchbQpmaa004kKRYep21vfD3x209UKhYG9zqJqCvwMGA+I1gbqeU/pGdO1i9X7Ko9BVomTk4qkKPRL//0BiGJBQ004ViprmNH2k2x1IxwmpV6saIRJmM8pF1DAyyoctPptRk6McoA+aE0FWg0Vf9OpFgolQjPdAqsR2rRm4j/ed1Y+1duyoIo1jQgs0V+zJEO0eR1NGCSEs0TQzCRzNyKyAhLTLQJaG6LJ+Z+SKNRohhRWckk5SzmskxatapzXq3dXVTqt3lmRTiCYzgFBy6hDjfQgCYQeIRneIU368V6tz6sz1lrwcpnDmEO1tcv9aGeeQ==</latexit>

f−5/3
<latexit sha1_base64="9C1pypJ1CbHMU1VdXmfFpAZYqoc=">AAACFHicbVC7TsNAEFyHVwivACWNRYREQ7ATEJSRaKALEnlIiYnOl3Nyyt3ZujsjWZZ/goIGPoUO0dLzJbRcHgVJGGml0cyudnf8iFGlHefbyq2srq1v5DcLW9s7u3vF/YOmCmOJSQOHLJRtHynCqCANTTUj7UgSxH1GWv7oZuy3nohUNBQPOomIx9FA0IBipI3UDh7Ts8vzatYrlpyyM4G9TNwZKcEM9V7xp9sPccyJ0JghpTquE2kvRVJTzEhW6MaKRAiP0IB0DBWIE+Wlk3sz+8QofTsIpSmh7Yn6dyJFXKmE+6aTIz1Ui95Y/M/rxDq49lIqolgTgaeLgpjZOrTHz9t9KgnWLDEEYUnNrTYeIomwNhHNbfH53A9pNEwUxSormKTcxVyWSbNSdqvlyv1FqXY3yywPR3AMp+DCFdTgFurQAAwMnuEV3qwX6936sD6nrTlrNnMIc7C+fgHtBZ7z</latexit>

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 grey lines. ‘centre’, ‘advance’,

and ‘return’ denote the locations where the velocity is sampled by HWA: 1D behind the turbine along the
centreline, 1D behind the advancing blade, and 1D behind the returning blade.

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 intensity 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 centreline, behind the advancing blade, and behind the returning
blade at x/D = 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). Fig. 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 = 2frot = 21.97 Hz. 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 frequency
0.5fBP = frot = 10.98 Hz in the PSD of the advancing blade wake in particular. This is a feature of a body that
is auto-rotating perpendicular 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 = 1, and eventually these two advancing
blade vortices merge into a single vortex [68, 69]. Therefore, the vortex shedding frequency equal to the turbine
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 flowfield in Fig. 16. Intensities of
PSDs at the blade passing frequency ϕ(fBP) 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
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FIG. 18: (a) Eigenvalue distribution and (b) cumulative distribution of streamwise velocity u, stream-normal
velocity v, and vorticity ω as a function of the number of modes m. The magnified window in (a) shows the first 10

POD modes of the vorticity ω.

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 Kármán vortex-like structure.
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combination of spatial eigenfunctions with time coefficients. For straight-bladed VAWT, Le Fouest et al. [70] and
Dave and Franck [71] succeeded in connecting POD modes with torque generation mechanism. Eigenvalues are sorted
such that the first mode is the most dominant flow structure. Flowfields (u, v, ω) are reconstructed as, for example
for vorticity ω

ω(x, y) =
N
∑

i

ai(tn)ψω,i(x, y), (13)

where ai is the time coefficient of the i-th POD mode ψi. In total, 5000 PIV snapshots are used for POD, and 20
modes are used to reconstruct the instantaneous flowfields. The time coefficient ai indicates the significance 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 10 POD modes of the vorticity. Although the POD modes for the streamwise 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 shedding is highly intermittent and chaotic.
Fig. 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 normalised 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 = 2, which are not
captured by the phase-averaged vorticity field. The second mode mainly captures the vorticity field at θ = 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 torque, this mode will probably be the torque-generating mode since the dynamic torque of a freely-
rotating Savonius turbine takes its highest at around θ = 90◦ and the lowest at θ = 0◦ [13]. In addition, the second
mode also captures the shed vortex from the advancing blade, shown as a red region at around (x/D, y/D) = (2, 1),
at θ = 150◦ − 180◦ (or 0◦), where the time coefficient takes its negative peak. Note that the sign of the vorticity (red

and blue in colour) is inverted in the POD mode because of the negative time coefficient (i.e. ω =
∑N

i ai(tn)ψω,i).
The time coefficient of the third mode (Fig. 19 (b)) has the positive peak at θ = 120◦ − 150◦. The mode represents

the counter-rotating twin vortex behind the turbine (x/D = 1) that is seen from the phase-averaged vorticity field
in Fig. 16. The negative peak of the time coefficient is present at θ = 30◦ − 60◦. This mode captures the Kármán
vortex-like structure at x/D = 2, which is not identified by the phase-averaged vorticity field (c.f. Fig. 16). This
Kármán 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 = O
(

104
)

.
We use the far-field of the open-jet where turbulence intensity is high (Iu = 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 ⟨TSR⟩ 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 reasons. One is the turbulence intensity,
which theoretically increases the time-averaged torque and power of the turbine. The other is the attenuated 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 experimental results. In addition, we also find that TSR is increased when the 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 approximately 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.
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The present study experimentally and analytically provides the future possibilities that the Savonius wind turbine
will be more commonplace 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 = O

(

104
)

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. Further, future studies should be performed to investigate the effect of
turbulence intensity on the torque and power of the Savonius turbine. In future work, therefore, we will conduct time-
resolved torque measurements at different tip-speed ratios to characterise more detailed torque and power differences
over a range of turbulence intensities.
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