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acoustic measurements from wind 
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This paper presents a publicly available dataset from wind tunnel experiments carried out under the 
European Project ERIES (Engineering Research Infrastructures for European Synergies) at the Giovanni 
Solari Wind Tunnel of the University of Genoa. The dataset contains synchronized measurements 
acquired on a small-diameter, high-rotational-speed Savonius wind turbine under controlled laboratory 
conditions. Experiments were performed for wind tunnel velocities up to 21 m/s and rotor speeds 
up to 2500 rpm, under both smooth and turbulent flow conditions, with turbulence intensities of 
approximately 4% and 8%. The dataset includes: the inlet wind speed measured by a Pitot-static tube; 
the undisturbed wind speed, measured by a Cobra probe; the rotor’s rotational velocity, measured 
by Hall sensors; generated power, estimated from the generated current and rotational velocity; the 
upstream and downstream flow velocities, recorded by hot wires. Additionally, noise emissions were 
recorded by four microphones downstream, providing insight into a relatively unexplored aspect of 
wind turbine performance in the literature.

Background & Summary
Wind turbines, especially those of small size, show significant potential for integration into urban environ-
ments, offering a promising solution for distributed energy generation1. In densely populated areas, where 
energy demands are high, local energy production is becoming more and more popular having the advantage of 
exploiting renewable sources and positively impacting on social perception2,3. Small wind turbines are not yet as 
competitive as other renewable options, such as solar power or large-scale wind farms, due to higher costs per 
unit of energy, lower efficiency, and less widespread adoption4,5. However, they can contribute to meeting the 
growing demand, either in isolated contexts, integrated with other renewable energy systems6, or by supplying 
distributed energy production through numerous small wind turbines7–9. Regrettably, small wind turbines are 
typically situated in areas with low to moderate wind speeds, prioritizing locations where energy demand is high 
over those with optimal wind conditions10,11. Moreover, the high rotational speeds of these devices, combined 
with their proximity to residential areas, can make the resulting noise particularly disruptive12. Beyond the 
audible disturbance, the visual impact of the turbines has been shown to heighten perceived annoyance, com-
pounding the overall negative experience13.

Industrial facilities and urban infrastructures offer numerous sites where wind speeds are accelerated, pre-
senting opportunities for installing small wind turbines without the need for additional supports14 This approach 
significantly reduces installation costs compared to conventional setups, as turbines can be mounted on existing 
structures like bridges and buildings15,16, capitalizing on favorable wind conditions. However, such settings are 
prone to strong wind gusts, and localized obstacles can create high-wind zones, necessitating periodic turbine 
shutdowns for safety17,18.

1Dept of Civil, Chemical and Environmental Engineering, University of Genova, Genoa, Italy. 2Faculty of Mechnical 
Engineering and Ship Technology, Gdańsk University of Technology, Gdańsk, Poland. 3Multimedia Systems 
Department, Faculty of Electronics, Telecommunications and Informatics, Gdańsk University of Technology, Gdańsk, 
Poland. ✉e-mail: luisa.pagnini@unige.it

Data Descriptor

OPEN

https://doi.org/10.1038/s41597-026-07179-2
http://orcid.org/0000-0003-4978-3352
mailto:luisa.pagnini@unige.it
http://crossmark.crossref.org/dialog/?doi=10.1038/s41597-026-07179-2&domain=pdf


2Scientific Data |          (2026) 13:824  | https://doi.org/10.1038/s41597-026-07179-2

www.nature.com/scientificdatawww.nature.com/scientificdata/

Savonius-type wind turbines have been in existence for over a century, with extensive research dedicated to 
their development19,20 through wind tunnel tests and/or CFD simulations. A comprehensive programme of wind 
tunnel experiments and modelling analyses on two-bladed Savonius rotors explored geometric parameters to 
optimise the rotor configuration and improve its efficiency21. Other studies investigated the aerodynamic per-
formance of single-, two-, and three-stage systems22,23 and examined various geometric parameters24, including 
the number of blades25. Several enhanced configurations have been explored to improve aerodynamic perfor-
mance, such as incurved Savonius rotors26, helical blades27,28, slotted blades29, and modifications to the inner 
blade surface30. Additional strategies include the use of external aerodynamic appendages31, as well as deflector 
plates positioned upstream32 and downstream33 of the rotor. Newly developed Savonius turbine concepts have 
also been proposed and investigated34,35.

The noise characteristics of small-scale wind turbines have been investigated through various experi-
mental studies. For example, the power spectral density of acoustic emissions from vertical axis wind tur-
bines in urban environments was analysed under varying wind speeds using wind tunnel experiments36. 
Narrowband and broadband aerodynamic noise components have been investigated numerically12, experi-
mentally37, and through field measurements38. These studies primarily focused on Darrieus-type turbines. In 
contrast, noise investigations specific to Savonius wind turbines are limited and primary based on numerical 
simulations39,40.

Despite their lower efficiency, Savonius rotors offer several advantages that continue to make them 
appealing in the market41. Firstly, they are well-suited for the wind power requirements of the prosumers, 
as they can effectively operate with small diameters. Secondly, they boast simplified control systems, as 
their maintenance is straightforward, often eliminating the need for complex braking systems. Additionally, 
Savonius rotors possess a unique feature that prevents them from overspinning. This characteristic arises 
from their behavior in the tip-speed-ratio (TSR) range exceeding 1.2, where they exhibit a tendency to 
reduce power production as TSR increases, with power disappearing at TSR values greater than approxi-
mately 1.8. This inherent simplicity, enhanced by the fact that increasing rotational speed correlates with a 
reduction in power production, ultimately results in a complete loss of power beyond a certain rotational 
speed. It’s worth noting that reducing the rotor’s diameter results in higher rotational speeds. This aspect 
necessitates careful consideration, particularly for the safety of wind turbines installed near buildings and 
populated areas.

The proposed Savonius turbine is conceived to ensure effective operation in all wind conditions, achieving 
high but controlled rotational speeds while avoiding the necessity of shutdown. This ability to operate without 
interruption, also in challenging weather conditions, offers the added benefit of continuous energy generation 
when other turbines are forced to cease operations. To achieve these objectives, the rotor has been designed to 
withstand high centrifugal forces while ensuring safety, particularly in urban environments. Conducting wind 
tunnel tests on a segment of this prototype wind turbine prior to on-site installation is essential to validate its 
performance and ensure design reliability.

The tests conducted at the Giovanni Solari Wind Tunnel serve several key purposes: validating the reliability 
of small wind turbines with small rotor diameters operating at high rotational speeds; assessing performance in 
smooth and turbulent flow conditions across various operating scenarios; acquiring comprehensive measure-
ments, including undisturbed wind speed, upstream and downstream flow velocities, generated power, rotor 
rotational speed, and noise emissions. The database of measurements recorded during the experiments is pre-
sented with detailed information on methodology and instrumentation. It has been carefully quality-checked 
and published online42 to facilitate reuse by the research community and to advance understanding of the 
Savonius rotor behavior across a wide range of real-world conditions. By examining the performance of the 
rotor in diverse scenarios, researchers can glean insights into its operational characteristics, efficiency, and lim-
itations. This comprehensive dataset offers valuable opportunities for further analysis, optimization, and refine-
ment of the rotor design, ultimately facilitating the development of more efficient and reliable wind energy 
technologies.

Methods
Facility and wind tunnel set-up.  The experimental tests were carried out at the Giovanni Solari Wind 
Tunnel of the University of Genoa. It is a closed-circuit type operating at atmospheric pressure with a working 
section 8.8 m long and a cross-section of 1.70 m (width) × 1.35 m (height). The investigated Savonius rotor fea-
tures a dual-bucket design, with endplates and five transverse stiffeners to enhance structural integrity. Each 
bucket consists of two semicylindrical halves, with radius (r) of 65.75 mm, a thickness (t) of 2 mm, and a blade 
separation gap (g) of 20 mm; the gap ratio (γ = g/2r) is 0.152. The rotor operates without a central shaft. Crafted 
from 2 mm thick painted steel sheet and reinforced by welded joints, the entire assembly stands at a height (H) of 
1.0 m and a diameter Φ = 243 mm; the aspect ratio (H/Φ) is about 4. Refer to Fig. 1(a,b,c) for a visual depiction of 
the model configuration.

The model integrates a 3-phase permanent magnet generator (inner rotor type), a torque meter, a Hall 
sensor, and an AC/DC converter, all connected to a National Instruments NI PXI measurement device. The 
generator is characterized by a nominal voltage of 48 V and a maximum of 190 V, with nominal and maximum 
currents of 2 A and 8 A, respectively. Its nominal power output is 300 W, with a maximum output of 750 W. A 
NCTE 2200-5-A4 torque meter was employed, featuring a measuring range of −5 to 5 Nm and an accuracy of 
≤±1%. It provides an analog output signal of 0–5 V and can operate at rotational speeds up to 5000 rpm. To 
measure mechanical power alongside torque, the Hall sensor incorporates four magnets mounted on a claw 
coupling within the top support. This arrangement ensures accurate readings in a space shielded from airflow 
disturbances, with an error of ±1% or less. A manual resistive load is also connected to the generator. The 
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output signals from the load and the Hall sensor are converted into a format compatible with the NI system 
(±10 V DC signal). This setup yields four channels connected to the NI device. One channel is dedicated to 
torque measurement, feeding directly into the reading system with a signal range of ±5 V. The remaining 
three channels come from the converter and include current, voltage (±10 V) and Hall sensor data (0 or 5 V). 
The power converter necessitates a 12 V DC power supply, which is facilitated through a 230 V AC power 
source.

The rotor model, with the generator and associated electronics, has been positioned vertically within the 
wind tunnel (Fig. 2), securely anchored to both the floor and the ceiling to ensure a stable and robust mounting. 
Precautions to safeguard the tunnel infrastructure included the installation of wooden panels along the walls 
and floor, as well as the fitting of a protective net at the tunnel outlet.

Two different passive grids43, with different mesh and bar sizes, have been used for generating atmos-
pheric turbulence. With reference to Fig. 3a, the thick grid (Fig. 3b) has dimensions M = 155 mm, B = 40 mm, 
D = 15 mm, while the thin grid (Fig. 3c) has M = 155 mm, B = 15 mm, D = 15 mm. They were placed at 2.0 m 
upstream the turbine.

A Pitot-static tube records wind velocity at the wind tunnel inlet at 2 kHz, positioned 2.4 m upstream of 
the turbine and 40 cm upstream of the grid. Additionally, a TFI Cobra Probe has been used for measuring the 
undisturbed flow field at the turbine position in the empty wind tunnel. The accuracy of the sensor is ± 0.5 m/s.

Moreover, two hot wire anemometers (Dantec 55P11) are utilized, connected with a Mini CTA 54T30 
type also recording at 2 kHz. These instruments measure flow velocities at a distance of one rotor diameter 
Φ upstream (hot wire 2) and 3-Φ downstream of the rotor (hot wire 1), at a height of 0.56 m above the wind 
tunnel floor (Fig. 4a). Ambient temperature is also recorded. Four omni-directional, prepolarized free-field 
microphone 1/2”, Bruel&Kjaer type 4189 A-021 (inherent noise is 16.5 dB A, lower limiting frequency is 12 Hz 
at -3dB), are positioned at the wind tunnel ceiling for noise measurements. The first microphone is placed at 
a distance Φ from the outer edge of the rotor, while the others are positioned at distances of 1 m, 2 m, and 4 m 
(Fig. 4b).

Figure 5 provides a schematic overview of the instrumentation layout and the wind tunnel set-up, illustrating 
the relative positions of the grid, probes, microphones and turbine model within the test chamber.

Preliminary tests.  Preliminary tests were conducted in the empty wind tunnel to characterize the flow, as 
well as on the wind turbine rotating at different speeds. The undisturbed wind flow was characterized using a 
Cobra probe placed at the model’s position in the absence of the model, since the Pitot tube at the tunnel inlet 
could be influenced by local disturbances from the turbulence-generating grid. These measurements provided 
the undisturbed wind velocity v at the turbine position (which is assumed as the free stream velocity) and the 

Fig. 1  Blade geometry of the proposed Savonius rotor: plan (a), lateral (b) and 3D (c) views.
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longitudinal turbulence intensity Iu. Table 1 presents the values of v and Iu for different rotational frequency f of 
the wind tunnel fan obtained under smooth flow conditions (referred to as T0) and with passive grids used to 
generate turbulent flow. Condition T4 was generated using the thin grid, resulting in an average Iu = 4%; condi-
tion T8 was created using the thick grid, yielding an average Iu = 8%. The relationship between the fan frequency 
and the undisturbed flow velocity under the different conditions T0, T4, and T8 is well approximated by the 
following linear laws:

v f T
v f T
v f T

0 53 condition 0
0 50 condition 4
0 38 condition 8 (1)

= .
= .
= .

For the flow measurements, the hot-wire probes were calibrated using King’s law. The calibration was per-
formed in the empty wind tunnel under steady inflow conditions, over a wind velocity range of 4–21 m/s, meas-
ured at the inlet by a Pitot tube using 8 discrete calibration points. The ambient temperature was monitored and 
remained stable at 28.1 °C. Similar environmental conditions were maintained during the subsequent measure-
ments, thereby minimizing thermal drift effects.

The calibration coefficients were obtained through a least-squares fit of King’s law to the measured voltage, 
Vhw - velocity data, vp. The empirical relationship between Vhw, and vp is described by:

Fig. 3  Passive grid: schematic (a), thick grid (b) and thin grid (c) positioned in the wind tunnel.

Fig. 2  Model in the wind tunnel.
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= +V vA B (2)hw p
n2

where n is set to 0.4544, and the coefficients A and B are obtained by fitting the Vhw and Vp data via least-squares 
regression, with R² > 0.999 (coefficient of determination).

Additional preliminary tests were then carried out to explore the overall experimental setup, including 
checking the measurement system, assessing high-frequency torque measurements, exploring rotor perfor-
mance at high wind speeds, and determining the maximum wind speed for safe operation. These exploratory 
tests are not reported and discussed in detail here.

Main test campaign.  The main test campaign was conducted in three stages. The first phase (Stage I, July 
2023) was primarily exploratory, and was carried out at various wind tunnel fan frequencies in order to obtain a 
general understanding of the turbine’s behavior under smooth inflow conditions.

The second phase (Stage II, July 31 – August 8, 2023) was specifically aimed at investigating the power and 
torque, as well as the wind flow upstream and downstream of the rotor, under both smooth and turbulent inflow 
conditions. Tests under smooth flow were conducted for wind tunnel fan frequencies ranging from f = 8 Hz to 
40 Hz, with a step size of 4 Hz. Tests under turbulent flow were conducted in the range f = 6 Hz to 16 Hz with a 
step size of 2 Hz, for condition T4 and in the range f = 4 Hz to 14 Hz with a step size of 2 Hz, for condition T8. 
Hot wire calibrations were performed at the beginning of this phase (July 31).

Fig. 4  Hot wires (a) and microphones (b) placed in the wind tunnel.
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Fig. 5  General schematic of the wind tunnel set up, with airflow direction from left to right.

f

no grid T0 thin grid T4 thick grid T8

v Iu v Iu v Iu

(Hz) (m/s) (%) (m/s) (%) (m/s) (%)

8 4.1 1.0 3.8 4.2 2.8 8.4

12 6.3 0.4 5.9 3.9 4.4 8.1

16 8.4 0.4 7.9 3.9 6.0 7.6

20 10.5 0.3 10.0 3.8 7.6 7.8

24 12.8 0.2 11.9 3.9 9.3 7.5

28 15.0 0.2 14.0 3.9 10.8 7.0

32 17.0 0.2 16.1 3.6 12.4 7.5

Table 1.  Overview of flow conditions.
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These tests were repeated in third and final phase (Stage III, September 2023) which was specifically dedi-
cated to acoustic noise measurements. Additional frequencies were also investigated during this phase.

Tests were performed following the procedure outlined below. For each wind tunnel fan frequency (i.e., 
wind speed), the wind tunnel was first brought to steady-state, as verified by the Pitot probe measurement at 
the inlet. The turbine was initially operated under a low load. Once steady rotational conditions were achieved, 
a 60-second acquisition of all relevant quantities was recorded. The load was then progressively increased in 
discrete steps, allowing the rotor to reach a new steady state before recording the next 60 s measurement. This 
incremental procedure was continued until the turbine approached near standstill conditions. The load step size 
was not fixed a priori but was adjusted manually by the operator during the test in order to achieve a sufficiently 
dense sampling of the power curve. In particular, smaller load increments were applied in the region close to 
the maximum power point, while larger increments were used in regions characterized by a smoother power 
variation.

The following time histories were acquired:

•	 wind velocity vp (m/s) at the test section inlet, measured using a Pitot static tube;
•	 wind tunnel temperature t (°C), measured with a thermometer;
•	 electric generator output, voltage V (V) and current i (A);
•	 Hall sensor voltage signals (V), used to detect rotor angular position;
•	 torque at the rotor axis T (Nm), measured with a torquemeter;
•	 wind velocity vhw (m/s) upstream (1-Φ) and downstream (3-Φ) of the turbine’s outer edge, measured using 

CTAs;
•	 acoustic noise pressure p (Pa) at four positions downstream of the turbine, measured with microphones.

The sampling rate is 2000 Hz, except for the acoustic measurements, which are acquired at 65,536 Hz.
The rotor speed was obtained from the frequency of the dominant peak in the power spectrum of the Hall 

sensor signal. Since the sensor generated four pulses per revolution (four magnets on the rotor), the measured 
frequency was divided by 4 and multiplied by 60 to obtain the rotational speed ω in rpm. The mechanical power 
P (W) was derived from rotational speed and torque:

πω=P T2
60 (3)

The maximum rotor rotational speed achieved was nearly 2500 rpm at f = 40 Hz in smooth flow.

Noise measurements.  During Stage III, noise measurements were performed in the wind tunnel with 
forced airflow at various velocities. These conditions produced heterogeneous sound propagation and back-
ground noise levels. To avoid disturbances caused by airflow and direct wind pressure on the microphone dia-
phragm, the microphones were positioned to minimize flow interference. Since the volume velocity in a duct 
decreases toward its walls45, the optimal mounting location was identified as the ceiling of the duct. Moreover, the 
microphones were equipped with 90 mm diameter windscreens to further reduce flow-induced noise. The nonlin-
ear spatial arrangement of the microphones (Fig. 5) relative to the rotor reflects the nonlinear decay of the sound 
pressure level (SPL) in the free field, as for each doubling of distance, the SPL decreases by approximately 6 dB45.

To minimize uncertainty due to microphone variability, calibration was performed before and after the 
measurement campaign using an external reference source (Brüel & Kjær Type 4231 sound calibrator).

Preliminary measurements were performed to assess background noise under three different static con-
ditions in smooth flow: ‘T0 empty’, i.e., with the wind tunnel completely empty, ‘T0 no rotor’, with only the 
rotor mounting system installed but without the rotor, and ‘T0 still’, with the rotor installed but held fixed in its 
minimum-drag position, without rotation.

Main measurements have been conducted in smooth and turbulent flow by varying the load at each selected 
wind tunnel velocity, using the same procedure already illustrated in the previous section. Tests in smooth flow 
are referred to as ‘T0 rotating’ and explored the wind tunnel fan frequencies from 8 Hz to 32 Hz in steps of 4 Hz. 
Tests in turbulent flow are referred to as ‘T4 rotating’ and ‘T8 rotating’, corresponding to conditions T4 and T8, 
respectively, and were carried out by choosing f to reproduce the same speed v that was recorded in condition 
T0. Table 2 reports the test schedule.

Data Records
The dataset is available at Zenodo42. It includes a schematic summary of the data resumed in three Excel files, 
named ‘STAGE I.xlsx’, ‘STAGE II.xlsx’, ‘STAGE III.xlsx’, each listing the average results of the runs conducted 
during the corresponding test stage. The first column, labeled ‘Date’, reports the timestamp of the experiment in 
the format yyyymmdd_hhmmss. The subsequent columns contain the mean values of the following quantities:

•	 Speed, vp (m/s) – flow velocity measured by the Pitot at the wind tunnel inlet;
•	 Inverter, f (Hz) –frequency of the wind tunnel propeller;
•	 Temperature, t (°C) – air temperature inside the wind tunnel;
•	 Volts, V (V) – generated voltage;
•	 Current, i (A) – generated current;
•	 RPM, ω (rpm) – turbine rotational speed per minute
•	 Torque, T (Nm) – torque generated by the turbine;
•	 Hotwire1, (m/s) – flow velocity recorded by the 3-Φ downstream hotwire

https://doi.org/10.1038/s41597-026-07179-2
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•	 Hotwire2, (m/s) – flow velocity recorded by the 1-Φ upstream hotwire

Last column, Type Grid, specifies the flow condition: 0, 4, 8 corresponding to conditions T0, T4, T8, 
respectively.

In Table 3 an excerpt from one of these files is presented for reference. A negative sign in T indicates that the 
rotor is driving.

For each test entry (identified by Date = yyyymmdd_yymmss), the correspondent time histories of the 
recorded quantities are listed in the Matlab file: Date.mat. In this case, the variable labeled RPM reports the Hall 
sensor voltage signal. The files are stored in 3 zip archives, namely, ‘STAGE I.zip’, ‘STAGE III.zip’, ‘STAGE III.zip’.

Noise measurements from the four microphones M1-M4 are provided in a series of files labeled 
Label1’F’Label2’P’Label3‘-1.wav’ according to the different scenarios (the characters in quotation marks are fixed 
identifiers and the labels encode specific test conditions). Label1 indicates the test conditions:

•	 ‘empty tunnel’ – under smooth flow, with rotor and all mounting elements removed;
•	 ‘NoRotor’ – under smooth flow, with rotor removed and only the mounting elements (handles) inside the 

wind tunnel;
•	 ‘Tlo’ – under smooth flow, with rotor installed but not rotating;
•	 ‘T0’ – turbine rotating in smooth flow (condition T0);
•	 ‘T4’ – turbine rotating in turbulent flow (condition T4);
•	 ‘T8’ – turbine rotating in turbulent flow (condition T8).

Label2 = XX, being XX = 08, 12, 16…, represents the fan frequency of the wind tunnel that, in smooth flow, 
supplies the value of vp recorded in the test. In condition T0, it coincides with the frequency of the wind tunnel 
propeller. In condition T4 and T8 it can be read in Table 2. To give an example, in condition T4, Label2 = 12 
corresponds to f = 12.7 Hz.

Label3 is the order number of the steady-state recording, corresponding to subsequent steps of the load, 
being step 1 the highest load. In the case where Label1 corresponds to ‘empty tunnel’ or ‘NoRotor’, or ‘Tlo’, then 
Label3 = 1, as there is no load on the wind turbine.

These noise measurement tests correspond to rows of the ‘stage_III.xlsx’ file with the following date labels: 
rotor stopped (Label1 = ‘Tlo’), from ‘20230928_095229’ to ‘20230928_100156’; rotating turbine in smooth flow 
T0 (Label1 = ‘T0’, Label2 = 08, 12, …), from ‘20230928_100911’ to ‘20230928_130207’; rotating turbine in tur-
bulent flow T4 (Label1 = T4, Label2 = 12, 16 …), from ‘20230927_152547’ to ‘20230928_093941’; rotating tur-
bine in turbulent flow T8 (Label1 = T8, Label2 = 12, 16 …), from ‘20230927_093855’ to ‘20230927_111858’; 

wind tunnel set-up f (Hz)

T0 empty 8 12 16 20 24 28 32

T0 no rotor 8 12 16 20 24 28 32

T0 still rotor 8 12 16 20 24 28 32

T0 rotating 8 12 16 20 24 28 32

T4 still rotor — 12.7 16.9 21.1 25.2 29.6 —

T4 rotating — 12.7 16.9 21.1 25.2 29.6 —

T8 still rotor — 15.4 21.0 26.7 32.4 38.1 —

T8 rotating — 15.4 21.0 26.7 32.4 38.1 —

v (m/s) 4.1 6.3 8.4 10.5 12.8 15.0 17.0

Table 2.  List of noise measurement tests.

Date

Speed Inverter Temperature Volts Current RPM Torque Hotwire1 Hotwire2

Type Grid(m/s) (Hz) (°C) (V) (a) (rpm) (Nm) (m/s) (m/s)

'20230808_140525' 3.89 10.5 28.88 20.27 0.00 266 −0.0660 2.06 4.06 8

'20230808_140845' 3.89 10.5 28.83 17.02 0.02 230 −0.0739 2.02 4.07 8

'20230808_141133' 3.89 10.5 28.79 13.81 0.03 194 −0.0824 2.10 4.07 8

'20230808_141432' 3.88 10.5 28.75 12.04 0.04 174 −0.0871 2.14 4.08 8

'20230808_141744' 3.89 10.5 28.70 8.92 0.06 137 −0.0943 2.03 4.08 8

'20230808_142320' 3.89 10.5 28.62 0.54 0.06 29 −0.0872 2.39 4.08 8

'20230808_142822' 5.97 15.7 28.68 42.97 0.00 545 −0.0872 3.81 5.69 8

'20230808_143118' 5.97 15.7 28.67 40.05 0.03 513 −0.1040 3.56 5.70 8

'20230808_143456' 5.97 15.7 28.66 39.75 0.03 512 −0.1056 3.55 5.66 8

'20230808_143941' 5.97 15.7 28.65 37.22 0.05 484 −0.1197 3.37 5.72 8

.. …. …. …. …. …. …. ….. …. …. …

Table 3.  Data overview example from Excel files.
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rotor removed (Label1 = ‘NoRotor’), from ‘20230928_145859’ to ‘20230928_150648’; empty tunnel 
(Label1 = ‘EmptyTunel’), from ‘20230928_152643’ to ‘20230928_153429’.

Each .wav file contains the 60-second recording of the four microphones. The files are stored in six ZIP 
archives, each with a filename starting with the prefix ‘wav’.

Technical Validation
Measurements are affected by uncertainties that may arise primarily from scaling effects, bearing friction, and 
instrument accuracy. Generally, scaling-related uncertainties cannot be fully controlled or accurately assessed46. 
However, in the present experiment, the model closely represents a real-scale micro wind turbine, thereby elim-
inating issues associated with geometric and dynamic similarity. Moreover, the careful design and validation of 
the test setup ensure that bearing friction can be regarded as negligible.

The wind speed v, the rotational velocity ω and the torque T are the primary measured variables for the wind 
turbine performance assessment. The reference wind speed was determined as the average of five measurements 
acquired using the Cobra probe at different points in the test section and was further validated by means of a 
Pitot static tube and a hot-wire anemometer. The overall error in the wind speed is estimated to be ± 0.15 m/s, 
accounting for possible variations among the measurement devices and environmental conditions. The accuracy 
of the torque and rotation measurements is ±1%.

Turbulent fluctuations recorded with CTA probe are affected by background noise. In smooth flow, based 
on previous repeated characterizations, the turbulence intensity in the empty wind tunnel is expected to be 
below Iu = 0.2%. However, CTA measurements upstream of the turbine under smooth conditions show higher 
turbulence values, reaching up to Iu = 0.8–1%. This suggests that turbulence measurements taken upstream of 
the wind turbine in smooth flow should be considered only indicative and may not accurately represent the true 
turbulence characteristics of the facility.

For the sound measurements, the primary source of uncertainty is determined by the microphone specifica-
tions, particularly their inherent noise of 16.5 dB A.

To technically validate the experiments, both the repeatability of the measurements and their agreement with 
available literature data are assessed.

Repeatability cannot be directly assessed, as the applied load steps generally vary between tests, even under 
the same flow conditions. Therefore, the analysis is conducted in terms of the power coefficient (cp) and torque 
coefficient (cT) curves versus the tip speed ratio (TSR). They are defined by:
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where ρ (kg/m3) is the air density, As (m2) is the turbine swept area, R = Φ/2 (m) is the turbine external radius, v 
(m/s) is the free stream wind velocity. Through Eqs. (3) and (4), uncertainties associated with the measurement 
of v, ω, T propagate to the derived quantities cp, cT, and TSR47.

By expanding cp, cT, and TSR in Taylor series and applying the statistical operators, their statistical moments 
can be obtained from the product of the partial derivatives of cp, cT, and TSR with respect to v, ω, T and the sta-
tistical moments of v, ω, T48,49. By analytically developing these partial derivatives, one obtains:
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where σ[•] denotes the standard deviation of [•]. In Eq. (5), v, ω and T represent the nominal measured values, 
while cp, cT, and TSR denote the values computed from Eq. (4) using those nominal values.

Assuming a uniform distribution of the errors in v, ω and T within the instrument precision range, the cor-
responding standard deviations σv, σω, σT are evaluated by dividing the maximum error by 3 .

Figure 6 shows the power and torque coefficients versus the TSR with their associated uncertainties at wind 
speeds 4.2 m/s and 12.7 m/s. Discrepancies observed among repeated measurements are consistently lower than 
this standard uncertainty.

Along this line, repeatability can be checked and verified across all multiple tests conducted between July and 
September 2023 where, at the end of each test stage, the turbine and the experimental setup were dismantled and 
re-assembled in the successive stage.

The comparison with experiments reported in the literature raises the issue of ensuring homogeneous con-
ditions. Experimental studies on Savonius turbines show considerable variability, largely due to differences in 
design parameters such as aspect ratio, gap ratio, blade profile, number of blades, rotor radius, number of stages, 
end plates, and bearing type50–53. This diversity makes direct comparisons challenging and complicates the iden-
tification of consistent performance trends.

A meaningful comparison can be drawn with the experiments by Blackwell et al.54, who conducted an exten-
sive test campaign on Savonius turbines, systematically varying the number of buckets, gap spacing, aspect 
ratio, and wind speed. From the configurations tested, we selected the one closest to our setup: two semicircular 
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aluminum buckets, Φ = 0.5 m, H/Φ = 2, γ = 0.15, tested at a free-stream velocity of 14 m/s, under a turbulence 
intensity Iu = 1.4%. The corresponding Reynolds number was Re = 4.3×105.

To enhance any comparison, the data should be corrected for blockage effects. The velocity increment is 
influenced by both wake and solid blockage, making its estimation a delicate issue due to the complexity of the 
aerodynamic phenomena involved55,56. In this study, these effects are accounted for using the following correc-
tion factor, proposed for unusual shapes tested in wind tunnels57:

ε 1
4

model frontal area
test section area (6)t =

where εt = 0.036 for the present experiment. The corrected velocity is given by:

= + εv v(1 ) (7)c t

where vc is the free-stream corrected velocity and v is the uncorrected value. It should be noted that the use of 
this coefficient introduces an additional source of uncertainty in the estimated power and torque, which can be 
quantified by considering a variability of εt equal to ± 0.5εt

54. However, the resulting uncertainty remains small 
compared with that associated with the velocity measurement.

In Fig. 7, selected results from Blackwell’s experiments are compared with those obtained in the present 
study under smooth flow conditions at f = 40 Hz, v = 21.9 m/s and Re = 3.5×105, selected to closely match the 
Blackwell tests. The cT curves shows some discrepancies at lower TSR, while the cp curves are quite well aligned.

A further validation concerns the estimation of the turbine’s rotational speed. Since the Hall sensor produces 
a discrete output signal, directly determining the rotational velocity is not straightforward. To address this, 
the frequency corresponding to the highest peak in the power spectrum of the sensor output is identified. For 
example, Fig. 8 shows the PSD of the Hall sensor signal during one of the experiments, highlighting this peak 
frequency. The rotational speed is then calculated following the procedure described in the Methods section. 
This approach is further supported by the consistency of these frequencies with those that one could observe in 
hot-wire measurements and in noise spectra.

Data availability
The experimental data collected during the wind tunnel tests are publicly available in the Zenodo repository at 
https://doi.org/10.5281/zenodo.18892811.

Fig. 6  Power coefficient curves (a,b) and torque coefficient curves (c,d) at 4.2 m/s and 12.7 m/s from repeated 
tests and associated uncertainty intervals.
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Code availability
The datasets are provided as .mat files (time histories of raw measurements excluding acoustic pressure), .xlsx 
files (averaged values), and .wav files (time histories of acoustic pressure). The MATLAB script ‘read_RPM_Z.m’, 
available in the same Zenodo repository, reproduces the calculation of the rotor’s average rotational speed (rpm) 
from the Hall sensor signal.
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