ARCHIVES OF ACOUSTICS

Research Paper

Aeroacoustic Effect of Savonius Rotor Segmentation

Shivangi SACHAR()* | Piotr DOERFFER(), Pawel FLASZYNSKI() | J6zef KOTUS®)e,
Krzysztof DOERFFER(®) | Joanna GRZELAK®), Michal PIOTROWICZ(™)

@ Institute of Fluid Flow Machinery, Polish Academy of Sciences
Gdansk, Poland

@ Qdansk University of Technology
@ Faculty of Electronics, Telecommunications and Informatics, Audio Acoustics Laboratory
Gdansk, Poland

*Corresponding Author e-mail: shivangi_sachar@hotmail.com
Received February 24, 2025; revised April 10, 2025; accepted April 10, 2025;
published online June 6, 2025.

Switching to renewable energy has been accelerated in recent decades due to the depleting fossil fuel reserves
and the need to mitigate environmental and climate degradation. Wind power, especially in urban areas, has
seen a significant growth. A critical consideration in the urban wind turbine installation is the noise impact on
residents. This study investigates the noise generated by wind turbines under different operational conditions,
comparing single-segment and five-segment rotor designs. Various acoustic analyses were conducted, including
broadband analysis with weighting curves Z, A, C, and G, a narrowband analysis using 1/12 octave bands, and
broadband calculations of sound quality indicators such as sharpness, roughness, and fluctuation strength (FS).
The FS was also examined in the Bark scale frequency domain. The study linked the acoustic analysis with the
rotor efficiency related to power production. The findings indicate that five-segment rotors generate less acoustic
energy due to phase shifts, enhancing dissipation rates, and acoustic energy decreases with the increasing load,
peaking when rotors are free at high revolutions per minute (RPM). While single-segment rotors show higher
efficiency, they produce more noise. In contrast, five-segment rotors offer a better sound quality, making them
preferable despite a lower efficiency. This research provides essential insights into designing urban wind turbines
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that balance efficiency and noise, crucial for sustainable energy solutions.
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1. Introduction

Noise from wind turbines is a significant con-
cern in energy production, linked to various health
issues including irritation, elevated blood pressure,
and sleep disturbances (ABBASI et al., 2019; ANJUM,
KuUMARI, 2022; ZARE et al., 2020; KoTus, KOSTEK,
2008). High-frequency mnoise can cause headaches,
fatigue, and immune system suppression (MUNZEL
et al., 2018; SZYCHOWSKA et al., 2018; ANnjuMm, KU-
MARI, 2022), while residents near wind farms of-
ten experience annoyance, impacting their daily tasks
(PAWLACZYK-L.USZCZYNSKA et al., 2014; HAFKE-DYS
et al., 2016). Previous research indicates that individ-
uals within a 500m radius of wind energy plants ex-
hibit significant responses to the turbine noise, with

annoyance extending to 1900m (VAN DEN BERG,
2004). However, further investigations are needed due
to limited empirical data linking public annoyance di-
rectly to the wind turbine noise.

Wind turbine noise can be classified based on fre-
quency as tonal or broadband, originating from aero-
dynamic or mechanical sources (HANSEN, HANSEN,
2020). Environmental factors such as temperature,
humidity, and obstacles can affect noise propaga-
tion, with the turbine blade motion particularly no-
ticeable at night (DESHMUKH et al., 2019; NGUYEN
et al., 2020). To mitigate noise pollution, govern-
mental guidelines specify maximum permissible noise
levels, necessitating adherence to local factors dur-
ing turbine deployment (DAVY et al., 2018; GALLO
et al., 2016).
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Horizontal axis wind turbines (HAWTs) domi-
nate wind energy extraction but face limitations such
as size and maintenance requirements (DAVY et al.,
2018; GALLO et al., 2016). In contrast, vertical axis
wind turbines (VAWTS) offer reduced mechanical noise
transmission and diminished aerodynamic noise lev-
els (MOLLERSTROM et al., 2014; GRAHAM, PEARSON,
2022). However, research on VAWTSs remains some-
what limited, prompting a need for comprehensive
evaluations to optimize efficiency while minimizing
noise disruption (DUMITRESCU et al., 2010; IIDA et al.,
2004).

The Savonius VAWT (SVAWT) emerges as a prom-
ising option due to its reduced noise emission and suit-
ability for urban environments (AKWA et al., 2012;
DOERFFER et al., 2021). Despite producing less noise
than HAWTSs, the trade-off for noise reduction leads to
a decreased energy output (OERLEMANS, FUGLSANG,
2012; GHASEMIAN, NEJAT, 2015). Enhancements such
as rotor segmentation have been proposed to improve
efficiency (KACPRZAK et al., 2013; MAHMOUD et al.,
2012; SuUN et al., 2012; DRISS et al., 2014).

Research in wind energy has shifted towards ur-
ban integration and regulatory compliance, driven by
environmental concerns (New World Wind, n.d.; IBIS
Power, n.d.). Nevertheless, a detailed analysis of the
VAWT power production and acoustics remains lack-
ing (AKWA et al., 2012; SACHAR et al., 2023; JEONG
et al., 2014). Thus, evaluating Savonius VAWTs for
urban environments, considering noise-efficiency trade-
offs, is crucial for public acceptance (New World Wind,
n.d.; IBIS Power, n.d.). This study aims to address this
gap by conducting experiments on a standard Savo-
nius rotor, exploring the impact of segmentation and
assessing the sound quality (FASTL et al., 2007).

2. Wind turbine model and experimental setup

Various configurations of the Savonius rotor were
devised and tested for the research detailed in this pa-
per, with wind velocities ranging from 7m/s to 12m/s.
The experimentation was conducted within a dedi-
cated test section, depicted in Fig. 1, established at the
Institute of Fluid Flow Machinery Polish Academy of
Sciences (IMP PAN). This facility comprises three inlet
fans capable of operating at adjustable speeds. A wind
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Fig. 1. Test section used in experiments.

velocity of 8.5m/s was maintained for the investiga-
tions reported herein.

The calibration of the test stand posed a chal-
lenge in achieving uniformity in the outlet stream.
Three streams from propulsion fans were uniformly
distributed by changing the local density of meshes at
the screen between fans and the test section. An ade-
quate location of one-, two-, and three-layers of meshes
allowed obtaining a satisfactory uniformity of the out-
let stream. On top of that a honeycomb straightener
was inserted to reduce the transversal fluctuations in
the air stream. The velocity was measured at the
measurement points forming a grid with a spacing of
100 mm to confirm the uniformity of the outlet stream.
This was obtained with the help of a support line hold-
ing nine Prandtl probes across the stream as shown in
Fig. 3. It was measured that the standard deviation of
the outlet velocity was around 10 %. This uniformity
of the incoming stream was satisfactory in such a sim-
ple test stand. As shown in Fig. 3, a Prandtl probe
is mounted in the middle of the outlet box to provide
a reference stream velocity.

The test section can operate one rotor at any given
time, while it can accommodate the simultaneous
mounting of three distinct rotors for storage pur-
poses (Fig. 1). Additionally, a pulley system facilita-
tes the manipulation of these rotors. The three ro-
tor configurations utilized in this study include single-,
double-, and five-segment variants, each with a height
of 2.2m and a diameter (D) of 0.5m. An integral fea-
ture of the test section is its loading apparatus, en-
abling the modification of the load exerted on the
tested rotors. This functionality allows for a compar-
ative analysis under various loading conditions, with
concurrent noise measurements captured via micro-
phones. Specifically, this study focuses on a comparison
between single and five-segment rotor configurations.
The single-segment rotor mirrors the conventional
Savonius rotor design, comprising ‘S’-shaped buckets
spanning between two end plates at a height denoted
as ‘H’. In contrast, the five-segment rotor configura-
tion consists of five rotors of identical height stacked
atop one another, each rotated at 90° relative to the
preceding segment orientation. This arrangement is il-
lustrated in Fig. 2.

The measurement scenario consisted of quantifying
the performance of the two wind turbines at their com-
plete operational TSR range. The noise emissions were
mainly focused on four cases:

— stopped rotor at different wind speeds;

— no-load condition/free run: the load is being with-
drawn and the rotor is at its maximum speed of
rotation at any given wind speed;

— loaded condition: rotor working under different
load conditions;

— the background noise consisted only of the test
section in the lab (without a rotor).
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The experiment involved both rotors, with a micro-
phone positioned as depicted in Fig. 4. The microphone
location is indicated by the red ellipse. It is placed at
the same location for all the tests carried out. The mi-
crophone is located in the middle of the test section
outlet in the vertical direction. In the horizontal direc-
tion, it is placed outside the stream leaving the test
section. It is at a distance of 0.28 m away from the
test section outlet plane, making sure that the micro-
phone is sheltered from the air jet.
At the jet outlet the static pressure is the same
as the ambient pressure, therefore one may assume
that the free shear layer generated downstream of the
test section wall should follow the wall direction. Such
| a free shear layer starts at the test section outlet and
| ' - expands with the angle of £7° due to turbulent mix-
| O g | ing. This is indicated in Fig. 5a showing that the shear
Prandtl P"er,z Torreterenciily : layer is far away from the microphone location.
! The presence of the rotor close to the outlet plane
| i may impose further deflection of this shear layer. In
| order to make sure that the rotor does not enforce
the interaction of the shear layer with microphone, the
numerical simulations for the investigated configura-
tion have been carried out. This simulations have been
done for the two limiting cases: no-load (TSR = 1.8)
and maximum-load (TSR = 0.9).
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Fig. 5. Acoustic measurement setup: a) test section outlet configuration; b) CFD of the outlet flow TSR = 0.9;
¢) CFD of the outlet flow TSR = 1.8.
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Numerical simulations were performed using the
FINE/Open NUMECA/CADENCE software, which
employs a finite volume method with a central dif-
ferencing scheme enhanced by artificial dissipation for
spatial discretization, and a Runge-Kutta type time
integration scheme. The time step in each case cor-
responds to a rotor rotation of 2°. A full multigrid
strategy was applied to enhance the convergence rate.
The calculations were carried out under the assump-
tion of a two-dimensional, incompressible, and turbu-
lent flow (at the mid-span of the wind tunnel), us-
ing the k-w SST turbulence model. Boundary condi-
tions were defined based on the values measured on
the experimental setup. To allow for the full develop-
ment of the flow, simulations were conducted over 20
full revolutions. The computations were then contin-
ued for an additional 10 revolutions, over which the
results were time-averaged. The results of the numer-
ical simulations, presented in Figs. 5b and 5c, were
obtained based on experience with unsteady flow con-
figurations including aeroacoustic effects (FLASZYNSKI
et al., 2021; GRZELAK et al., 2024; SURESH et al.,
2024). In Figs. 5b and 5c¢, the time-averaged veloc-
ity (over 10 rotations) is shown. These results indicate
that the free shear layer developing downstream of the
wind tunnel wall is far from the microphone location.
The induced air flow around the microphone is of very
low velocity, confirming that the jet downstream of the
wind tunnel does not affect microphone recordings.

The objective of the tests was to assess the over-
all noise generated by the rotor under various load-
ing conditions. Subsequently, the same procedure was
repeated, with each rotor type subjected to identical
operating conditions. Noise measurements were taken
using a sampling method, employing a class 1 Sound
Level Meter SVAN 979 with a high quality omnidi-
rectional G.R.A.S. 12" measuring prepolarized free-
field microphone, type 40AE and the SV 17 pream-
plifier. The sound level meter was calibrated before
and after the measurements using the SV 36 acoustic
calibrator. The raw sound data was recorded during
the noise measurements for further analysis using the
SVANPC++ software, version 3.4.4. Measurements
were repeated three times for each case N = 3, with
each sample recorded for T" equal to 60s. The measur-
ing microphone was positioned using a tripod, halfway
up the rotor, outside the mainstream from the test
section exit, at a distance of 0.7 m from the rotor axis.
A windscreen was used for the microphone.

Simultaneously, measurements were taken to deter-
mine the rotor performance characteristics and estab-
lish the relationship between the coefficient of power
(Cp), TSR, and revolutions per minute (RPM). These
experiments were conducted under conditions consis-
tent with the noise measurements, with the fan fre-
quency set to 35Hz to produce a wind velocity of
8.5m/s.

It is essential to note that the relative noise pro-
duction discussed in this study between single and five-
segment rotors does not fully represent the noise levels
produced by rotors individually in real-world condi-
tions, where factors such as inlet turbulence, temper-
ature, humidity, and shear may significantly influence
the noise levels.

The recorded acoustic data was analyzed using sev-
eral methods, as shown in Fig. 4. First, the broadband
analysis was performed. In this case the equivalent
continuous sound pressure level (Leq) for four weight-
ings curves (Z, A, C, and G) was determined. Next,
the analysis of the sound pressure level (SPL) was
extended using a narrow band analysis. This analy-
sis was performed using a /12 octave band analyzer.
The /12 octave band equivalent SPL with the weight-
ing curve Z was determined to evaluate the actual
noise production between the considered rotors. The
main aim of this analysis was to evaluate the actual
noise production between the considered rotors. Those
analyses were performed using the SVANPC++ soft-
ware, version 3.4.4 and the Pulse Reflex software. The
Ly, for a given measurement period (7'), was calcu-
lated using the selected weighting filter: Z, A, C, or G.

The indicator Lzeq ave. (f) was computed for each
Lh2 octave band spectrum, and the average value was
calculated as follows:

N
Dt () = 10030 3, 321070701 ], (1)
i=1

where f is the frequency of the 1/12 octave band, 180
filters were used for the frequency range from 0.71 Hz
up to 22000 Hz, N is the number of recorded samples.

The third method was a psychoacoustic analysis. In
this case selected metrics related to the sound quality
such as sharpness, roughness, and fluctuation strength
(FS) were determined. Sharpness is a hearing sensa-
tion related to frequency and independent of loudness.
Sharpness corresponds to the sensation of a sharp,
painful, high-frequency sound and is a comparison of
the amount of high frequency energy to the total en-
ergy (FASTL, ZWICKER, 2007). Roughness is a com-
plex effect which quantifies the subjective perception
of the rapid (15Hz-300Hz) amplitude modulation of
a sound. The unit of measure is asper. One asper is de-
fined as the roughness produced by a 1000 Hz tone of
60 dB which is a 100 % amplitude modulated at 70 Hz
(FASTL, ZWICKER, 2007; CoX, n.d.). The FS is sim-
ilar in principle to roughness except that it quanti-
fies a subjective perception of a slower (up to 20 Hz)
amplitude modulation of a sound. The sensation of
the FS persists up to 20Hz, then at this point, the
sensation of roughness takes over (FASTL, ZWICKER,
2007; Cox, n.d.). The main purpose of this analysis
was to extend the knowledge about phenomena re-
lated to the perception of the sound emitted by the
examined rotors by human beings. A psychoacoustic
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analysis was conducted using the Pulse Reflex soft-
ware, version 21.0.0.567, provided by Bruel & Kjaer
(FASTL, ZWICKER, 2007).

For all types of the performed analysis, three inde-
pendent recordings (independently for each rotor type
and considered conditions), with T set to 60's, were an-
alyzed. Finally, the average value was calculated and
presented.

3. Results and analysis

The findings from experiments conducted on
a single- and five-segment rotor installed in the test
section, as illustrated in Fig. 4, and operated at a wind
speed of 8.5m/s, are depicted in Fig. 6 (see Sub-
sec. 3.2). This wind velocity, generated by the fans,
corresponds to a frequency of 35 Hz and is denoted by
a dashed vertical line in the plots. It is essential to ac-
knowledge that the acoustic emissions from the fans
were notably high. Therefore, the comparison between
the two rotors should focus solely on the difference
in the SPL, rather than absolute values.

The noise measurements were conducted under the
three following conditions:

— rotor under the maximum-loading condition, where
the single-segment rotor operated at 300 RPM
(equivalent to a frequency of 5Hz), and the five-
segment rotor operated at 250 RPM (equivalent to
a frequency of 4.17 Hz);

— rotor without loading, with the five-segment rotor
operating at 500 RPM (equivalent to a frequency
of approximately 8.5Hz) and the single-segment
rotor operating at 575 RPM (equivalent to a fre-
quency of 9.55 Hz);

— test section with the rotor in a stationary (non-
rotating) position.

The aforementioned conditions were applied to:

— the test section with the five-segment rotor;
— the test section with the single-segment rotor;
— the test section noise without a rotor (fan noise).

The obtained measurement data was used to perform
4 types of analysis. First, a broadband analysis was
performed.

The effect of the rotor presence and the background
noise of the test stand, generated mainly by the propul-
sion fans, is presented in Fig. 6a. The rotor type plays
a minor role on the generated noise. Nevertheless, its

implementation contributes significantly to the noise
generated by the propulsion fans. However, this con-
tribution takes place below the frequency of f < 130 Hz
only.

The detailed results are shown in Subsec. 3.1. Next,
the narrowband analysis is detailed in Subsec. 3.2. In
Subsec. 3.3., the acoustic analysis was extended by the
selected sound quality measures. Finally, a relation be-
tween the noise produced and the rotor efficiency is
detailed in Subsec. 3.4.

3.1. Broadband analysis

The main aim of the broadband analysis was to
show the total level of noise using three types of fre-
quency weighting curves: A, C, Z. For better under-
standing of the considered phenomena, the broadband
analysis was extended by a low frequency analysis,
including infrasound, using the weighting curve G.
The average equivalent SPL was calculated for this
purpose for all the considered cases: stopped rotor,
rotor with load (maximum-loading conditions), ro-
tor without load (free-run). The fan noise (the noise
level without a rotor) was used as a reference for the
cases discussed, as seen in Fig. 6. The average val-
ues were calculated using three samples of equivalent
sound pressure levels. Each sample value was calcu-
lated for 60-second sound recordings. The obtained re-
sults are shown in Table 1.

The detailed assessment of the noise level emitted
by a rotor in the presented measuring setup is dif-
ficult for the following reasons: the used fan system
produced a very high level of background noise;
the noise emission from the rotating rotor is closely
related to the wind speed; and the rotor is not a wind-
independent source of the noise. For these reasons, the
traditional method of evaluating acoustic emissions
— measuring the noise immission and the acoustic
background, then calculating the noise emission as the
energy difference between them — is not appropriate.
In the measurement system used, the rotor acts
as a background noise modulator and, in selected
situations, causes an increase in the noise level. The
way in which the background noise is modulated is
directly related to the design of the rotor and the way
of its rotation, depending on the load. Taking this
fact into account, it was proposed to assess the rotor
noise using simply the difference between the noise
level with the rotor (in a particular state) and the fan

Table 1. Comparison of sound levels for one-segment and five-segment rotors.

One-segment rotor Five-segment rotor
Measurement case
LAeq LCeq LZeq LGeq LAeq LCeq LZeq LGeq
Fan noise 95.7 101.9 102.0 82.8 95.7 101.9 102.0 82.8
Stopped rotor 96.2 102.1 102.4 88.2 95.7 101.9 102.2 89.8
Free run 99.0 105.3 109.3 117.1 95.7 102.3 103.3 98.5
Rotor with load 96.1 103.0 111.7 110.0 95.7 101.9 104.1 96.7
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noise level. Based on this assumption, the difference
levels were calculated for both the considered types of
rotors. These calculations were done for two cases.
First, the difference between the emission and the
background noise levels was determined. The result
was marked using symbol A. The obtained results are
shown in Table 2. Next, the difference between the
rotors was calculated. The one-segment rotor values
were used as a reference for this purpose. The results
are shown in Table 3. The noise of the stopped rotor re-
sults from a static disturbance of the airflow. The noise
level exceeding the background acoustic level results
from the turbulence introduced by the rotor structure
in the air stream because the rotor is stopped. For the
single-segment rotor, higher noise levels were recorded
for each indicator type (see Table 1). For the free-run
mode for the single-segment rotor, the noise level was
3dB higher compared to the acoustic background for
curves A and C and by 7.3dB for curve Z (see Ta-
ble 2). For a five-segment rotor, the change in the
acoustic background level is very small. An increase
in the background noise level of 2.1 dB was noticeable
only for the load mode and for the curve Z analysis.
The greatest differences for the curve G were noticed
between the fan noise and the added rotor. Placing
the stopped rotor in the air flow increased the noise
level by over 5dB for the single-segment rotor and by
over 7dB for the five-segment rotor. This situation can
be noticed in figures presented in Subsec. 3.2. In the
free-run conditions for a single-segment rotor, the Lgeq
level increased by over 34 dB compared to the level of
the fan itself. The noise level for the five-segment ro-
tor in the free-run conditions was 18.6 dB lower than
for the single-segment rotor. In the load conditions,
the noise level for the single-segment rotor decreased
by 7.1dB compared to the free-run conditions. In the
case of the five-segment rotor, the difference between
the noise level for the free-run and the load conditions
was 1.8 dB. The noise level for the single-segment rotor
in the load phase was over 13 dB higher compared to
the noise level generated by the five-segment rotor.
An additional analysis involved determining the
differences in the noise level between the single-
segment rotor and the five-segment rotor. Even when
the rotors were not rotating, the noise level was
(slightly) higher for the single-segment rotor than for
the five-segment rotor. The noise level for the single-
segment rotor in the free-run mode was 3dB higher
than the acoustic background (for curves A and C) and

6 dB for curve Z. The difference between curves A, C,
and 7 is affected by the strong attenuation introduced
by curves A and C for low frequency. The noise level
for a single-segment rotor in the load mode was slightly
higher for A- and C-corrected indicators and 7.6 dB
higher for the curve Z. This means that the differences
between the rotors occur mainly in the low-frequency
range, with higher levels recorded for the single-
segment rotor. Based on the research, it has been found
that a single-segment rotor causes a greater increase
in the background noise level than a five-segment ro-
tor, and a single-segment rotor causes a measurable
increase in the acoustic background level, especially
for the free run mode and weighting curves A and C.
A loaded single-segment rotor causes only a slight in-
crease in the acoustic background level for weighting
curves A and C. The greatest increase in the noise level
was recorded for the correction curve Z, especially for
the loaded single-segment rotor. The five-segment ro-
tor did not cause any significant change in the acous-
tic background level for the weighting curves A and C.
A slight increase in the level was noted only for the
load mode and the curve Z. In practice, this means
that a five-segment rotor will be less noticeable (in the
acoustic field) than a single-segment rotor. Its design
ensures that the acoustic background level does not
change during its operation.

Based on the broadband analysis, it was found for
the curve G that the greatest differences in the noise
emission, regardless of the rotor type, occurred for the
indicator corrected by the weighting curve G. This
clearly indicates a low-frequency type of emission.
More detailed considerations regarding the distribu-
tion of acoustic energy in the frequency domain are
presented in Subsec. 3.2. Quantitatively, it has been
shown that low-frequency noise emissions, expressed
by the indicator Lgeq, for a single-segment rotor are
many times higher than for a five-segment rotor.
The single-segment rotor in the free-run phase, under
the given test conditions, emitted energy nearly 73
times higher than the five-segment rotor. In the load
conditions, the acoustic energy emitted by the single-
segment rotor was 21 times higher than the acoustic
energy emitted by the five-segment rotor. Therefore,
the working conditions had a significant impact on the
level of emissions. Low-frequency emissions were
the highest in the free-run phase. The results obtained
have considerable practical significance. First of all,
they indicate that the problem of noise emissions con-

Table 2. Noise difference analysis results calculated in relation to fan noise.

One-segment rotor Five-segment rotor
Measurement case
ALAeq ALCeq ALZeq ALGeq ALAeq ALCeq ALZeq ALGeq
Stopped rotor 0.6 0.2 0.4 5.4 0.0 0.0 0.2 7.1
Free-run 3.3 3.4 7.3 34.3 0.0 0.4 1.3 15.7
Rotor with load 0.4 1.1 9.7 27.2 0.0 0.0 2.1 13.9
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cerns low frequencies. The design of the rotor signifi-
cantly affects noise emissions. The five-segment rotor
is characterized by significantly lower acoustic energy
emissions, regardless of the operating conditions. The
biggest differences occurred in the free-run phase. To
extend the analysis, calculations were performed using
sound quality measures. Indicators sensitive to signal
modulation, such as roughness and the FS, are of par-
ticular importance. The results of this study are shown
in Subsec. 3.3.

Table 3. Noise difference analysis between rotors”.

Measurement case Indicator type
ALAeq ALCeq ALZeq ALG-eq
Stopped rotor 0.6 0.2 0.2 -1.6
Free-run 3.3 3.1 6.0 18.6
Rotor with load 0.4 1.1 7.6 13.3

*positive value: the single-segment rotor produced a greater
SPL; negative value: the five-segment rotor produced a greater
SPL.

3.2. Narrowband analysis

In this section, the narrowband analysis results
are presented. As mentioned before, the narrowband
analysis was performed using a constant percentage
bandwidth analyzer with a 1/12 octave band resolution.
The results are presented in two groups of figures: first
separated for the considered state (Fig. 6), second sep-
arated for the considered rotors (Fig. 7).

As depicted in Fig. 6a, both rotors exhibit similar
noise level outputs when the rotor is stationary, al-
lowing for a direct comparison under both no-load and
loaded conditions (Figs. 6b and 6¢). Notably, the angu-
lar position of the stopped rotor relative to the wind
direction did not influence the results. The RPM of
the rotors were standardized as the reference value for
each scenario, with the corresponding frequencies and
recorded sound energy levels [dB].

Distinct differences in the acoustic energy distribu-
tion among the considered rotors are observable, par-
ticularly at low frequencies, notably between 1 Hz and
51 Hz, as illustrated in Figs. 6b and 6¢. A significant
disparity in both frequency and acoustic energy pro-
duction within this range is evident (as was mentioned
in the previous section, especially for the weighting
curve G). Consequently, the collective SPL for this
frequency band was computed. An analysis of the en-
tire frequency spectrum reveals discrepancies not only
in the low-frequency range but also around 1000 Hz.
Specifically, the single-segment rotor generated higher
sound levels than the five-segment rotor, particularly
under no-load conditions (Fig. 6¢). For loaded condi-
tions, differences are primarily observed in the low-
frequency range, leading to analysis limited to frequen-
cies between 1 Hz to 51 Hz (Fig. 6b).

The initial peak corresponds to a weak impulse
frequency of approximately 4.8 Hz when maximum-
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loading is applied, aligning with the complete rotor
RPM of 286 (4.78 Hz). This phenomenon is also ev-
ident in unloaded conditions. Additionally, the effect
of two blades is apparent in both scenarios, corre-
sponding to an RPM value of 572 (9.55Hz), indi-
cating a doubling of the frequency relative to the
RPM. Notably, low-frequency, narrow-band rotational
components typically occur at the blade passage fre-
quency (the rotational speed multiplied by the number
of blades) and its integer multiples, consistent with
the findings presented in (PEARSON, GRAHAM, 2014).
Mathematically, the acoustic energy for all sub-bands
needs to be summed from 1Hz to 51 Hz. Specifically,
75 sub-bands are present from 0.71 Hz up to 51 Hz.
A unified value for this frequency range was computed.
Initially, the SPL is converted to a relative exposure,
representing the square of the acoustic pressure divided
by the square acoustic reference pressure, for each con-
sidered sub-band using the equation:

Ex =101,

where Ex denotes the relative exposure and [ repre-
sents the SPL expressed [dB]. Subsequently, these val-
ues are aggregated. Finally, the sum of the relative
exposure is transformed to the SPL using logarithms
via the equation:

L =10 *log10(sum(Ezx)).

The discrepancy between the rotors was subse-
quently determined: this difference = -1dB for sta-
tionary rotors, indicating a nearly identical SPL for
these conditions; for rotors under no-loading, this dif-
ference = 11.2, signifying that the single-segment ro-
tor generated an SPL 11.2dB higher than the five-
segment rotor. Hence, it can also be inferred that the
acoustic energy produced by the single-segment rotor
is 13.3 times greater than that of the five-segment ro-
tor. A comparable difference of 11.4 is observed for the
loaded rotor. In this instance, the acoustic energy pro-
duced by the single-segment rotor is 13.8 times greater
than that of its five-segment counterpart.

As previously mentioned, an elevation in the noise
produced by the single-segment rotor is noted, be-
tween approximately 500 Hz and 1500 Hz. This region
is delineated by a red ellipse in Fig. 7a and is ab-
sent in the case of its five-segment counterpart. Ad-
ditionally, it was observed that noise peaks in the case
of a five-segment rotor transitioned towards broad-
band frequencies and attenuated at a faster rate.
This phenomenon arises from the heightened mix-
ing of complex vortices formed in the case of a five-
segment rotor compared to two rotors under simi-
lar testing conditions, disrupting the coherence pat-
terns. This effect, akin to the addition of serrations
in aircraft wings, serves to distribute noise-generating
vortices, consequently reducing noise levels (MOREAU,

DooLAN, 2013; VAN DER VELDEN, OERLEMANS, 2017;
MATHEW et al., 2016; OERLEMANS et al., 2009). This
observation elucidates the acoustic energy distribution
presented in Fig. 7, where identical frequencies are
recorded with varying sound levels for each scenario.

Upon evaluation of both cases, it becomes appar-
ent that the unloaded rotor generates more noise com-
pared to its loaded counterpart, as depicted in Fig. 7.
It is evident from the plots and tables that the five-
segment rotor yields a lower sound energy compared
to its single-segment counterpart, a conclusion further
validated by calculating the sound intensity difference
between the two cases.

3.3. Psychoacoustics

For the next part of the research, psycho-acoustics
related to sound quality was analyzed based on the
studies presented in (SAHAI, 2016; BLAUERT, 2005).
Figure 8 shows a variation in the different sound pa-
rameters under consideration. The FS, representing
the modulation in sound, is at its peak value for a fre-
quency of about 4 Hz.

T
[ Fluctuation strength

[ Roughness

[ Sharpness 1

1.8 T

Values

No-load
one-segment

No-load Load Load Fan
five-segment one-segment five-segment

Conditions
Fig. 8. Information about sound quality for single and five-
segment rotor under different operational conditions, the
units are as follows: FS [vacil], roughness [asper], sharpness
[acum)].

A higher FS draws more attention to it and can
thus cause more irritation. It is evident from Fig. 6b
that a peak related to the BPF (blade passing fre-
quency) takes place about this frequency for the case
when the rotor is under maximum-loading. This is
also seen in Fig. 8. Another factor under considera-
tion is the sound roughness which reaches a maximum
at a frequency of about 70Hz. As anticipated from
the power spectrum plots, sharpness, which is related
to how pleasant one feels when hearing the noise, is
mainly dominated by higher frequencies and is similar
in all the cases.



S. Sachar et al. — Aeroacoustic Effect of Savonius Rotor Segmentation 285

A broadband analysis of selected SQ parameters
showed that it was the F'S that was the metrics dis-
tinguishing the examined rotor types. Differences in
the FS parameter values occurred both in the free-run
(slight differences) and the load mode (larger changes).
An extended analysis of this indicator in the frequency
domain was performed to more precisely check the
properties of the tested rotors in terms of diversity
in the FS parameter. Due to the fact that SQ mea-
sures refer to perceptual phenomena, the FS spectrum
is presented on the Bark scale. The analyses were per-
formed for a free run and load phases. The obtained
results are shown in Fig. 9. A higher value of the FS
indicator (related to the five-segment rotor) in the free
run mode for a single-segment rotor occurred for the
frequency bands covering the Bark scale from 5 to 8
(the widest range), 11-13, and 17-19. A slight increase
in the FS index was noted only for the 3-Bark band in
the load phase of the five-segment rotor. It can be sum-
marized that the F'S in this rotor type does not depend
on the type of rotation and that this rotor type does
not induce this type of sensation. In the case of a single-
segment rotor, a drastic increase in the FS value was
observed in the load conditions. Moreover, a significant
increase in the number of bands in which an increase in
the F'S took place was also observed. The lower range
was expanded by a band of Bark 3. The two higher
sub-ranges were merged into one range from 10 to 17
Barks. This means that the impression of the mod-
ulation strength expanded in the frequency domain,
taking on a broadband character and its strength in-
creased significantly.
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Fig. 9. F'S spectrum on the Bark scale for examined rotors
under considered conditions.

A single-segment rotor modulates background noise
much more effectively. This results directly from its
design. The wide blade of the wing captures a large
volume of air at a given moment (which is the center
of acoustic wave propagation), causing instantaneous
rapid changes in the sound pressure (resulting from
the rotor rotational speed), which is audible as a noise
modulator (a sound similar to a flag flapping or flap-

ping in the wind). This was confirmed by a higher value
of the FS index for a single-segment rotor. The modu-
lation of the background noise in a five-segment rotor is
very low, and the obtained indicators do not differ sig-
nificantly from the values obtained for the background
noise. Less disturbance of the acoustic background for
a five-segment rotor comes at the cost of a lower en-
ergy efficiency of this structure. A single-segment rotor
is characterized by greater efficiency and more notice-
able changes in the acoustic background. The broad-
band SQ results presented for the fan only, especially
the FS, obtained for the fan noise (without rotors),
have similar values as the stopped rotors and the five-
segment rotor with load.

The frequency domain analysis of the fan noise
(without rotors) indicated that the FS distribution was
similar to the five-segment rotor (for both conditions:
free run and load) and was even greater for Bark 2-4
than for this rotor. It means that the five-segment ro-
tor efficiently reduced the modulation of the sound.

3.4. Rotor efficiency and noise

The final finding, which explores the impact of seg-
mentation on efficiency alongside noise, is illustrated
in Fig. 10. The performance variation across the en-
tire operational range of TSR has been depicted. No-
tably, the single-segment rotor exhibits superior C),
values throughout the TSR range under examination.
It should also be noted that the maximum efficiency
can be seen at a TSR value of about 1 for both cases,
corresponding to a rotor rotational speed of 300 RPM.
The maximum rotational speed in the no-load case
takes place just above 500 RPM. A single-segment ro-
tor achieves a maximum efficiency of 33.15 %, whereas
a five-segment rotor attains a maximum efficiency of
26.45 %. A relative decrease of 20 % in efficiency is ob-
served for a segmented rotor compared to a conven-
tional Savonius rotor.
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Fig. 10. Performance characteristics with respect to TSR.

Additional plates are inserted in the case of a seg-
mented rotor (Fig. 2). These plates introduce addi-
tional surfaces at which boundary layers are formed,
inducing viscous losses in the rotor. In addition, these
boundary layers are inserted into the highly curved
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blades, which generate a pressure gradient normal to
the blade surface. Such a pressure gradient gener-
ates a transverse flow within the boundary layer, be-
coming a source of 3D flow structures. These two rea-
sons become a source of increased losses at a segmented
rotor.

Comparing these results to the SPL analysis pre-
sented in Subsec. 3.2, it should be recalled that the SPL
in stopped rotors (RPM = 0) is nearly the same. In the
case of maximum-loading rotors, the single-segment ro-
tor produces a much higher SPL than the five-segment
rotor. It should be taken into account that the in-
troduction of additional plates in the segmented ro-
tor becomes a source of streamwise vorticity, which
is intersecting blade span-wise vortices. This vortex
disintegration mechanism reduces noise but often in-
creases losses. This may also shift the emitted noise
from low to higher frequencies. The differences occur
mainly in the low-frequency region (1 Hz—51 Hz). Thus,
it can be concluded that an increase in power produc-
tion is redeemed at the expense of an increase in noise
emissions. The contribution of noise emissions from
a single-segment in the free-run condition of the rotor
is still higher and includes contributions from higher
frequencies (around 1000 Hz), as well.

4. Conclusions

The presented study indicates that the noise pro-
duced by a wind turbine is influenced by its operational
parameters. This research involves a comparative ana-
lysis between a single-segment rotor and a five-segment
rotor, offering insights into the most favorable operat-
ing conditions and the rotor type that minimizes the
noise while maximizing the efficiency. It can be inferred
from the results obtained that:

— a five-segment rotor produces less overall acoustic
energy as compared to that produced by a single-
segment rotor. The changing phase of the seg-
ments breaks the coherence of the flow and shifts
the noise energy content to higher frequency spec-
tra, where the dissipation rate is faster;

— the amount of acoustic energy produced decreases
as the load increases, peaking when the rotor is
spinning without any external-load;

— the greatest differences in noise emissions between
the considered types of rotors concern low fre-
quency noise.

— under the specified test conditions at a wind speed
of 8.5m/s, a single-segment rotor demonstrates
a greater efficiency compared to a five-segment ro-
tor, achieving a maximum performance efficiency
of 32% as opposed to 26.5 % for the five-segment
rotor;

— following the conclusions, the sound quality of
a five-segment rotor makes it a preferable choice.

Very practical conclusions can be drawn from the ana-
lysis: if the lowest possible noise level is a critical pa-
rameter in a given area, it is recommended that multi-
segment structures are used. However, if the priority
is to obtain the highest possible efficiency of the sys-
tem, then the first choice will be to use single-segment
systems.

The analysis of the sound quality measures indi-
cated that the metrics such as roughness and sharp-
ness are similar for both rotors. The significant dif-
ferences between the examined rotors were noticed in
the FS. The greater value of these metrics occurred
for the single-segment rotor. The SQ metric values in
the case of the five-segment rotor were similar in all
conditions (free-run and with load) to the values ob-
tained for the fan noise. Further analysis is required in
a quieter environment to maintain the efficiency of the
single-segment rotor with low noise levels. An exper-
imental campaign has been planned in collaboration
with the Technical University of Delft to localize the
noise sources using a microphone array in contrast to
a single microphone used for this study. This will help
in optimizing the design and reaching our final aim of
more production of power with less noise disturbance.
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