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Abstract
Aeroacoustic measurements and numerical predictions are commonly used to determine the sound

generation from fluid flows. This work documents the measurement of the aerodynamic sound generation
by a circular cylinder in a crossflow. Three different velocities are studied, and based on the experimental
data, a simplified aeroacoustic sound prediction workflow is presented to estimate the radiated far-field noise.
The experimental dataset and the numerical simulation setup in open-source software packages are provided
online. The geometrical and flow definitions, along with the experimental dataset, constitute a standardised
configuration (called FLUID 01) proposed as a validation benchmark for numerical simulation workflows and
as a reference for the design of measurement facilities. A strongly simplified 2D numerical simulation using
OpenFoam and openCFS is provided with the emphasis to run on a typical personal computer hardware. As
a consequence, the provided numerical simulation of the flow is not resolving the turbulent structures nor the
3D characteristics of the flow which are known from experimental and numerical studies.

1 Introduction
The aerodynamic noise generated by a circular cylinder in a cross-flow is a classical problem in the field of
aeroacoustics. It occurs at a large variety of technical applications, such as the pantograph of trains, the landing
gear of aircraft as well as antennas and other protruding struts of vehicles. Consequently, much research has
been dedicated to this problem, which includes experimental studies (see, for example, [1–5]) as well as analytical
and numerical work [6–8].
This documents describes acoustic and flow measurements on a set of two-dimensional circular cylinders of
different diameter performed in an aeroacoustic wind tunnel as a benchmark case for numerical simulations.
The acoustic measurements are a subset of the experiments described by Geyer [9] with additional wake flow
measurements. In addition to the experimental dataset, 2D aeroacoustic simulations using the Perturbed
Convective Wave Equation (PCWE) are provided as a reference workflow for aeroacoustic predictions.

2 Experimental Setup
2.1 Wind Tunnel
The experiments took place in the small aeroacoustic open jet wind tunnel at the Brandenburg University of
Technology, which is described in detail in [10]. Figure 1 shows a schematic and a photograph of the experimental
setup. The test section of the wind tunnel has dimensions of 2 m (streamwise) × 1.55 m (vertical) × 1.5 (height).
It is lined on five sides with a 0.25 m thick layer of absorbing melamine resin foam. Absorption coefficients taken
from the manufacturers data sheet are presented in Figure 2 for different standard thicknesses. For absorber
plates with an even greater thickness of 0.25 m, it the absorption coefficient can be assumed to be above 0.9
even at lower frequencies, thus leading to a virtually anechoic environment for frequencies ≥ 125 Hz. For the
experiments, a wind tunnel nozzle with a rectangular exit area with dimensions of 0.23 m × 0.28 m was used,
which allows for flow velocities up to approximately 60 m/s. Attached to the nozzle were two side plates made
of acrylic glass, to which the cylinder models were mounted. These plates have a streamwise length of 0.4 m and
a horizontal length of 0.38 m. In this setup, the x-axis is aligned with the streamwise direction, the y-axis is
aligned with the horizontal direction and the z-axis is aligned with the cylinder span.
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Figure 1: Experimental setup in the aeroacoustic wind tunnel.
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Figure 2: Absorption coefficients of the material with which the wind tunnel test section is lined, taken from the
data sheet for different standard thicknesses [11].

In the experiments, selected velocities were adjusted by adjusting the pressure in the settling chamber of the
wind tunnel. From the total set of measurements, acoustic time data are provided for three velocities U0,
corresponding to Mach numbers M = U0/c (with c being the speed of sound) from approximately 0.08 to 0.15.
They are specified in Table 1. Please note that the Mach numbers in the table were calculated for a nominal
temperature of 20◦C. The correct temperature in the wind tunnel test section was obtained for each measurement
series and is specified for each acoustic data set.
The corresponding turbulence intensity at these flow velocities is also specified, using data from a study that
was done with the same experimental setup [12]. In that study, measurements of the inflow turbulence were
made at 10 positions randomly distributed in a plane normal to the flow in a downstream distance of 0.15 m
from the nozzle exit, without the cylinder in place. The results are shown in Fig. 3. As the maximum velocity in
that study was only 35 m/s, the turbulence intensity at the highest flow speed of the current benchmark was
linearly extrapolated. It can be seen from Table 1 that the turbulence intensity at the location of the cylinders
is below 0.3 %.

Table 1: Velocities adjusted in the experiments.

Velocity U0 (m/s) Mach number M = U0/c Turbulence intensity Tu (%)
25.8 0.075 0.27
36.5 0.106 0.27
49.9 0.146 0.29
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Figure 3: Turbulence intensity in a downstream distance of 0.15 m from the nozzle exit (taken from [12] and
extrapolated for the current velocity range).

Table 2: Cylinders used in the experiments.

Diameter d (mm) Length l (mm) Aspect ratio l/d Blockage (%)
6 280 46.7 2.6
10 280 28 4.3
13 280 21.5 5.6
20 280 14 8.7
30 280 9.3 13.0

2.2 Cylinder Models
This benchmark contains data obtained for five two-dimensional circular cylinders with diameters between
6 mm and 30 mm. They were made of either aluminum (for the 6 mm cylinder) or polyurethane (all remaining
cylinders). Their dimensions are given in Table 2. It can be seen that the aspect ratio is > 7 for all cylinders so
that periodic von-Kármán vortex shedding can be expected [13].
Inserting a bluff body into a finite-sized wind tunnel test section leads to blockage, the values of which are also
included in Table 2. It is known that a wind tunnel blockage of up to 10 % only has a negligible effect (see, for
example, [14]), which is true for nearly all cylinders of the present study. The only exception is the cylinder with
a diameter of 30 mm, for which the blockage ratio is 13 %. In order to account for this blockage effect, different
correction methods are available, such as a simple velocity correction provided in [15]. For the present data set,
this correction would lead to a maximum increase in velocity of about 1.6 m/s (corresponding to an increase in
Mach number of about 3.3 %). Still, it is worth mentioning that for circular cylinders, the effect of blockage on
the resulting vortex shedding Strouhal number is very minor only for blockage ratios of up to 20 % [16]. In
addition, it should be noted that such a simple correction method may not be able to fully account for the more
or less three-dimensional flow field encountered by the cylinders in the present setup. Due to these reasons, the
velocities have not been corrected in the current paper.
In addition to the cylinder noise data, acoustic data is provided for the wind tunnel background noise, and hence
without a cylinder placed inside the test section.
The resulting Reynolds numbers corresponding to the velocities from Table 1 based on the cylinder diameters
from Table 2 are in a range from approximately 10.000 to 100.000. This range belongs to the subcritical flow
regime, where transition happens along the free shear layers [3].

2.3 Acoustic Measurements
In [9], acoustic measurements were performed with 16 microphones arranged on two arcs positioned on opposite
sides of the wind tunnel test section (see Figure 1). The microphones are Class 1 ICP 1/4th-inch free field
microphones type MI-17 with a nominal sensitivity of 50 mV/Pa and a typical frequency response of ±0.5 dB
for frequencies between 20 Hz and 4 kHz. The microphones were calibrated at a single frequency of 1 kHz using
a Class 2 calibrator with an amplitude of 94 dB (1 Pa).
In this benchmark, data are provided for a single microphone located at a distance of 0.61 m at an angle of 90° to
the flow. The microphone was calibrated using a calibrator with a reference tone at a single frequency of 1 kHz
and an amplitude of 1 Pa. Sound pressures were recorded using a National Instruments 24 Bit multichannel
measurement system with a sampling frequency of 51.2 kHz and a duration of 90 s. However, due to the large
amount of data, only the first 10 s of each measured time series are provided in this benchmark.
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It should be noted that for acoustic measurements at increasing flow speeds, it is common to account for the
effect of refraction of sound at the wind tunnel shear layers (see, for example, [17–20]). However, due to the
relatively low Mach numbers in the present experiments and the fact that the distance covered by the acoustic
waves inside the wind tunnel core jet (⪅ 0.1 m for the microphone located at 90° to the flow) is much smaller
than the total distance (0.61 m), no correction was applied.

2.4 Flow Field Measurements
In addition to the acoustic measurements, Constant Temperature Anemometry (CTA) measurements were
performed in the wake of the cylinder models for a single velocity of 36.5 m/s (M = 0.106). This was done using
a Dantec P11-type single wire miniature probe, which consists of a platinum–plated tungsten wire sensor with a
diameter of 5 µm and a length of 1.2 mm, and a Dantec multichannel CTA measurement system. This system
contains a hardware low–pass filter with a cutoff frequency of 10 kHz. Velocity calibration of the hot-wire probe
was performed against a vane anemometer with an accuracy of ±0.2 m/s/±2 % and a measurement range of
0.4 m/s to 40 m/s using a 4th order polynomial curve fit. The polynomial curve fit is known to give linearization
errors of less than 1 % [21]. The probe was traversed along a line normal to the cylinder axis and to the direction
of the flow (along the y-direction, see Figure 1a) in a distance of one cylinder diameter d downstream from
the cylinder axis through the wake. Due to the expected symmetry of the wake flow region, only one half of
the wake region was covered. The probe was traversed using a three-dimensional traverse system made by Isel
Germany GmbH with a minimum step size of 0.1 mm and a repeat accuracy of ±0.02 mm. The grid resolution
was increased from 0.2 mm directly downstream of the cylinder to 0.5 mm. However, the flow data presented as
part of this benchmark are given with a uniform grid spacing of 0.5 mm, obtained by applying a spline fit to the
measured wake profiles.
The data were recorded with a sampling frequency of 25.6 kHz and a measurement duration of 10 s per
measurement point using a 24 Bit data acquisition module. In addition, the temperature was corrected based on
simultaneous measurements with a Dantec P90-type temperature probe. In post-processing, the first second of
each data set was omitted in order to remove the possible effect of vibrations of the probe after each step of
the traverse system. From the remaining 230,000 samples, the mean value U as well as the rms-value ũ were
calculated.

3 Experimental Data Description
3.1 Acoustic Data
The results from the acoustic measurements are given as sound pressures in Pa, recorded by the microphone
located at an angle of 90° to the flow. They are stored as csv-files containing the (calibrated) pressure-time
series.
Thereby, one separate csv-file was created for each cylinder and for the background noise measurements. Each
file contains three columns, one for each adjusted flow speed, and 512.000 rows, corresponding to the first 10 s of
the measured time signal with a time step of ∆t = 1/51200 s = 19.5313 µs.
Thus, the following files are available containing the acoustic data:

• “soundpressure_6mm_diameter.csv” (contains 10 s of single microphone time data for three velocities,
25.8 m/s, 40.8 m/s and 49.9 m/s, for the cylinder with a diameter of 6 mm, temperature 25.4◦C)

• “soundpressure_10mm_diameter.csv” (contains 10 s of single microphone time data for three velocities,
25.8 m/s, 40.8 m/s and 49.9 m/s, for the cylinder with a diameter of 10 mm, temperature 21.1◦C)

• “soundpressure_13mm_diameter.csv” (contains 10 s of single microphone time data for three velocities,
25.8 m/s, 40.8 m/s and 49.9 m/s, for the cylinder with a diameter of 13 mm, temperature 27.3◦C)

• “soundpressure_20mm_diameter.csv” (contains 10 s of single microphone time data for three velocities,
25.8 m/s, 40.8 m/s and 49.9 m/s, for the cylinder with a diameter of 20 mm, temperature 22.5◦C)

• “soundpressure_30mm_diameter.csv” (contains 10 s of single microphone time data for three velocities,
25.8 m/s, 40.8 m/s and 49.9 m/s, for the cylinder with a diameter of 30 mm, temperature 26.0◦C)

• “soundpressure_background.csv” (contains 10 s of single microphone time data for three velocities, 25.8 m/s,
40.8 m/s and 49.9 m/s, for the wind tunnel background noise, temperature 28.0◦C)
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3.2 Flow Data
The results from the wake measurements are given as velocities in m/s, measured one cylinder diameter
downstream from each cylinder axis. They are stored as csv-files.
One separate csv-file was created for each cylinder. Each file contains three columns: The first column contains
the vertical location in the wake (along the y-axis, see Figure 1a, with y = 0 being the location directly
downstream from the cylinder axis), the second one the mean flow velocity U (averaged over 9 s) and the third
one the rms-value of the flow velocity ũ (averaged over 9 s). The number of rows is different for each cylinder, as
the width of the half-wake was set to 3.5 times the cylinder diameter.
Thus, the following files are available containing the wake flow data:

• “wakeprofile_6mm_diameter.csv” (contains mean and rms-velocities at a nominal flow speed of 36.5 m/s
for the cylinder with a diameter of 6 mm at a streamwise distance of 6 mm from the axis)

• “wakeprofile_10mm_diameter.csv” (contains mean and rms-velocities at a nominal flow speed of 36.5 m/s
for the cylinder with a diameter of 10 mm at a streamwise distance of 10 mm from the axis)

• “wakeprofile_13mm_diameter.csv” (contains mean and rms-velocities at a nominal flow speed of 36.5 m/s
for the cylinder with a diameter of 13 mm at a streamwise distance of 13 mm from the axis)

• “wakeprofile_20mm_diameter.csv” (contains mean and rms-velocities at a nominal flow speed of 36.5 m/s
for the cylinder with a diameter of 20 mm at a streamwise distance of 20 mm from the axis)

• “wakeprofile_30mm_diameter.csv” (contains mean and rms-velocities at a nominal flow speed of 36.5 m/s
for the cylinder with a diameter of 30 mm at a streamwise distance of 30 mm from the axis)

4 Experimental Results
4.1 Experimental Acoustic Results
As a first example, Figure 4 shows sound pressure level spectra, obtained by performing an FFT using Welch’s
method [22] (Hanning window, block size 8192 samples, 50 % overlap) on the time data provided for the
microphone at 90◦ to the flow (column number 6 from each dataset provided). The levels were calculated with a
reference sound pressure p0 of 20 µPa according to

Lp = 10 log10

(
p

p0

)2
dB. (1)

The Mach numbers specified in the legend of each plot were calculated using the temperature-dependent speed
of sound according to the estimation (see, for example, [23])

c(T ) = 20.06
√

273.15 + T/(1◦C) m/s, (2)

with T being the temperature (in ◦C) provided with each dataset.
As a second example, Figure 5 shows the directivity of the vortex shedding tonal noise peak, obtained at all
microphones from 40◦ to 130◦ on the upper arc shown in Figure 1a. The data from the microphone at 30◦

have been omitted, as it was found to be affected by the wind tunnel shear layer. It is visible that the noise
radiated from the thinnest cylinder of the present study (6 mm diameter) differs from the expected classical
dipole directivity, whereas this directivity is better visible for the cylinders with larger diameters (e.g. 30 mm).

4.2 Experimental Flow Results
Figure 6 shows half-profiles of the mean flow velocity and the rms-velocity, both normalized with the nominal
flow speed of U0 = 36.5 m/s, where y/d = 0 refers to the cylinder axis. These results can be generated using the
experimental wake flow data provided in the benchmark.
In addition, Figure 7 shows corresponding spectra of the turbulent velocity fluctuations (in dB, relative to a
reference velocity of 1 m/s), obtained from the hot-wire measurements in the wake of the cylinders. Basically,
these results confirm the periodic vortex shedding, as the spectra show two clear peaks. The first appears
at a Strouhal number (based on cylinder diameter) St = f d/U0 around 0.2, which is known to be caused by
fluctuations of the lift coefficient [1]. The second, weaker peak appears at twice that Strouhal number and is
caused by fluctuating drag forces acting on the cylinder.
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Figure 4: Sound pressure level spectra (re 20 µPa) obtained for the different cylinder models and the wind
tunnel background noise at three flow velocities U0.
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Figure 5: Sound pressure level spectra (re 20 µPa) obtained for the different cylinder models and the wind
tunnel background noise at three flow velocities U0.
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Figure 6: Flow (half-)profiles of the streamwise velocity component measured in the wake of the cylinders at a
downstream distance of 1d from the cylinder axis at a nominal flow speed U0 of 36.5 m/s (M = 0.106, markers:
measured data, lines: spline fit).

0.1 0.2 0.4 0.8
St= fd/U0

0

1

2

3

ho
riz

on
ta

l c
oo

rd
in

at
e 
y/
d

a

d = 6 mm

0.1 0.2 0.4 0.8
St= fd/U0

b

d = 10 mm

0.1 0.2 0.4 0.8
St= fd/U0

c

d = 13 mm

0.1 0.2 0.4 0.8
St= fd/U0

d

d = 20 mm

0.1 0.2 0.4 0.8
St= fd/U0

e

dB

d = 30 mm
5

5
15
25
35
45
55
65
75
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at a downstream distance of 1d from the cylinder axis at a nominal flow speed of 36.5 m/s (M = 0.106).

8



Submitted to Acta Acustica as a Technical and Applied Article April 14, 2026

5 Aeroacoustic Prediction
A 2D reference simulation setup (simulation.zip) for general purpose based on the perturbed convective wave
equation (PCWE) [24,25]

1
c2

D2ψa

Dt2 − ∇ · ∇ψa = − 1
ρ̄c2

Dpic

Dt (3)

is presented using an open-source workflow based on OpenFOAM, openCFS [26] and openCFS-Data [27, 28] to
simulate the flow-induced sound propagation. In equation (3), ψa denotes the acoustic velocity potential, c is
the isentropic speed of sound, ρ̄ represents the mean density, v̄ the mean fluid velocity, pic is the incompressible
source pressure, and D

Dt = ∂
∂t + v̄ · ∇ constitutes the material derivative. A 2D cross-flow at a d = 20 mm

diameter cylindrical bluff body is considered (with the dimensions of the experimental cylinders given in Table 2)
at three Mach numbers (Ma = 0.075, 0.106, and 0.146, see Table 1) as a case study. Air at 20◦C is defined
as the working medium. An unsteady flow field develops behind the bluff body, characterized by somewhat
periodic vortex shedding at Strouhal numbers of 0.205 and 0.41 [4], which generates tonal components in the
sound field. The Computational Fluid Dynamics (CFD) simulations were performed using OpenFOAM, and
the incompressible pressure was used to compute the aeroacoustic sources based on the PCWE (e.g. [25, 29])
implemented in openCFS. These sources were then conservatively interpolated [30] onto the acoustic mesh, and
acoustic propagation using the finite element method was subsequently computed with openCFS. The simulation
workflow follows a structured directory hierarchy [31]:

• 0_mesh/: Mesh files used by the simulations.

• 1_cfd/: CFD setup of solver settings and initial flow fields.

• 2_sourceInterpolation/: Interpolation of CFD results onto acoustic source regions.

• 3_ca/: Acoustic propagation and SPL computation using Computational Aero Acoustics (CAA) solvers
(e.g., PCWE [29]).

• 4_postprocessing/: Plotting and data extraction.

This modular, hierarchical setup supports clarity, reproducibility, and automation across the aeroacoustic
simulation pipeline. The simulation workflow is tailored to be executable on a typical notebook and not towards
the latest accuracy of the results. Therefore, it can serve as a first aeroacoustic example for workshops to get
in touch with the process and as a starting point for further modeling improvements as your computational
ressources allow it.

5.1 Aerodynamic Simulation
The numerical investigation of the aerodynamics around the cylinder in a crossflow is conducted using the
open-source finite-volume framework OpenFOAM (e.g., version 2412). The governing incompressible Navier-
Stokes equations are solved on a structured computational grid, with the circular cylinder modelled as a
quasi-two-dimensional object. No scale-resolved turbulence model is used for the simplified calculations, to allow
a swift simulation on typical personal computer resources. The boundary conditions are prescribed by a uniform
free-stream velocity at the inlet and a zero-pressure condition at the outlet. The cylinder surface is treated as
a rigid, no-slip wall. The resulting pressure and velocity fields are stored in the EnSight format to facilitate
subsequent analysis of the wake topology and aerodynamic force coefficients, such as drag and lift.
In accordance with the characteristic Strouhal number for this Reynolds number (St ≈ 0.2), the fundamental
vortex shedding frequency f is estimated as

f = St
U0

d
≈ 250 − 500,Hz (4)

To ensure sufficient temporal resolution for the acoustic analysis (e.g., for a Mach number M = 0.075), an
acoustic signal sampling interval of ∆tCA = 5 · 10−4 s ≈ 1

10f was chosen. This sampling interval is the interval
the field data is saved to the EnSight data exchange file for subsequent aerodynamic and aeroacoustic analysis.
The computational configuration and the aerodynamic simulation procedure are summarized as follows:

• Mesh Generation: Development of a structured computational grid optimized for the resolution of the
boundary layer and wake regions.

• Implementation of Boundary Conditions:

– Inflow: Uniform velocity U0 = 25.8m/s corresponding to M = 0.075.
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– Outflow: Static pressure-outlet with a prescribed value of zero.

• Temporal Discretization and Solver Configuration:

– Integration time-step governed by the Courant-Friedrichs-Lewy (CFL) condition (CFL< 1), resulting
in ∆tCFD = 4 · 10−6s.

– Resolution of the transient flow via the icoFoam solver, employing the PISO (Pressure-Implicit with
Splitting of Operators) algorithm for pressure-velocity coupling.

• Convergence and Simulation Runtime: Execution of the solver until a statistically steady-state vortex
shedding oscillation is established.

• Data Extraction and Interoperability: Temporal pressure data are exported in the EnSight Gold
Case format (.case) using the utility: (e.g., foamToEnsight -fields ’( "p." )’ -time 0.5:1.3)

– This standardized CFD output format provides high interoperability.
– The resulting datasets can be imported into ParaView for comparative analysis or visualization.

A similar setup can be derived using commercial third-party solvers (e.g., Star-CCM+, Ansys Fluent).

5.2 Source Term Processing
To compute the finite element methods right hand side

− 1
ρ̄c2

∫
Ω
ν

Dpic

Dt dx (5)

substantial derivative of the incompressible pressure Dpic

Dt needs to be computed. This involves several steps of
the computation, reading the Ensight input data stored as a time series of the incompressible pressure in the
time intervals of the acoustic simulation, the gradient of the incompressible pressure [32], the inner product of the
pressure gradient and the mean velocity, the partial time derivative of the incompressible pressure field, adding
them up to the substantial derivative of the incompressible pressure. After the calculation of the substantial
derivative of the incompressible pressure, it is integrated onto the acoustic mesh by a conservative interpolation
(for details, see [30]).

5.3 Acoustic Simulation
The propagation of acoustic waves is modelled using the PCWE, which describes the sound field and frequency
spectra in the presence of a background flow. The computational domain is truncated by a Perfectly Matched
Layer (PML) to satisfy the free radiation condition and simulate an acoustic free-field. At the cylinder surface, a
sound-hard boundary condition is enforced. The material properties of air are specified in the file air.xml. From
the data, the speed of sound is computed as c0 ≈ 343.5 m

s . Within the source region of the acoustic simulation
domain, the source term data as a result of a unsteady incompressible CFD simulation. Regarding the considered
Mach number of the flow scenes M = U0

c0
≈ {0.075, 0.106, 0.146} ≪ 0.3, the assumptions of the PCWE are

satisfied. Furthermore, the influence of the convective term v̄ · ∇pic on the right-hand side of the wave equation
is negligible and is consequently omitted in this case [33]. The primary variable in this formulation (3) is the
acoustic scalar potential ψa. The acoustic pressure can be computed by taking the material derivative of the
scalar potential and scaling by the ambient density pa = ρ0

Dψa

Dt and consistently the acoustic particle velocity
can be computed by va = ∇ψa.
The numerical simulation within the openCFS finite element framework [26] is structured according to the
following procedure:

• Input/Output Configuration:

– Specification of the computational mesh and unsteady right hand side source data for the finite
element formulation.

– Integration of the material property definitions (air.xml).
– Definition of the output formats for post-processing and spectral analysis.

• Domain Discretization and Setup:

– Assignment of material properties to the respective acoustic regions.
– Definition of non-conforming interfaces using Nitsche-type mortaring to couple disparate mesh regions.
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– Placement of virtual microphones at coordinates for far-field evaluation.

• Physics Definition and Solver Control:

– Selection of the transient analysis type for the acoustic simulation in openCFS.
– Selection of the acoustic partial differential equation based on the acoustic potential as primary

variable.
∗ Definition of source regions and non-conforming interface coupling.
∗ Application of damping coefficients for the PML buffer zones.
∗ Integration of the mean flow field for the convective operator.
∗ Prescription of the nodal source values, scaled by the factor − 1

ρ0c2
0
.

Finally, the acoustic simulation can be run in parallel processes by the command-line cfs -p propagation.xml
-tX propagation where X denotes the number of parallel threads utilized for the computation. As part of the
aerodynamic simulation in OpenFoam [34], the Acoustic Analogy of Curle [35] is computed and provides an
estimate of the aeroacoustic sound field in the observer point.

6 Simulation Results
6.1 Aerodynamics
The aerodynamic data was validated by the mean and the root mean-squared values of the velocity at a
downstream distance of 1d from the cylinder axis at a nominal flow speed U0 of 36.5 m/s (M = 0.106). In
the folder postprocessing, the Python 3 scripts is provided to obtain the resulting plot provided in Figure 8.
Despite the 2D simulation of the flow, fair agreement of the data was reached. However, this 2D results present

Figure 8: Validation of the flow (half-)profiles of the streamwise velocity component measured and simulated in
the wake of the cylinders at a downstream distance of 1d from the cylinder axis at a nominal flow speed U0 of
36.5 m/s (M = 0.106).

a limited picture of the 3D turbulent flow structures of the cylinder wake.

6.2 Aeroacoustic
In the folder postprocessing, Python 3 scripts are provided to obtain the resulting plots provided in Figure 9.
In the scripts, the experimental data is processed and this data handling can be used as example scripts for the
experimental data usage. Furthermore, the python script shows how to handle the openCFS and OpenFoam
exported history data (evaluation point history of the acoustic pressure). Since the acoustic pressure of the
simulation in openCFS is modeled to be two-dimensional, the following corrections are applied to the simulation
data: First the oscillation frequency is adapted to the one of a 3D cylinder (multiplied by the ratio of the
respective Strouhal numbers 0.191/0.235). Secondly, the sound pressure level (SPL) in 3D

SPL3D = SPL2D + 10 log10

(
π2r2

|H(1)
0 (kr)|2

)
+ 10 log10

(
Lc
L

)
(6)
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is computed from the 2D SPL value from the simulation. The second term is governed by the geometrical
properties of the wave decay determined by the norm of the Green’s function in 3D compared to the norm of
the one in 2D. We note that no far field approximation of the Hankel function H

(1)
0 is possible since kr ∼ 1,

Figure 9: Sound pressure level spectra (ref 20 µPa) obtained for the 20 mm diameter cylinder models in
comparison to the aeroacoustic simulation using the PCWE and Curle’s analogy.

where k is the wave number and r = 0.61 m the distance to the observer. The third term [36] accounts for the
reduced correlation length of the flow structures compared to a fully correlated flow along the cylinder (aspect
ratio of 14, see Table 2), the correlation length Lc was assumed to be 6 diameters for the shedding frequency.
The influence on the SPL peak of the simulation as a result of the spanwise correlation length for a circular
cylinder is depicted the figure. Based on literature, it ranges from Lc/d ≈ 3 at Re = 43 000 [37] to Lc/d ≈ 5 at
Re = 22 000–48 000 [38,39] up to Lc/d ≈ 8.2 at Re = 90 000 [40]. The investigated Reynolds number range is
from 30 000 to 70 000. The 3D aeroacoustic simulation using Curle’s analogy in OpenFoam is only corrected by
the relative correlation length of 5d in the simulation compared to 6d, provided by the literature.
From theory, the acoustic pressure of dipolar sound radiation scales as 2.5 with the Mach number, corresponding
to a power of 5 for the acoustic intensity. In 3D, the acoustic pressure scales with the power of 3, defined by
the intensity law as a result of Curle’s analogy for compact spherical dipoles. From the three 2D simulations,
we found that the data scales with a power of 2.25 with respect to the Mach number. In the experiments, the
power-law fit yielded a power of 2.83, which falls between 2D and 3D.

7 Conclusions
We present a benchmark dataset to improve the open data policy in the acoustic research community. The
dataset consists of experimental data and a corresponding numerical simulation setup, implemented in open-
source software packages. Both are provided online. The definitions of the geometrical and flow parameters,
together with the experimental database, constitute a standardised configuration designated as FLUID 01.
This configuration is proposed as a validation benchmark for numerical simulation workflows and as a reference
standard for the design and calibration of aeroacoustic measurement facilities.
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