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Development of the SmartAnswer Demonstrator: a Didactic
Wind Tunnel for Aeroacoustic Applications∗

S. Tamaro† and R. Zamponi‡ and C. Schram§
von Karman Institute for Fluid Dynamics, Sint-Genesius-Rode 1640, Belgium

A small didactic wind tunnel demonstrator has been designed and manufactured at the
von Karman Institute for Fluid Dynamics to illustrate the physical principles at stake in
flow-induced noise generation, offer an audible perception of the effectiveness of noise-mitigation
strategies, and serve as a practical test bench for aeroacoustic education and research. Seven
mitigation technologies are embedded in a single facility, which addresses the noise generation
by an airfoil, noise propagation in a duct, and noise transmission through a flexible panel. A
challenging objective of this facility was to offer a perceptible impression of various aeroacoustic
noise mechanisms at low flow speeds and a live assessment of the effectiveness of the noise-
reduction technologies. Different approaches combining multiple microphones, advanced
signal-processing techniques, and real-time audio feedback have been implemented to this
end. The results establish that the demonstrator enables a clear perception of the effectiveness
of the noise-mitigation technologies. The facility is also suitable for fast and inexpensive
preliminary investigations of future noise-reduction concepts, taking advantage of rapid
prototyping techniques.

I. Introduction

The unavoidable growth in air and ground traffic, the desired increase of wind energy, the constant spread of coolingand ventilation systems, etc., require new technologies to limit the noise exposure in our homes and workplaces.
Indeed, the negative impact of noise on our quality of life and health is well known. The elaboration of improved
noise-mitigation strategies is therefore essential to limit noise to the acceptable levels that have been defined in many
sectors of activity. For this purpose, new materials and technologies are being actively researched, leading the way to
innovative products by a new generation of young scientists, researchers, and entrepreneurs.
Both aspects, technological progress and training of young researchers, are part of the core mission of Marie

Skłodowska Curie Actions (MSCA), funded by the European Commission. The MSCA Innovative Training Networks
(ITN) SmartAnswer∗ has been researching, developing, and promoting innovative flow and noise control approaches
for multiple applications, such as wind turbines, aircraft, and air conditioning systems, for the building and automotive
industries. This project has brought together young researchers and industrial stakeholders with the common goal of
accelerating the development of novel noise-reduction technologies.
One of the key achievements of the project has been the design of a didactic demonstrator, which has several

purposes: (i) communicating the outcomes of the research to a broad audience, including nonspecialists; (ii) stimulating
the interest of younger generations toward scientific studies; and (iii) serving as a small laboratory facility for the
training of undergraduate or Masters-level young researchers. The first objective is addressing the issue of the growing
complexity of scientific research, resulting in its disconnection from the broader public, although the latter is financing
this research. The public acceptance of the governmental scientific policies is, here, at stake. The second objective
considers a longer perspective and attempts to increase the interest of young people in scientific studies with the aim of
preserving the competitiveness of the European area in the decades to come. The last objective speaks for itself and is
meant to guarantee the continuous maintenance and upgrade of the facility over the years. The didactic demonstrator
concept is not new: Hawkinson and Anderson [2] have pointed out the benefits of a small flight demonstration wind
tunnel as an outreach tool and, especially, as an active learning environment for students. A miniature wind tunnel has

∗Parts of this paper are included in [1].
†Research Engineer, Environmental and Applied Fluid Dynamics Department, simone.tamaro1@gmail.com.
‡Postdoctoral Researcher, Environmental and Applied Fluid Dynamics Department, riccardo.zamponi@vki.ac.be, AIAA Member
§Professor, Environmental and Applied Fluid Dynamics Department & Aeronautics and Aerospace Department, christophe.schram@vki.ac.be,

AIAA member
∗Smart mitigation of flow-induced acoustic radiation and transmission for reduced aircraft, surface transport, workplaces, and wind energy noise,

available at https://www.h2020-smartanswer.eu/ (Last viewed on 31st January 2022).
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also been described numerically and experimentally by Duran et al. [3], who developed it to assist the undergraduate
students of flight control. But to the authors’ knowledge, the development of a didactic aeroacoustic demonstrator,
which enables the user to experience live the noise-reduction technologies, has never been reported in the literature.
The design of the small aeroacoustic wind tunnel, which is described in this paper, is the outcome of an intensive

collaboration between the participants of the consortium [4]. The SmartAnswer demonstrator implements the
noise-reduction technologies, which were investigated by the young researchers recruited in the project. Whereas
the noise-mitigation concepts and the main research outcomes of those fellows are summarized below with adequate
referencing to their publications, the present paper is focused on the development of the wind-tunnel platform itself and
the techniques that were specifically studied to enable the in situ hearing of flow-induced noise-generation, propagation,
and transmission mechanisms and their attenuation. Here, the purpose is to present the demonstrator’s design and
discuss its potential as an outreach tool and active learning station.
The document is structured as follows. Section II briefly outlines the state-of-the-art of some of the main noise-

reduction technologies embedded in the demonstrator. Section III presents the design of the demonstrator facility. In
Sec. IV the main results are shown and their educational potential is discussed, whereas the conclusions are drawn in
Sec. V.

II. Noise-mitigation technologies
In this section, aerodynamic-noise reduction is considered, following three different approaches: by acting on its

source, the way it propagates in a duct, and the way it is transmitted through a flexible panel.

A. Reduction of noise at the source
When the flow interacts with a solid body such as an airfoil, different noise-generation mechanisms occur. In the

case of a fixed airfoil, the sources of the aerodynamic noise can be typically divided into self-noise and interaction
noise. The tip noise and trailing-edge noise are two examples of self-noise. The trailing-edge noise originates when the
turbulent structures, which develop in the airfoil boundary layer above a critical Reynolds number, are advected over
the trailing edge. The tip noise occurs when the tip vortex, induced by a pressure difference between the pressure and
suction sides, interacts with the blade tip. The turbulence-interaction noise takes place when the incoming turbulent
structures are distorted in the proximity of the leading edge of a blade or wing. The noise generation can be mitigated at
the source by modifying the geometry of the specific areas, such as the leading edge and trailing edge of a wing, or
introducing porous materials.

Serrations Serrations are wavy-shape inserts that can be installed at both edges of a wing or blade profile. The
leading-edge serrations have been applied to isolated profiles and fan blades [5, 6]. The oblique edge on a leading-edge
serration hill creates a destructive interference of the scattered surface pressure [7, 8], resulting in a noise reduction
in targeted frequency ranges. The wavy design is correlated directly with the turbulence integral length scale so that
an optimum serration wavelength equal to four times the integral length scale has proven to achieve maximum sound
power reductions [9]. Serrations can also be applied to passively mitigate trailing-edge noise [10]. The noise-reduction
mechanism, in this case, is linked to the destructive interference occurring between pressure waves that are scattered at
the edges [11].

Porous materials Similar to serrations, porous materials can be integrated into the structure of an airfoil to mitigate
both self-noise [12–14] and turbulence-interaction noise [15–18]. At the leading edge, one possible mitigation
mechanism for the turbulence-interaction noise is related to the damping of the deformation that is experienced by
the turbulent vortices impinging on the airfoil surface. This phenomenon results in a less efficient conversion of their
kinetic energy into sound [19]. Moreover, the communication between the pressure and suction sides mitigates the
noise emissions by decreasing the pressure jump across the surface, thereby attenuating the associated dipole. A more
detailed discussion on the physical mechanisms is provided by Paruchuri et al. [20]. At the trailing edge, the porosity
reduces the self-noise by mitigating the acoustic impedance discontinuity in this region [21].

Over-the-rotor liners An important noise component in the turbofan engines is that which is generated by the
interaction of the flow with the rotor blades and stator vanes. In particular, the tip clearance is a relevant source of the
self-noise because the pressure difference between the two sides of a blade starts a tip-leakage vortex, which interacts
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with the blade tip edge [22, 23]. To this end, the over-the-tip liners (OTLs) have been investigated during the past
decades as a technology with the potential to attenuate the fan noise in turbofan engines [24]. This concept consists of
treating the casing surrounding the fan blades by fitting an acoustic liner. Due to the close vicinity to the fan-blade tip,
the noise-mitigation mechanism of the OTLs is typically attributed to a modification of the source itself combined with
the conventional attenuation of the acoustic waves that propagate over the liner.

Rod vortex generators Flow separation is a common scenario for many technological applications. It occurs at high
inflow incidence angles and decreases the aerodynamic performance, stall, fatigue, and low-frequency noise generation
[25]. The vortex generators are passive flow-control devices, which are capable of delaying the flow separation by
generating the streamwise vortices, which transfer the high-momentum fluid to the core of the boundary layer [26].
The novel design of the rod vortex generators (RVGs) has been introduced by Doerffer et al. [27] and uses small
inclined cylinders as control devices. The effect of the RVGs on the aerodynamic noise is still a topic of active research.
Indeed, the turbulence generated by the RVGs is convected downstream and scattered at the trailing edge with a risk of
regenerating noise, thereby deteriorating the expected benefits of preventing a loud, low-frequency stall noise.

B. Noise propagation
The acoustic passive and active liners are technologies that have proved to successfully mitigate the duct-noise

propagation [28, 29]. On the one hand, the former act on a wide range of frequencies and do not require energy to
operate. However, their main limitation is that they cannot adapt to multiple scenarios due to the fixed geometry and
materials. On the other hand, the latter provide a similar performance with higher flexibility and can be tuned in
real-time.

Passive liners Passive liners are made of a perforated plate, coupled to a cavity on one side, and can be reactive or
dissipative, depending on the nature of this cavity. The reactive liners are backed by a resonating honeycomb structure,
whereas the dissipative liners are backed by porous, sound-absorbing materials. The passive liners reduce far-field
noise by absorbing acoustic energy and can be tuned to target virtually any frequency range [30]. The performance of a
passive liner depends on the different parameters such as the perforation size, perforation rate, thickness, and mounting
conditions [30].

Active liners Semi-active impedance control offers a promising alternative to overcome the lack of versatility of the
passive liners [28]. An active liner consists of an array of electroacoustic cells, made by a loudspeaker (the actuator)
placed in the center of the cell, and one or more microphones (the sensors) fitted around it. By controlling the electrical
current in the loudspeaker coil with a programmable digital processor, it is possible to change the loudspeaker dynamics
based on the microphone measurements and reproduce the desired relationship between the actuator displacement and
local averaged pressure [29].

C. Noise transmission
The use of lightweight materials has become crucial to several engineering applications as a result of ecological

trends. Nonetheless, the light designs exhibit worse noise, vibration, and harshness behavior, and novel low-mass and
compact solutions are required to improve it. With this regard, locally resonant metamaterials can create frequency
zones of strong vibration and/or noise attenuation, i.e., stop bands, by reducing the flow-induced vibrations of flexible
structures and the consequential transmission of noise [31, 32]. The technology consists of a flat plate onto which the
resonant structures, called resonators, are glued. The installation pattern of these units, along with their dimensions,
determines the stop band behavior [33].

III. Design of the demonstrator wind tunnel
The objective pursued with this demonstrator is to offer a live, ideally audible, experience of the flow-induced noise

and its mitigation, thanks to the aforementioned technologies, while being sufficiently compact to be transportable
and exhibited in schools, universities, science fairs, etc. A relatively low maximum flow speed is permitted in these
conditions, which significantly limits the noise-production amplitude. For this reason, it has been decided to amplify the
noise measured by the near-field microphones and reinject it through a loudspeaker to enable a live audio hearing.
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(a)

Loudspeaker

Turbulence
generators

Airfoil
models

Tip liner

Contraction

Airfoil drawer

(b) (c)

Fig. 1 Computer-aided design (CAD) views of the demonstrator wind tunnel facility: (a) general overview, (b)
airfoil drawer, (c) propagation and transmission drawers. Arrows indicate the flow direction. A video describing
the architecture and the operation of the facility is available online and can be accessed by scanning the QR code
embedded in the figure.

The demonstrator consists of a miniature open-loop wind tunnel made of interlocking wooden elements, which can
be easily disassembled. The facility features manually operated drawers to quickly shift between the different airfoils
and noise-reduction technologies and an amplification circuit to provide the best possible perception. This solution
offers the benefit of adapting the audio output to the background noise level of the demonstration environment.
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A. Aerodynamic and acoustic design
The wind tunnel has been designed to operate at a subsonic target point of 20m s−1 in an open-loop configuration.

Figure 1 presents the different elements and views of the facility. A fairly silent centrifugal fan model G3G250-KR17-I5,
provided by EBM-Papst [34], supplies the required volumetric flow rate. The fan is equipped with an alternate current
single-phase M3G084-DF motor. The fan intake is connected to a silencer box containing a labyrinth of melamine-foam
panels. The fan outlet discharges into a straight horizontal duct section terminated by a vertical U-turn, and also fitted
with 0.1m melamine-foam panels on its four sides. The U-turn leads to a flow-conditioning settling chamber, which
includes a honeycomb flow straightener and three turbulence screens. A seventh-order polynomial contraction with an
area ratio of 10 leads to the 0.2m (height) × 0.1m (span) test section.
A drawer with five compartments, hosting different airfoils, can slide through the test section along the spanwise

direction to quickly change the investigated configuration and assess the noise attenuation gained with the serrations,
porous materials, etc. This element is shown in detail in Fig. 1b. The different inflow qualities can be obtained by
sliding a second drawer, located approximately 0.2m upstream of the test section, containing either (i) an empty section
for clean inflow conditions, leading to trailing-edge noise; (ii) a coarse grid generating homogeneous turbulence for
broadband turbulence-interaction noise; or (iii) a 0.01m-diameter cylindrical rod, inducing a periodic vortex shedding
for the quasi-tonal turbulence-interaction noise [35].
The flow velocity in the facility is measured with a Validyne pressure sensor model DP15 (Validyne Engineering,

Northridge, CA, United States) plugged into a CD15 carrier demodulator and connected to the inlet and outlet of the
convergence. The device has been calibrated using a Betz-type water manometer (ACIN instrumenten, Rijswijk, the
Netherlands) and is characterized by an uncertainty of 0.5%. In the clean configuration, the hot-wire anemometry
measurements indicated turbulence intensities on the order of 0.5%. The coarse grid has a thickness of 0.01m and
square openings of 0.02m side length, generating turbulence intensities that are estimated around 20% at the level
of the airfoil leading edge. The bars of the grid are covered with 0.02m of melamine foam on their upstream and
downstream faces to minimize the grid self-noise.
Downstream from the test section, a smooth U-turn guides the flow toward a straight duct of approximately 1.6m in

length. A loudspeaker is embedded into the downstream corner to reinject the airfoil noise after amplification toward
the final straight duct. The top and bottom walls of the U-turn are acoustically treated with melamine foam to minimize
the risks of an audio feedback loop between the loudspeaker and test-section microphones. This feature can be observed
in Fig. 1b.
Two vertical drawers, sliding vertically, are installed along the final straight duct. Both of the elements are visible in

Fig. 1c. The upstream element (propagation drawer) allows a passive or active acoustic liner to be installed by sliding
one vertical solid sidewall. The propagation drawer is 0.545m long in the streamwise direction and enables flushing a
liner on the whole 0.2m height of the sidewall of the duct. A lower transmission of the airfoil noise can be appreciated
at the outlet of the duct by switching between the solid wall and passive/active liners.
The downstream vertical drawer (transmission drawer) is in place to demonstrate the noise transmission. One

sidewall is free to slide to present either a thin steel plate or an architected metamaterial panel. The mechanism has a
streamwise length of 0.4m and transmits the sound propagating in the duct toward a rectangular backing cavity made of
Plexiglass walls, which is instrumented with a microphone. Switching from the steel panel to the metamaterial panel is
meant to yield a reduced transmission toward the Plexiglass cavity.
Finally, the flow exits the facility through an outlet horn with an area ratio of approximately 3.9 to reduce the relative

pressure loss and radiate the noise toward the audience. The assembled rig has a total height of 2.0m, width of 1.6m,
and length of 3.5m, and can be easily disassembled using toggle latches and transported in a small truck.

B. Implementation of the noise-reduction technologies
The technologies for noise reduction at the source are installed in the airfoil drawer. The technologies for the

mitigation of the duct-noise propagation are located in the liner drawer. The metamaterial for attenuating the noise
transmission is mounted in the transmission drawer.

1. Airfoil drawer
Five different wing profiles are installed in the airfoil drawer: one reference airfoil and four variants featuring the

noise-mitigation technologies listed in Sec. II.A, separated by Plexiglas walls. The models are aligned and coupled to a
cylindrical axis, which can be rotated to set a common angle of attack, with an estimated uncertainty of ±1° due to the
manufacturing tolerances. The reference baseline airfoil is a National Advisory Committee for Aeronautics NACA-0012
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profile with a chord of 0.12m. All of the airfoils have been three-dimensionally printed in a polycarbonate material
using a powder-based printing technique, and occupy the full-span 0.1m of the test section, at the exception of the airfoil
meant to demonstrate the tip-gap noise reduction, for which a gap of 0.005m has been implemented. For the clean
inflow conditions, the baseline airfoil has been tripped at 𝑥/𝑐 = 0.1 to induce the transition from the laminar to turbulent
boundary layer. Figure 2 illustrates the three-dimensional (3D) models of the airfoils installed in the demonstrator.

(a) (b)

(c)
(d)

Fig. 2 Test objects for the noise reduction at the source: (a) serrated airfoil, (b) section view of the porous
airfoil, (c) RVG airfoil and parameters, (d) tip-gap airfoil and OTL. The baseline is a symmetric NACA-0012
profile with a chord of 0.12m and a span of 0.1m.

Serrations The sinusoidal leading-edge serrations have been designed following the guidelines mentioned in Sec. II.A,
preserving a total surface of the airfoil platform equal to that of the reference airfoil. The peak-to-trough amplitude of
the serrations is 2 ℎLE = 0.02m, equal to the wavelength _LE = 0.02m.
At the trailing edge, sawtooth serrations have been designed based on an the estimated boundary-layer thickness

𝛿99 = 0.005m, measured through hot-wire anemometry. The peak-to-trough amplitude is 2ℎTE = 4 𝛿99 = 0.02m, for
a wavelength _TE = 0.01m, following the guidelines of Gruber et al. [36]. The dimensions of ℎTE and _TE yield a
serration angle of 76°, matching the recommendations of Howe [37]. The thickness of the serrations of 5mm is the
minimum imposed by the 3D printing technique.

Porous materials The porous model is equipped with perforated leading-edge and trailing-edge inserts. The
perforation allows the incoming flow to penetrate the airfoil. The internal volume of the perforated inserts is filled with
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steel wool to prevent acoustic resonance. The present design is based on the work of Teruna et al. [38] and Rubio Carpio
et al. [39]. At the leading edge, the perforations are locally perpendicular to the surface with a hole diameter of 1mm,
and center-to-center separations of 1.5mm and 1.8mm in the spanwise and streamwise directions, respectively. The
surface porosity is 73%. The outer structure is 1mm thick, and the leading-edge insert extends up to 20% of the chord.
The same dimensions for the outer structure also characterize the trailing-edge insert. The perforations are

perpendicular to the chord line with hole diameters of 0.5mm, and the inter-hole separation is 1mm in the streamwise
and spanwise directions. This design yields a surface porosity equal to 20%. Underneath the perforations, the prismatic
cavity has a height of 2.5mm at the solid-porous junction and a height of 0.5mm at the trailing edge. The perforation
channels are longer near the junction and gradually become shorter toward the trailing edge. This treatment effectively
leads to a streamwise variation of the flow resistivity of the perforated trailing edge, intended to minimize the scattering
intensity at the solid-porous junction and, subsequently, the high-frequency noise increase. However, issues related to
the tolerance of the 3D printing process did not allow for the successful manufacturing of the trailing-edge porosity. In
particular, the high number of occluded perforations at the trailing edge compromises the permeability - and, therefore,
the noise-reduction potential - of the insert.

RVGs Figure 2c shows the geometrical parameters that define one RVG. Each component has a diameter of 𝐷 = 1mm,
corresponding to 20% of the estimated boundary layer thickness 𝛿99 = 5mm at the VG location, and a height (along 𝑧)
of 𝐻 = 2.25mm, corresponding to 45% of 𝛿99. A total of ten RVGs are installed along the span at a chordwise location
𝑥/𝑐 = 0.5 and with a spanwise separation of 10𝐷. The inclination of a RVG is determined by two angles \ and 𝜓 as
indicated in Fig. 2c. The angle relative to the 𝑥𝑦 plane is \ = 45°, while the angle relative to the 𝑥𝑧 plane is 𝜓 = 30°.
The RVGs have been glued into dedicated slots on the suction side of a baseline airfoil model.

OTL The set-up of the OTL in the demonstrator is based on the wind tunnel experiments conducted by Palleja-Cabre
et al. [22], in which the rotor and OTL are represented by a static airfoil with its tip located over a flat plate containing a
flush-mounted liner insert and separated from the airfoil tip by a small gap of 5mm. On the exterior wall of the test
section, two hinges allow easy swapping of two different panels, i.e., a hard wall or a liner in the over-tip position with a
surface of 0.21m × 0.12m. An elastic O-ring is used to seal the panels to the test section. The geometric design of the
liners is based on the point source prediction model by Palleja-Cabre et al. [22], adequately tuned for the airfoil chord
and flow speed of the demonstrator. The mitigation technology is a 10mm thick, one degree of freedom (passive) liner,
consisting of a cubic aluminum honeycomb structure, with a wire mesh on the flow side.

2. Propagation drawer
Passive liner The passive liner is dissipative and consists of a micro-perforated plate with a porous cube installed
behind it. The perforated plate is designed using Guess’s model [40], targeting a frequency range around 1.5 kHz. The
porous melamine-foam cube operates at a wider frequency range, according to the properties of the porous medium.

Active liner The active liner consists of an array of twelve Monacor SPX-30M loudspeakers (Monacor International,
Bremen, Germany) and twelve electret microphones, installed on a mechanical frame and covered by a wire mesh. Two
different acquisition boards (three for the loudspeakers and three for the microphones) and one controller are required to
operate the device. The dynamic response of the loudspeakers is controlled with a feed-forwarded control loop. The
target impedance is expressed as a function of three control parameters `𝑟 , `𝑚, and `𝑐, which can be used to modify the
effective mass, resistance, and compliance of the loudspeakers, respectively [28]. The optimum values of `𝑟 = 0.2 and
`𝑚 = `𝑐 = 0.5 yield a band-filter behavior centered at approximately 310Hz and expected reduction higher than 6 dB.

3. Transmission drawer
The metamaterial panel measures 200mm (height)×300mm (streamwise length)×0.5mm (thickness), and features

90 resonators with a thickness of 4mm and an average resonance frequency of 1926Hz ± 8Hz. They are installed in a
rectangular pattern with a streamwise separation of 28mm and upwash separation of 20mm to target the first transversal
axial mode of the cavity estimated at 1.3 kHz. The resonators are designed as cantilever beams with rectangular support
of 20mm × 28mm and made of polymethyl methacrylate. Further details on the design of these devices can be found in
[33].
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C. Amplification of the airfoil noise
The near-field noise emitted by the airfoil needs to be amplified to provide a live audio experience, given the low

flow velocities. However, a single microphone placed close to the airfoil in the test section would not be sufficient as it
would also pick up the pressure fluctuations associated with the flow itself, in addition to the residual noise of the fan
and any other background noise.
An array of microphones was used to extract the noise emitted by the airfoil from the background noise. Two sets of

four microphones are immersed in a 0.1m-thick block of melamine foam fitted within the upper and lower walls of the
test section. The purpose of these patches of foam, covered by a tensioned metallic fine cloth, is to dampen out the
vertical transverse modes that would otherwise yield a tonal spectrum and alter the perception of the broadband noise
emitted by the airfoil.
Each lower/upper set of microphones is recessed by about 7mm inside the melamine foam to decrease the contribution

of the lower/upper wall turbulent boundary layer to the measured signal. Two microphones are placed over a line aligned
with the airfoil leading edge, and two microphones are facing the trailing edge. The spanwise separation between each
pair of microphones is about 0.04m, estimated enough to yield a decorrelation of the pressure fluctuations associated
with the boundary layers while preserving the correlation of the acoustic pressure radiated by the airfoil. Based on this
assumption, the signals of each pair of microphones are averaged in real-time to increase the signal-to-noise ratio.
The averaged signals from the sets of microphones facing each other across the test section are then subtracted. This

procedure is meant to further increase the signal-to-noise ratio because the acoustic field radiated by the airfoil is, in the
first approximation, of dipolar nature at low enough frequencies [41]. Therefore, the signals corresponding to the airfoil
acoustic field at the upper and lower microphones should be in anti-phase, whereas the background noise is not expected
to be. Thus, at the low frequencies, the residual fan noise transmitted to the test section is expected to appear as plane
waves in the test section and should be canceled in the subtraction.
The microphones are cheap electrets, of the brand Knowles and model FG23329-P07 (Knowles, Itasca, IL, United

States), with a diameter of 2.59mm, a frequency response of ±3 dB in a range between 100Hz and 10 kHz, and a
typical uncertainty of ±1 dB. All of the sensors have been calibrated in amplitude and phase. The signals acquired
by the electret microphones are processed as mentioned above and then sent to an amplifier with an adjustable gain
and fed to an analog input module NI-9205 (National Instruments, Austin, TX, United States). The input and output
modules are installed in a CompactDAQ NI cDAQ-9174 chassis (National Instruments, Austin, TX, United States). The
input data are processed using NI LabVIEW (National Instruments, Austin, TX, United States) and can be either stored
or played by a Monacor SPH-75/8 loudspeaker (Monacor International, Bremen, Germany) using an analog output
module NI-9263 (National Instruments, Austin, TX, United States), after amplification by a Monacor AKB-60 amplifier
(Monacor International, Bremen, Germany), leading to the loudspeaker.
An interface has been developed to permit choosing which of the leading- or trailing-edge microphones are amplified

to freeze the multiple sound pressure spectra on the screen for comparison as well as apply the A-weighting [42]. The
bandpass filtering of the signal is also implemented and can be tuned appropriately to enhance the perception of the
resulting acoustic behavior. The sampling frequency is 25.6 kHz in the acquisition mode and reduced to 12.8 kHz for
the amplification.
The measurements of the noise propagation and transmission have been performed employing a B&K Type 4938

1/4-in microphone (Bruel & Kjaer, Nærum, Denmark). A NEXUS Conditioning Amplifier type 2692-C (Bruel & Kjaer,
Nærum, Denmark) is used to amplify the signal acquired by the microphone and feed it to the analog input module. The
sampling frequency, in this case, is set to 12.8 kHz. To measure the effectiveness of the liners for noise propagation, the
B&K microphone is placed at the outlet of the facility at a distance of 0.3m from its center, lying in the horizontal
plane, whereas to estimate the noise transmission, it is located at the center point of the backing cavity, flush with the
inner surface.
The acoustic spectra presented in Sec. IV are computed using the Welch method with a Hanning window size of 211

sampling elements and a frequency resolution of 12.5 and 6.5Hz for the data acquired with the electret microphones
and B&K microphone, respectively. The acquisition time is set to 30 s for the noise at the source, 12 s for the noise
propagation, and 10.5 s for the noise transmission.

IV. Commissioning of the facility
The quantitative results below demonstrate that the facility developed in this work permits a qualitative perception

of the flow-induced noise and its mitigation.
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A. Noise reduction at the source
The following results were obtained for the free-stream velocities between𝑈∞ = 10m s−1 and 20m s−1, corresponding

to the chord-based Reynolds numbers 𝑅𝑒𝑐 ranging between 0.8× 105 and 1.6× 105, respectively. The background noise
is measured with an empty test section and all of the other parameters are otherwise identical, including the insertion of
a turbulence-generation device upstream of the airfoil.
The absolute and relative noise spectra emitted by the baseline airfoil and its serrated and porous variants are

shown in Fig. 3 for an angle of attack 𝛼 = 0°. The reference sound pressure is 𝑝ref = 20 µPa. The free-stream velocity
is set to 𝑈∞ = 20m s−1 for the clean inflow and rod-airfoil configuration, whereas it is lowered to 𝑈∞ = 14m s−1
(𝑅𝑒𝑐 = 1.1 × 105) using the coarse turbulence-generation grid case resulting from the high blockage introduced by the
latter.
It appears that the different airfoils introduce only a small noise contribution for the clean inflow condition. The

airfoil self-noise is, indeed, known to be a relatively weak source mechanism. This is seen to be more significant for the
porous airfoil because of the increase in the boundary layer turbulence intensity caused by the surface roughness. Much
higher signal-to-noise ratios are obtained when the cylindrical rod and coarse grid are installed upstream of the airfoil,
although those elements introduce a significant background of their own. The microphone signals have been processed
as explained in Sec. III.C to isolate the airfoil noise.

102 103 104

f [Hz]

20

40

60

80

100

L
p

[d
B

]

Baseline

Serrated

Porous

(a)

102 103 104

f [Hz]

20

40

60

80

100

L
p

[d
B

]

Baseline

Serrated

Porous

(b)

102 103 104

f [Hz]

20

40

60

80

100

L
p

[d
B

]

Baseline

Serrated

Porous

(c)

102 103 104

f [Hz]

−6

−4

−2

0

2

4

6

8

∆
L
p

[d
B

]

Serrated

Porous

(d)

102 103 104

f [Hz]

−6

−4

−2

0

2

4

6

8

∆
L
p

[d
B

]

Serrated

Porous

(e)

102 103 104

f [Hz]

−6

−4

−2

0

2

4

6

8

∆
L
p

[d
B

]

Serrated

Porous

(f)

Fig. 3 Absolute (top) and relative (bottom) SPL (𝑝ref = 20µPa) emitted by the baseline, serrated, and porous
airfoils for the different inflow conditions: (a,d) clean, (b,e) rod turbulence, (c,f) grid turbulence. 𝛼 = 0° and
𝑈∞ = 20m s−1 (clean, rod turbulence) and 14m s−1 (grid turbulence). The regions of the plots that lie below the
background noise level are highlighted in gray. A positive ΔLp indicates a noise reduction, whereas a negative
ΔLp denotes noise increase.

Serrations and porous materials The noise attenuation ΔLp obtained with the serrated and porous airfoils are
presented in Figs. 3d-3f. Assuming an auditory level discrimination threshold of 1 dB in ideal conditions, the results
indicate that the noise differences provided by the two technologies should be just audible for the clean inflow conditions
and quite audible for the rod-induced and grid-induced turbulent inflows. Noteworthy, the porosity increases the
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self-noise over the entire frequency range in the clean inflow conditions and requires the incoming turbulence to yield
the benefits. However, even in that case, relatively significant self-noise regeneration is found at the high frequencies.
The serrated airfoil model is the most effective in terms of the noise-reduction performance, reaching ΔLp = +6.5 dB

in the rod-airfoil case, followed by the porous model with a maximum reduction of ΔLp = +4.5 dB with the grid
turbulence. The serrations yield positive deviations in all of the considered configurations, although for 𝑓 > 2 kHz, the
data are contaminated by the background noise.

RVGs The airfoil equipped with RVGs is compared with the baseline airfoil. The aeroacoustic spectra are presented in
Fig. 4a for an angle of attack 𝛼 = 0°. The results show that the RVGs introduce a noise increase at the high frequencies
for 𝑓 > 2 kHz, which vanishes around 𝑓 = 10 kHz due to the predominance of the background noise. The increase in
noise at the high frequencies can be the result of two factors. First, the trailing-edge noise is enhanced by the additional
turbulence, which is generated and scattered. Second, at the higher frequencies, the noise generated by the RVGs
themselves can become dominant. It has not been possible to highlight the expected benefit of delaying the separation,
presumably because of the high blockage introduced with a high angle of attack and the influence of the side walls of
the test section.
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Fig. 4 Noise alteration of (a) an airfoil equipped with RVGs relative to the baseline at 𝑈∞ = 15m s−1 and 𝛼 = 0°
and in the absence of inflow turbulence, (b) the tip-gap noise configurations relative to an airfoil with a side gap
𝑒 = 5mm at 𝑈∞ = 10m s−1, 𝛼 = 9° and in the absence of inflow turbulence, (c) the noise propagated along the
wind tunnel treated with active and passive liners relative to a baseline solid panel.

OTL The tests have been carried at a free-stream velocity 𝑈∞ = 10m s−1 and angle of attack 𝛼 = 9° to assess the
effectiveness of the liners for the tip-gap noise mitigation. These conditions induce a large enough pressure difference
between the suction and pressure sides to yield the tip-gap noise with a side gap of 𝑒 = 5mm between the airfoil and
wall. Figure 4b shows the relative SPL levels ΔLp with reference to the gap airfoil with the solid wall case. The same
convention is applied as was used for the previous results with the negative and positive values denoting a noise increase
and reduction, respectively. Due to the higher noise levels expected on the pressure side of the airfoil and source being
located at the mid chord [43], the results included in this section are obtained with the microphone closest to the gap side
in correspondence with the leading edge on the tunnel wall facing the pressure side of the wing profile. The presence
of a gap on the side of the airfoil introduces noise penalization, which gets particularly evident reaching 5 dB around
𝑓 = 1 kHz. The installation of a liner mitigates this penalization in a frequency band centered at 𝑓 = 1 kHz, recovering
almost 2 dB at 𝑓 = 800Hz. The results at 𝑓 > 2 kHz are contaminated by the background noise.

B. Noise-propagation reduction
The rod-airfoil configuration is used to assess the effectiveness of the two liner technologies aimed at reducing the

duct-noise propagation. The noise measured in the test section is amplified and reinjected through the loudspeaker
facing the straight outlet duct. The results are shown in Fig. 4c. The passive liner proves to be quite efficient in a broad
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frequency range between 200Hz and 4 kHz with peaks of ΔLp > +7 dB around 500Hz. The active liner presents a noise
reduction of ΔLp = +13 dB in a narrower frequency band between 200 and 300Hz, which can be tuned through the
controller. This result highlights the potential of combining the two technologies. Overall, the achieved noise reductions
allow an audience located at the outlet to hear the pronounced differences. This is also supported by the fact that the
noise source can be band-filtered by the operator to isolate the frequency range of the maximum effectiveness of each
technology.

C. Noise-transmission reduction
A clean inflow is considered to investigate the effectiveness of the architected metamaterials, and the noise emitted

in the test section is amplified through the main duct downstream. The transmitted acoustic spectrum shown in Fig. 5
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Fig. 5 Absolute and relative SPL (𝑝ref = 20µPa) spectra of the measurements on metamaterials for noise
transmission. The modes 𝑛𝑥 , 𝑛𝑦 , and 𝑛𝑧 corresponding to each peak of the SPL spectra are marked, 𝑥, 𝑦, and 𝑧

coordinates being aligned as shown in Fig. 1.

(top) appears to be dominated by the characteristic tonal peaks, which are linked to the acoustic modes of the backing
cavity. Only the modes for which the location of the microphones does not lie on a node appear in the spectrum. ΔLp
is consistently positive at the low frequencies for 𝑓 < 1 kHz with the most substantial reductions taking place for the
targeted first axial mode, which is developing perpendicularly to the transmission panel. In the whole spectrum, the
positive peaks of ΔLp correspond to the excitation modes. The frequency misalignment of the tonal peaks between the
two cases is probably due to the slight differences introduced to the dimensions of the cavity by the transmission panel
in use. In this case, a set of headphones will be installed along with the microphone to allow the users to perceive the
noise propagated through the backing cavity.

V. Conclusions
A didactic demonstrator has been designed as an open-loop miniature aeroacoustic wind tunnel, aimed at illustrating,

in an audible fashion, the different flow-induced noise mechanisms on the one hand and demonstrating the effectiveness
of the advanced technologies to attenuate them on the other hand. The noise-mitigation strategies have been investigated,
modeled, and fine-tuned for this demonstrator by the young researchers of the European Marie Skłodowska Curie
ITN SmartAnswer for the reduction of sound generation at the source, its propagation in a duct, and its transmission
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through a structural panel.
The design procedure combines the classical elements of a low-noise and low-turbulence wind tunnel with the

specific features that enhance a didactic and live audio experience. A turbulence intensity on the order of 0.5% in clean
inflow conditions has been achieved, and the acoustic signal-to-noise ratio of the test airfoil has been found satisfactory
as well.
The demonstrator was shown to provide an audible experience of the performance of the noise-mitigation technologies.

These effects occur at the frequencies covering the relevant human hearing range and show amplitudes that are mainly
above the hearing discrimination threshold. Therefore, a potential user standing near the outlet of the wind tunnel
can experience the effectiveness of the serrations, porous materials, and OTLs at the mid-range frequencies and noise
generation of the RVGs at the high frequencies. The passive liners provide clear broadband mitigation during the
propagation, whereas the active liners offer even more substantial reductions over a narrower frequency band. Finally,
the metamaterials dampen, quite effectively, the acoustic transmission through a flexible panel. An interface has been
developed to enhance the user’s perception of such technologies by applying the bandpass filters to the noise source to
isolate the frequency bands of the maximum effectiveness.
The measured noise alterations of the different technologies agree with the literature, highlighting the suitability of

the demonstrator for the small-scale, yet quantitative, aeroacoustic research. The facility will serve as a practical test
bench for future students and can be put at the disposal of partners wishing to test cheap three-dimensionally printed test
airfoils and/or model related noise-generation or attenuation mechanisms.
To conclude, the demonstrator appears to be suitable to address an audience across a broad range of education or

expertise levels. It enables the explanations that are accessible to primary and secondary school students and will,
hopefully, trigger interest in scientific studies. It also gives graduate students the possibility of setting up preliminary
experiments independently and familiarizing themselves with the high levels of accuracy required by the acoustic
measurements in the laboratory. It is, thus, expected that this facility will continue to be upgraded and serve future
research in aeroacoustics. Finally, the technologies demonstrated are of large socioeconomical relevance, which should
help to reconnect the layman with the technological progress and scientific policies in particular.
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