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Sound absorbing porous materials are used to line a wind tunnel wall, in order to reduce reflections.
However, the lining can have a detrimental effect on the acoustic measurements due to an increase in
the noise radiated from the walls. In addition, the aerodynamic fidelity of the tunnel can be affected.
In the present study, the influence of the porous materials on the boundary layer aerodynamic character-
istics is assessed. The consequent aerodynamic noise scattering is also studied, and compared against the
acoustic benefit from absorbing reflections in the test section. Geometric modelling is used to understand
the influence of varying absorbing materials in reducing the acoustic interference caused by the reflec-
tions. The aerodynamic and acoustic results are related to the roughness, and to the viscous and inertial
resistivities of the three porous materials studied. The material with highest roughness (polyester wool)
is found to result in the strongest turbulent fluctuations in the boundary layer. However, it is the material
with the thickest fibre diameter (PU foam), and consequent highest inertial resistivity, which generates
the strongest surface noise scattering. Materials with high viscous resistivity, together with low inertial
resistivity, are found to provide good sound absorbing capabilities. The results therefore indicate that the
best choice of sound absorbing wall treatment for wind tunnel applications results from minimizing
roughness and inertial resistivity, while maximizing viscous resistivity.

� 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Closed wind tunnels are important facilities for aeroacoustic
investigations, e.g. of wind turbine blade noise [1,2] or propeller
noise [3]. Closed wind tunnels provide a higher aerodynamic fide-
lity than open-jet tunnels [4]. However, closed wind-tunnels have
a typically lower acoustic performance than anechoic open-jet
facilities [5]. Reverberation is a major drawback of closed wind
tunnels [6]. The challenges of measuring acoustic sources in non
free-field conditions is discussed in literature for a wide range of
applications, from concert halls [7] to wind tunnels [8]. A possible
solution is to reduce the intensity of the reflections during the test,
e.g. by applying sound absorbing materials on the walls [9]. A sec-
ond solution is to use post processing tools which predict the
change in response function caused by the reflections, and to
account for this change. Furthermore, the use of beamforming
techniques can allow for separating a direct acoustic source from
its reflections [10]. Measurements taken with a microphone array
are typically analysed with beamforming techniques (e.g. [1,8]).
However, conventional beamforming resolution is often insuffi-
cient to separate reflections from the direct source. The beamform-
ing resolution is particularly low at low frequencies, since it is
dictated by the Rayleigh limit [11], highlighting the need to use
the two solutions mentioned above. The post-processing approach
of modelling the response function of the acoustic measurements,
taking into account sound reflections, can be combined with beam-
forming. Beamforming also allows the increase in signal-to-noise
ratio of the source with respect to background noise. In closed
wind tunnels, the tunnel walls’ boundary layer aerodynamic noise
is one of the dominant sources of background noise [12].

Regarding the reflections from wind tunnel walls, geometric
modelling can be used to predict reflections in a closed room
[13], and therefore to improve beamforming results. Within geo-
metric modelling approaches, the image-source method is simple
to implement and helps predicting the propagation of sound in
closed spaces [14], reverberation time in a room [15], and also
the presence of reflections in a closed wind tunnel test section
[16,17]. Guidatti used the prediction from the image-source
method in order to apply a reflection canceller, and in this way
improve the resulting beamforming maps [18]. More recent stud-
ies have also used the image-source method in order to provide
theoretical modifications to the Green’s function used in the beam-
forming algorithm [19,16]. The post processing methods discussed
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in previous studies can be applied to wind tunnel test sections with
fully reflective walls, as well as lined walls, by considering the
actual reflection coefficient of the walls. However, most of the
methods have been tested against experiments with hard-walled
wind tunnels. Literature is lacking studies on the applicability of
geometric modelling methods, and in particular the image-source
method, to the prediction of reflections in lined wind tunnel test
sections. The present helps to fulfill this gap, but the main focus
is on investigating the effect of the aerodynamic and acoustic prop-
erties of the lining materials, on the aerodynamic and acoustic
fidelity of a wind tunnel.

Lining a closed wind tunnel with a porous material also affects
the aerodynamic characteristics of the wind tunnel walls’ bound-
ary layer. The changes in boundary layer profile can affect (closed)
wind tunnel aerodynamic corrections, e.g. if the displacement
thickness, d�, increases and the effective area of the tunnel reduces.
Moreover, increases in the turbulence levels in the boundary layer
can increase the scattering of spurious noise sources in the tunnel,
e.g. from discontinuities [20]. The influence of porous materials on
boundary layers is widely studied (e.g. by [21,22]). However, liter-
ature is lacking studies with a complete trade-off of lining materi-
als for closed wind tunnels, considering both the aerodynamic
changes in the boundary layer, the consequent scattered noise,
and the absorption of sound reflections.

Sound absorbing lining materials were tested in the A-Tunnel,
at TU Delft. The A-Tunnel is an anechoic open-jet facility, which
allows for a reliable characterization of sound sources in the room,
from 200 Hz [23]. The wind tunnel models consist of acoustically
treated plates, each with its own reflection coefficient. The lining
materials also have different surface roughness and flow resistiv-
ity. The influence of the lining in the aerodynamic properties of
the boundary layer (BL), and, consequently, in the background
noise of the tunnel, is characterized. The positive effect of lining
the plates is accessed, by analysing the interference between the
sound emitted by a known source, with the reflections at each
plate. The acoustic measurements are compared against predic-
tions based on geometric modelling. The geometric modelling tool
developed in the present study is based on the image source
method. For the cases with flow-on, the position of the image
source is corrected, in order to take into account the convection
of the reflected sound wave.

The methodology followed in the present study is described in
Section 2. The section includes a description of the experimental
setup, of the measurement techniques and computation methods
used, including conventional beamforming and the geometricmod-
elling algorithm used. Section 3 characterises the influence of the
lining materials used in the aerodynamic properties of the bound-
ary layer, and consequently on the aerodynamic noise sources in
the tunnel, when the flow is on. Sections 4 and 5 show the compar-
ison between experimental results and geometric modelling pre-
dictions, for the flow-off case and for the flow-off case,
respectively. Finally, Section 6 presents an overview of the findings.
2. Methodology

2.1. Facility and models

The experiment was carried out in the anechoic open-jet wind
tunnel (A-Tunnel), at TU Delft. A 40 � 70 cm nozzle was used. With
this nozzle, the free-stream turbulence intensity is below 0.1% of
the free-stream velocity, U1, from 10 ms�1 up to the maximum
reachable velocity of 35 ms�1 [23]. At the bottom of the nozzle,
the boundary layer is forced to turbulent by a zigzag trip. A vertical
wooden plate was installed on the shorter side of the rectangular
nozzle, for the baseline tests (hard-wall case). A smooth transition
2

from the nozzle to the plate was ensured by using tape, in this way
removing possible gaps. For the acoustically treated test cases, the
smooth plate was lined with sound absorbing materials. Fig. 1
shows that, for the lined plate case, a 0.1 m wooden plate is placed
between the nozzle and the start of the lining foam. This wooden
plate is flush with the nozzle. The difference in thickness between
the 0.1 m wooden plate and each lining leads to a small step, no
larger than 3 mm. Fig. 1a shows the plate lined with polyurethane
PU foam installed in the A-Tunnel. The microphone array is placed
outside the jet, and parallel to the lined plate. As Fig. 1b shows, the
speaker was placed 0.25 m outside the jet. The sound source is a
miniature QindW speaker, which was verified to have very good
omnidirectional characteristics up to 2 kHz. The speaker is placed
between the plate and the array, so that the plate is representative
of a closed wind tunnel back wall. Fig. 1c indicates the location
where flush microphones were installed on the plate. Microphones
were installed 1 m downstream of the nozzle, at locations 0 and 1,
with z-coordinates 0.02 m and �0.02 m, being z ¼ 0 at the plate’s
spanwise centre. Locations 0c, 0 l, 2 and 3 represent the locations
where the flow velocity was measured with hot-wire anemometry.
The respective physical coordinates are: (0.46, 0, 0) m, (0.46, 0,
0.045) m, (�0.42, 0, 0) m and (�0.46, 0, 0) m.

Four different plates were tested. In addition to the acoustics,
the aerodynamic characteristics of the surface also varied, since
the plates have different roughness and resistivities. The baseline
plate is a clean wooden plate, which is the most sound reflective
test-case. The other 3 models consist of the clean plate lined with
melamine foam, polyurethane (PU) foam, and polyester wool. The
porous materials are shown in Fig. 2. The roughness of the materi-
als was inferred from 3D scans of the porous surfaces, obtained
with a Keyence VR-5000 series microscope. The arithmetical mean
height parameter was used for evaluating surface roughness [24].
The flow viscous and inertial resistivities, Rv and Ri, were obtained
from permeability tube experiments (setup described in [2]). The
main parameters which affect the aerodynamic and acoustic per-
formance of the test plates are summarized in Table 1. Both mela-
mine and wool have very good sound absorption characteristics,
whereas PU is more reflective. The sound absorption characteris-
tics of the melamine and wool can be related to their higher vis-
cous resistivity, according to Delany’s empirical model [25]. A
more detailed characterisation of the acoustic properties of the lin-
ers can be found in Section 2.3, where the impedance tube tests are
discussed. The high viscous resistivity of the melamine and wool
also make the materials less permeable to the incoming flow.
The high inertial resistivity of the PU foam is also expected to avoid
strong flow velocities inside the material. The polyester wool was
the roughest model tested.

2.2. Measurement techniques

The present section describes the measurement techniques
used in the experimental campaign. The flow velocity was mea-
sured with the hot-wire, the pressure fluctuations on the wall were
measured with surface microphones, and the acoustic measure-
ments were made with a free-field phased microphone array.

2.2.1. Flowfield measurements
A Dantec Dynamics hot-wire 55P15 probe was used to measure

the streamwise velocity over the plates. The measurements were
taken at four locations. Two locations approximately 10 cm the
nozzle, locations 2 and 3, and two locations 1 m downstream of
the nozzle, locations 0c and 0l (see Fig. 1c). At each location, the
boundary layer profiles were taken with a 60 point-distribution,
following an exponential function. The distribution of the points
provides a higher resolution close to the wall, where the velocity
gradients are the highest. The minimum sampling frequency used



Fig. 1. Experimental setup. Side-view of a lined plate (with PU foam) installed in the anechoic room (left). Representation of the setup with a lined plate: side-view (centre)
and front-view (right).

Fig. 2. Samples of melamine foam (left), PU foam (center), and polyester wool (right).

Table 1
Acoustic and aerodynamic properties of the plates tested.

Plate Average Roughness Viscous resistivity Inertial resistivity
size Rv [kPa s m�2] Ri [kPa s2 m�3]

Clean Low – –
Melamine Medium (� 0:1 mm) 9 2

PU Medium (� 0:1 mm) 2 40
Wool High (� 0:6 mm) 8 2
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was 25.6 kHz, and the measurement time was 10 s. The velocity
measured with the hot-wire was calibrated based on a 4th order
polynomial, with respect to the output voltage. A Pitot tube was
used as reference, during calibration. The highest source of error
in the hot-wire measurements was the temperature variation in
the anechoic room. The ambient temperature and pressure were
continuously measured, in order to correct for the temperature
variations, as discussed in [23]. The repeatability of the results
was confirmed by comparing measurements at equal streamwise
location, e.g. locations 0c and 0 l.

2.2.2. Wall pressure measurements
The plate was instrumented with a small electret Sonion 8044

microphone, placed at location 0, and a Linear-X M51 microphone,
at location 1 (see Fig. 1c). The surface measurements were taken to
investigate the magnitude of the surface pressure fluctuations. The
3

Sonionmicrophonewas calibratedwith the omnidirectional speaker,
and using a reference free-field Linear-X M51 microphone. The
Linear-X microphones were calibrated with a G.R.A.S. 42AA piston-
phone. The surface microphone measurements were taken with a
sampling frequencyof51.2kHz, andwithameasurement timeof20 s.

2.2.3. Free-field acoustic measurements
The free-field acoustic measurements were made with the

phased microphone array shown in Fig. 1a. The array consists of
64 G.R.A.S. 40PH free-field microphones. The free-field micro-
phones have an uncertainty of 1 dB, from 50 Hz to 5 kHz [26].
The microphones were calibrated with a G.R.A.S. 42AA piston-
phone. The free-field microphone measurements were taken with
a sampling frequency of 51.2 kHz, and with a measurement time
of 20 s. The location of the microphones in the spiral arms of the
array was optimised in order to maximize spatial resolution and
minimize side lobe levels in the A-tunnel [27]. The array was
placed on the opposite side and parallel to the test plate, so that
the mirror source reflection stayed directly behind the speaker,
from the point of view of the array.

2.3. Post-processing algorithms

The present section describes the algorithms which were used
in the present study. Beamforming was used to estimate the sound
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levels of the direct source, with a decreased influence from spuri-
ous noise sources. A geometric modelling tool was used to predict
the reflections in the experiment.

2.3.1. Conventional beamforming
The measurements from the phased microphone array were

post-processed with conventional frequency domain beamforming
(CBF). Conventional beamforming is widely used in aeroacoustics
research (e.g. in [1,2]), as it is an intuitive and robust method
[10]. In CBF, the measured signals of the N microphones in the
array are treated in the frequency domain:

pðf Þ ¼
p0
1ðf Þ
..
.

p0
Nðf Þ

0
BB@

1
CCA; ð1Þ

being p0
n the pressures recorded at each microphone, n, and f the fre-

quency. The source noise levels, for each grid point, nj, are calcu-
lated from:

A nj
� � ¼ g�

j ðpp�Þgj

gj

�� ��2 ; ð2Þ

where pp� is a N � N matrix, commonly denoted as cross-spectral
matrix (CSM). The asterisk, ð�Þ�, stands for the complex conjugate
transpose, and jj � jj stands for the Euclidean norm of a vector. gj is
the steering vector, which takes into account the phase shift of a
sound wave from the grid point to each microphone, n, as well as
the geometrical spreading of the wave. In the present formulation,
gj is the Green’s function of the sound propagation from a free-
field monopole source:

gj;n ¼ exp �2pifDtj;n
� �
xn � nj

�� �� ð3Þ

where xn is a vector containing the positions of the N microphones.
Dtj;n ¼ xn � nj

�� ��=c is the time the sound wave takes from the grid
point nj to the receiver at xn; c being the sound speed.

In the present study, two scan-planes were considered: one
including the location of the speaker, and one scan-plane at the
plane of the test plate surface. Both planes are parallel to the array.
The scan-plane at the test plate location was used in order to char-
acterize the aerodynamic noise sources for the flow-on and
speaker-off experimental test cases. For identifying aerodynamic
noise sources at the plate, a correction for the convection of sound
waves by the flow is applied in the formulation, as described in
[28]. The aerodynamic noise sources were analysed for the test
cases at the free-stream velocity, U1, of 30 ms�1.

For estimating the speaker noise levels from the resulting
beamforming map, the Source Power Integration (SPI) method out-
lined by Sijtsma [28] is applied. The SPI method compares the
experimental CSM with the CSM of a simulated point monopole
source, with known noise levels, in order to quantify, with a single
number, the noise levels of the experimental source:

ASPIðf Þ ¼
PK

j¼1g
�
j ðpp�Þexp :gj

XK
j¼1

g�
j ðpp�Þsim:gj

: ð4Þ
2.3.2. Acoustic geometric modelling tool
The experimental acoustic results were compared against a geo-

metric modelling tool. The tool assumes that the reflections at the
test plate are specular, i.e. neglects the existence of diffuse reflec-
tions. It is assumed that the plate is infinite, neglecting the exis-
tence of diffraction over the corners of the plate, or over other
4

elements present in the room (e.g. wind tunnel nozzle). With the
present assumptions, and with the reflection coefficient of the
plates, it is possible to apply the image-source method to predict
the effect of reflections at the receiver location [13]. The conven-
tional image-sourcemethod does not take into account the convec-
tion of the sound wave by the tunnel jet. For the flow-on cases, the
path of each sound ray from the mirror source to the receivers (mi-
crophones) is re-calculated taking into account convection by the
flow. The method, used to calculate the path of the sound ray,
resembles the ray tracing technique discussed by Savioja [13].
However, since a single reflective wall is considered, the number
of reflections to be calculated equals the number of receivers.
The modelling tool is deterministic (as in the mirror source
method), in contrast with the widely used stochastic ray tracing
techniques. Fig. 3 shows the baseline result of the simulations with
the geometric modelling tool. Fig. 3a and b show the prediction of
the path of the sound rays, from mirror-source to receiver, for the
flow-off and -on cases. For the flow-on cases, the perceived loca-
tion of the mirror-source is above its flow-off location, and is
dependent of receiver position. Fig. 3c shows the predicted spectra,
as perceived at the location of the microphone at the centre of the
array, for the cases with and without a reflective plate. The spectra
are shown as sound pressure levels,

SPL ¼ 20log10
p0
rms

pref:

� �
; ð5Þ

with p0
rms the root mean square of the pressure fluctuations, and pref:

the reference pressure, 2� 10�5 Pa. The difference (in dB) between
the two spectra shown in Fig. 3c is considered in the following sec-
tions as the measure of the acoustic interference caused by the test
plate reflections, for both experimental and simulated microphone
signals, at the receiver location. The acoustic interference is there-
fore estimated from the difference between the spectra measured
with an installed plate and the spectra obtained from the measure-
ment with the speaker in a free-field configuration, i.e. without any
installed plate:

DSPL ¼ SPLTestcase � SPLFree�fieldspeaker: ð6Þ
Positive and negative peaks in DSPL are indicative of, respec-

tively, constructive and destructive interference between the
direct and reflected sound waves. The geometric modelling algo-
rithm is validated for frequencies in the range 0.3 kHz to 2 kHz,
where the speaker is omnidirectional. The speaker omnidirection-
ality was verified with measurements of the speaker in the empty
A-Tunnel room. The measurements were taken with the speaker at
constant distance from the array (� 1 m), and for different speaker
orientations: 0�, 45�, 90� and 180�. The speaker was rotated with
respect to a vertical axis aligned with the speaker’s support (see
Fig. 1a).

In order to predict the propagation of reflections with a mirror-
source algorithm, it is essential to consider the complex valued
impedance of the material [29]. The complex reflection coefficient,
R, of the lined plates was calculated based on surface impedance, Zs

[29]:

Rðf ; h0Þ ¼ Zsðf Þ � Z0= cos h0
Zsðf Þ þ Z0= cos h0

; ð7Þ

with h0 the specular reflection angle, and Z0 the impedance of air.
The surface impedance was estimated based on normal-incidence
impedance tests, which were carried out at the Netherlands Aero-
space Centre (NLR). In the impedance tube tests, the samples were
placed in front of a (fully reflective) solid wall, as in the two micro-
phones’ impedance tube setup described in [30]. Fig. 4a shows the
absolute Rc , and Fig. 4b shows the phase shift which occurs at the
moment of the reflection. Fig. 4 also shows the prediction based



Fig. 3. Prediction of the reflections with the geometric modelling tool. Reflection path for the flow-off and -on cases: side-view (top-left) and front-view (top-right). Predicted
spectra for the flow-off cases without reflection and with perfect reflection, from the signal simulated for microphone 41, at the array centre (bottom).

Fig. 4. Acoustic characterization of melamine, PU and polyester wool when backed by a solid wall. Experimental data from the impedance tube and empirical data, from
Delany’s model. Absolute reflection coefficient (left) and phase shift at the surface of the foam (right), considering a normal incidence reflection (h0 ¼ 0�).
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on Delany’s empirical model for surface impedance [25]. Fig. 4a
shows that the empirical model accurately predicts Rcðf Þ for the
melamine and wool linings. For the PU foam, the prediction is very
poor at low frequency (around 700 Hz), where the empirical model
predicts a stronger reflection. Delany’s model makes use of the vis-
cous resistivity for the surface impedance prediction, while neglect-
ing the inertial resistivity. The empirical model is therefore most
5

accurate for predicting the absorption of porous materials when vis-
cous dissipation plays a dominant role. The PU foam has, however, a
low viscous resistivity and a very high inertial resistivity (see
Table 1), which is in line with the less accurate prediction from
the empirical model for this material.

In Fig. 4b, the theoretical phase shift, /, corresponds to the
phase shift that occurs, per frequency, for a sound wave which
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passes through the material and is fully reflected by the solid back
plate:

/Theoretical ¼ �2d=k; ð8Þ
being d the thickness of the material and k the wavelength of the
sound wave. Fig. 4b shows that the phase shift given by the empir-
ical model is, for all materials, similar to the theoretical. The empir-
ical model therefore assumes that the reflection is almost
completely at the solid back plate, identically to the theoretical pre-
diction. This trend is similar to what is indicated by the experimen-
tal tests for melamine and wool. However, for the PU foam, the
experimental phase shift during the reflection is close to 0, indicat-
ing that most of the reflection occurs directly at the surface of the
foam. In practice, reflections can occur at two locations: at the sur-
face of the foam and at the solid back wall. However, the impedance
tube used in the present investigation only provides a single reflec-
tion (or absorption) coefficient. In order to take into account both
reflections, it is required to have an estimation of the transmission,
absorption and reflection capabilities of the material, for example
by testing with a four microphones’ impedance tube, as described
in [30]. Considering both reflections (on the surface of the material
and on the back wall) is expected to have a positive impact on pre-
dictions based in the mirror-source method. The present study con-
siders one single reflection. The experimental and empirical
reflection coefficients indicate different reflection locations, which
influences the frequencies at which acoustic interference occurs,
between the direct and the mirror sources (see Fig. 3). Therefore,
the comparison of the modelling results allow for the understand-
ing of the impact of the reflection location on the acoustic
predictions.

3. Effect of wall treatment on boundary layer aerodynamic
characteristics and aerodynamic noise

The present section describes the turbulent boundary layer over
the test plates (Section 3.1), and discusses its impact on the spuri-
ous aerodynamic noise (Section 3.2). The goal is to characterize the
aerodynamic phenomena which can affect noise measurements in
a wind tunnel, counter acting the acoustic improvement achieved.

3.1. Turbulent boundary layer characterization

Fig. 5 presents the velocity and turbulence intensity,

TI ¼ u0
rms=U1; ð9Þ

profiles for the clean and lined plates, measured at locations 0c and
0 l (see Fig. 1c). u0

rms is the root mean square of the velocity fluctu-
ations. Fig. 5a also shows the velocity profile at location 3, measured
with the clean plate. The shape of the velocity profile does not
change along the clean plate, between locations 3 and 0c (0.92 m
apart). Fig. 5a highlights the increase in velocity deficit in the
boundary layer, as the roughness of the liner increases. In Fig. 5b,
turbulence intensity is plotted versus streamwise velocity, in order
to remove the error caused by the uncertainty in the distance from
the measurement point to the wall [31]. For the roughest plate
(wool) the hot-wire was located at least 0.5 mm away from the
wool surface, due to the risk of damaging the measurement tool.
Fig. 5b shows that the increase in turbulence intensity, with respect
to the clean plate, is dominated by the increase in roughness. The
differences in viscous and inertial resistivity between the melamine
and PU plates are shown to play a negligible role in the velocity and
turbulence intensity profiles. The agreement of the measurements
at locations 0c and 0 l is indicative of the negligible spanwise vari-
ations in boundary layer profiles between the two locations. For a
clean plate, a sharp peak in turbulence intensity is expected close
6

to the wall, at yþ � 15, being yþ the non-dimensional wall normal
distance [32]. For the rough plates, the peak in turbulence intensity
is less sharp and further from the wall [33], and is shown in Fig. 5b.
The strong velocity fluctuations caused by the rougher surfaces
indicate that these liners can cause stronger background aerody-
namic noise, when applied to a closed wind tunnel. Fig. 5 also indi-
cates that the differences in viscous and inertial resistivity between
melamine and PU foams (see Table 1) do not considerably affect the
turbulent boundary layer properties.

Fig. 6 presents the growth in boundary layer thickness, Dd99,
displacement thickness, Dd�, and momentum thickness, Dh, from
the streamwise location where the liner starts, location 2–3
(0.1 m downstream of the nozzle and 0.9 m upstream of location
0c). The boundary layer parameters 0.1 m downstream of the noz-
zle were obtained from averaging data collected at locations 2 and
3 (clean plate test case), respectively 0.12 m and 0.08 m down-
stream of the nozzle (see Fig. 1c). Each value is normalised with
the growth of the specific boundary layer parameter for the clean
plate, from location 2–3 to 0c. For the BL thickness, the normalisa-
tion value is:

Dd99ðClean;Loc:0cÞ ¼ d99ðClean;Loc:0cÞ � d99ðLoc:2�3Þ: ð10Þ
The clean plate’s BL parameters, at the free-stream velocity

30 ms�1, are presented in Table 2. The boundary layer two dimen-
sional friction drag was estimated from:

D=b ¼ qU2
1h; ð11Þ

being b the wall length in the spanwise direction, and q the air
density.

Fig. 6a shows that the boundary layer thickness is increased as
roughness increases, having the wool plate a growth 50% larger
than the clean case. At U1 ¼ 20 ms�1 and U1 ¼ 30 ms�1, the differ-
ence in Dd� and Dh between the clean and lined cases approxi-
mately doubles, as roughness is increased from �0.1 mm
(melamine and PU) to �0.6 mm (wool). At the present flow condi-
tions, the rough wall lining materials tested are not expected to
affect closed wind tunnel aerodynamic measurements. The
changes in the boundary layer parameters are small when com-
pared to the dimensions of closed wind tunnel test sections which
are used for aeroacoustics research, e.g. the Low Turbulence Tunnel
at TU Delft [1,12]. However, when a liner is applied to a large por-
tion of the wind tunnel’s circuit (e.g. lining of diffuser walls in [8]),
it is relevant to consider the increase in momentum losses in the
circuit. Lining a large portion of the tunnel with a very rough mate-
rial, such as polyester wool, can lead to a considerable increase in
drag of the wind tunnel walls. This would require the tunnel’s drive
fan to work at a higher power setting. The drive fan is a strong con-
tribution towards background noise in a wind tunnel test section,
and can disturb acoustic measurements [34].

Fig. 7 shows the changes in wall pressure fluctuations spectra,
caused by the three liners, for the free-stream velocity 30 ms�1.
The results from the Sonion microphone of position 0 are in agree-
ment with the spectrum from the Linear-X microphone of position
1 (equal streamwise location), which provides confidence in the
result. At low frequency, below 1 kHz, the increase in roughness
causes an increase in intensity of the wall pressure fluctuations,
which is in line with the higher turbulence intensity seen in Fig. 5b.

According to Manes [21], who measured velocity fluctuations in
permeable walls’ boundary layers, the frequency band for which
the fluctuations are highest becomes narrower as permeability
increases, whereas the fluctuations over a smooth plate are dis-
tributed over a larger frequency band. In the present study, the
plate with highest inertial resistivity (PU) shows a low gradient
in the spectrum decay towards higher frequency, as in the imper-
meable case (clean plate). The materials with high viscous resistiv-



Fig. 5. Boundary layer velocity and turbulence intensity profiles at U1 ¼ 30 ms�1, 1 m downstream of the nozzle, for the 4 plates tested.

Fig. 6. Effect of the lining materials on BL parameters of the flat plates, 1 m downstream of the nozzle (location 0c). Measurements taken at U1 ¼ 20 ms�1 and U1 ¼ 30 ms�1.
The plots show the BL thickness (left), displacement thickness (centre) and momentum thickness (right).

Table 2
Boundary layer characteristics, for the clean plate case, at U1 ¼ 30 ms�1.

Location d99 [mm] d� [mm] h [mm] D=b [N m�1]

2–3 19 2.4 1.9 2.1
0c 31 4.1 3.2 3.6

Fig. 7. Spectra of the wall pressure fluctuations at U1 ¼ 30 ms�1, 1 m downstream
of the nozzle. Measurements with a Sonion microphone, at location 0, and with the
Linear-X microphone at location 1. SPL difference between the clean plate and the
lined plates.
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ity and low inertial resistivity (melamine and wool), are observed
to result in a faster decay in wall pressure fluctuations’ intensity,
towards higher frequency, which is in line with the findings pre-
sented in [21]. The viscous resistivity of the materials may be asso-
ciated with a higher dissipation rate of eddies at high frequencies,
where the break down of eddies becomes more dominated by vis-
cous forces. To the authors’ knowledge, literature is however lack-
ing thorough studies differentiating the effect of viscous and
inertial resistivities in the velocity and pressure spectra of turbu-
lent boundary layers, and, consequently, in the spectra of scattered
aerodynamic noise. The aerodynamic noise scattered by the four
plates is therefore experimentally characterized in the following
sub-section.

3.2. Aerodynamic noise sources

The purpose of analysing the aerodynamic noise sources in the
experiment is twofold: to identify which properties of the materi-
als lead to a higher aerodynamic noise, and to determine the dom-
inance of the aerodynamic noise levels in the present experiment,
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with respect to the speaker noise. The beamforming maps of Fig. 8
show the noise source in the plane of the test plate, for the four
plates tested, and for the one-third octave bands centered at
1 kHz and 2 kHz. At 1 kHz, the four maps identify the trailing edge
of the plate and the nozzle exit as noise sources. For the clean, mel-
amine and wool plate cases the nozzle and trailing edge noise
sources are also visible at 2 kHz.

Following from the discussion of Section 3.1, the boundary lay-
ers over the melamine and PU plates are very similar, both in terms
of velocity profiles and intensity of the turbulent fluctuations.
However, Fig. 8c and g, relative to the PU plate, show higher noise
levels than the beamforming maps of the melamine plate (see
Fig. 8b and f). At 1 kHz, the intensity of the trailing edge noise is
clearly higher for the PU plate. At higher frequency, the figure indi-
cates that the strongest source of noise, for the PU plate case, is
originated at the foam surface. The results, therefore, indicate that
porous materials with a higher inertial resistivity (see Table 1)
result in higher noise scattering, both from a trailing edge and from
the porous surface. The higher inertial resistivity of the PU foam
(see Table 1) is associated with the higher fibre diameter of this
material, which increases the ratio of inertial to viscous forces
inside the porous medium [35].

Fig. 9 shows the comparison between speaker noise levels
(without flow) and the scattered aerodynamic noise in the flow-
on tests. The aerodynamic noise was measured with the speaker
off, and for five setup configurations: only wind tunnel nozzle
(no plate installed), clean plate (baseline), and for the three lined
plates. Fig. 9a presents the spectra averaged over the 64 micro-
phones in the array. The figure shows that the speaker noise is
higher than the aerodynamic noise of the configurations tested
from approximately 700 Hz. Fig. 9b shows the spectra obtained
from source power integration of the beamforming maps, at the
source plane. The region of integration is the same as shown in
Fig. 8. The speaker noise levels obtained from source power inte-
gration are higher than the background noise from 400 Hz, mean-
ing that the beamforming results presented in Section 5 are
essentially unaffected by aerodynamic sources.
Fig. 8. Beamforming maps at the plate location. Third-Octave bands centered at 1000 H
cases. Free stream velocity, U1 ¼ 30 ms�1.
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Fig. 9 highlights the higher aerodynamic noise which is scat-
tered by the PU plate. As indicated by Fig. 8, the PU plate results
in both higher trailing edge noise, as well as higher noise from
the entire foam surface, resulting from the interaction with the tur-
bulent boundary layer. The results indicate that a porous material
with a higher fibre diameter, and consequently a higher inertial
resistivity, leads to more aerodynamic noise. The figures indicate
that lining materials with a high inertial resistivity should be
therefore avoided, in closed wind tunnels.

4. Effect of wall treatment on acoustic source characterization

The present section presents and discusses the acoustic results,
which refer to the test cases without flow. The goal of the section is
to evaluate the acoustic benefit of the lining materials in a con-
trolled environment. The experimental results are compared with
the geometric modelling results for a more complete understand-
ing. The measurements are analysed by considering a single recei-
ver, in Section 4.1, and by analysing the beamforming results, in
Section 4.2.

4.1. Single receiver – measurement performance

Fig. 10 shows the acoustic interference caused by the reflection
in the measurements by a point receiver. The receiver considered is
located at the centre of the array. Fig. 10a shows the simulation
results, considering a complete reflection at the location of the
foam surface (Rc;1 ¼ 1), a partial reflection at the solid wall behind
the foam (Rc;2 ¼ 0:5), and a reflection on a plate lined with mela-
mine, considering the surface reflection coefficient obtained from
the impedance tube (Rc;1ðf Þ ¼ RMelamine). Fig. 10a shows that,
according to the prediction, the lining causes a shift in the frequen-
cies of constructive and destructive interference (positive and neg-
ative DSPL, respectively). The cases with Rc;1ðf Þ ¼ RMelamine and
Rc;2 ¼ 0:5 produce similar results, at low frequencies (between
0.4 and 1 kHz). The result could be expected, since at low fre-
quency the reflection coefficient of the melamine plate is high,
z (top) and 2000 Hz (bottom). Hard-wall (left) and lined plates (centre-left to right)



Fig. 9. Comparison between the speaker noise levels (without an installed plate, and without flow) and background noise of the tunnel with the flow-on, at U1 ¼ 30 ms�1.
Spectra averaged from the 64 microphones in the array (left); and spectra obtained from SPI at the source plane, from conventional beamforming.

Fig. 10. Acoustic interference caused by a reflection vs. frequency, for a receiver located at the centre of the array (microphone 41). Comparison of simulations, considering
different reflections: Rc;1 ¼ 1;Rc;2 ¼ 0:5 and Rc;1ðf Þ ¼ RMelamine (top-left). Clean plate, measurement and simulation, considering Rc;1 ¼ 1 (top-right). Lined plates,
measurement and simulation, considering Rc;1 ¼ RFoam (bottom). Reflection coefficient of the lined plates obtained from experimental impedance tube data. Flow-off case,
U1 ¼ 0 ms�1.
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and also because the reflection occurs mostly at the back plate
(from the impedance tube data shown in Fig. 4). The comparison
between simulation and clean plate experiment can be seen in
Fig. 10b. The results indicate that the mirror-source method is cap-
able of predicting the interference caused by the reflections, with
the present setup, for the case of a highly reflective plate. Further-
more, Fig. 10b shows the repeatability of the results, for the acous-
tic data measured in tests 1 and 2. The two experimental data sets
were acquired with 21 days difference.

Fig. 10c–e, compare the simulated and measured spectra for the
test cases with the melamine, PU and wool linings, respectively.
The results indicate that the algorithm predicts well the frequen-
9

cies of interference, and the interference levels, for the melamine
and wool cases at low frequency (below 1 kHz). At higher fre-
quency, the acoustic absorption of the melamine and wool are
high, and the error in the measurement can be dominated by
acoustic phenomena not predicted by the geometric modelling
tool, e.g. diffuse reflections and diffraction, or noise in the mea-
surement device (see uncertainty in Section 2.2.3). Furthermore,
for smaller sound wavelengths, predicting the frequencies of inter-
ference can be more challenging, since the result is more prone to
inaccuracies, resulting e.g. from an imprecise reflection coefficient
obtained from the impedance tube measurements. For the PU foam
(Fig. 10d), the simulation provides a reasonable prediction at very
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low frequencies. At higher frequencies, i.e. from 0.7 kHz, when RPU

is low (see Fig. 4), the experimental result appears to be dominated
by noise, e.g. due to diffuse reflections. As discussed in Section 2.3,
the fact that only one mirror-source is considered in the simulation
can be a source of added errors. It is possible that, at certain fre-
quencies, the reflections at the foam surface and at the back plate
can have constructive or destructive interference with each other,
at the receiver location.
4.2. Beamforming performance

Fig. 11 presents conventional beamforming maps, at the source
plane, for the simulated and experimental cases of a free-field
speaker (Fig. 11a and d), speaker with a highly reflective back wall
installed (Fig. 11b and e), and speaker with a melamine plate
installed (Fig. 11c and f). The results show that the difference
between the beamforming maps is negligible, when the purpose
is to locate the position of the direct source in the scan plane.
The next step was to apply source power integration in a region
close to the source, in order to evaluate the consequence of instal-
ling a back wall in the assessment of the source noise levels. The
integration area is specified in Fig. 11.

The DSPL in source level estimation with source power integra-
tion caused by the reflections is presented in Fig. 12. Fig. 12a pre-
sents the results for the simulated signals. Fig. 12a compares the
DSPL when a single receiver is considered (in this case microphone
41) to the error when the spectrum is obtained from source power
Fig. 11. Beamforming of the simulated (top) and experimental (bottom) microphone sign
speaker case (left), speaker with the clean plate installed (centre), and speaker with a m
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integration. The results indicate that beamforming is capable of
largely reducing the error caused by the back plate reflection, par-
ticularly at high frequency, close to 2 kHz. The agreement in
Fig. 12b indicates that the geometric modelling tool is capable of
predicting the performance of beamforming when the back plate
is highly reflective (case without lining).

Fig. 12c–e, show that the geometric modelling tool is capable of
incorporating the complex reflection coefficient of the materials.
The prediction is particularly good at low frequency, when the per-
formance of geometric modelling tools is most uncertain, as the
ratio between setup geometry sizes and sound wavelength reduces
[13]. Fig. 12c–e show the simulated spectra obtained using both
the experimental and empirical reflection coefficients (see Fig. 4).
The results for the melamine and wool cases indicate a slight
improvement in the prediction at high frequency (above 1 kHz),
when the empirical reflection coefficient is used. The result there-
fore indicates that most of the reflection occurs at the back solid
wall, as predicted by Delany’s empirical model (see Fig. 4). For
the PU plate, however, both the magnitude of the peaks and the
frequencies of interference are more accurately predicted when
the experimental impedance tube data is used. As discussed in Sec-
tion 2.3, Delany’s model only takes into account the viscous resis-
tivity, whereas the PU foam has a very high inertial resistivity (see
Table 1). The reflection location is therefore mispredicted by the
empirical model, resulting in errors in the prediction of the inter-
ference between direct source and reflections. Fig. 12 is indicative
of the importance of knowing the exact reflection location, when
using a geometric modelling tool.
als, at the source plane. The maps are for the 1000 Hz third-octave band. Free-field
elamine plate installed (right). Flow-off case, U1 ¼ 0 ms�1.



Fig. 12. Acoustic interference caused by a reflection vs. frequency. Simulation: isolated microphone (41) and beamforming spectra (top-left). Beamforming of experimental
data with the clean plate and beamforming of the simulated data, with Rc ¼ 1 (top-right). Beamforming of experimental data with the lined plates and beamforming of the
simulated data (bottom). Results obtained from Source Power Integration of the beamforming maps. Flow-off case, U1 ¼ 0 ms�1.
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5. Acoustic wave – flow interaction: flow-on reflection
prediction

The present section discusses the interaction between the
acoustic reflected wave and flow, and its effect on the acoustic
measurements. To this end, Section 5.1 discusses the effect of the
flow in the measurements from isolated receivers, and Section 5.2
describes the consequence of the interaction between acoustic
wave and flow in the beamforming results.

5.1. Single microphone

Fig. 13 presents the acoustic interference occurring during the
measurement of the speaker noise levels, due to the reflection,
for the flow-off and -on cases. Both the experimental and the sim-
11
ulated results are shown. The data was obtained by three isolated
receivers: microphone 8, at the bottom of the array, microphone
23, at the top of the array, and microphone 41, at the centre of
the array (see Fig. 3b). The simulation predicts that, when the
reflected wave is convected by the flow, the receiver sees a shift
in the frequencies of interference between the direct and reflected
sound waves. The flow convection influences the travel time of the
reflected wave, from source to receiver. The shift in frequency
depends on the location of the receiver. For receivers located below
the speaker, e.g. microphone 8, the reflected wave is convected in
the opposite direction of its path, and takes longer to reach the
receiver. The frequencies of interference therefore shift towards
lower frequency at the location of microphone 8, when the flow
is on. For a receiver above the speaker, however, the convection
of the reflected wave reduces the sound wave’s travelling time.



Fig. 13. Acoustic interference caused by a reflection (and aerodynamic noise) vs. frequency, as perceived by isolated receivers. Comparison between simulation with flow-off
and -on, and experiment with flow-off and -on. Microphones at the bottom of the array (left), at the middle of the array (centre) and at the top of the array (right). Clean plate
test case, at the free stream velocity, U1 ¼ 30 ms�1.
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Microphone 23, therefore, sees a shift in the frequencies of inter-
ference towards higher frequency, as the flow velocity is increased.
For receivers at a height close to the speaker height, the travel time
of the reflected wave is essentially unchanged by flow convection,
at the velocities considered. Microphone 41, at the centre of the
array, is predicted to perceive equal interference between the
reflected and direct sound waves, at the free-stream velocities
0 ms�1 and 30 ms�1.

The experimental data in Fig. 13 shows very similar results for
the 0 ms�1 and 30 ms�1 case, from 700 Hz. Below 700 Hz, the
results for the 30 ms�1 case are dominated by background aerody-
namic noise, as indicated by the results of Section 3.2. Fig. 13a and
c show a slight shift in the frequencies of interference in the exper-
imental data, as indicated by the geometric modelling prediction.
However, the experimental shift is very small compared to the
noise in the results. The following subsection analyses data from
12
all the microphones in the array, which helps reducing the influ-
ence of spurious acoustic noise sources, e.g. diffuse reflections.

5.2. Conventional beamforming

Fig. 14 shows the error caused by acoustic interference in the
beamforming estimate of the speaker levels, for the flow-off and
-on cases. The spectra were obtained from source power integra-
tion of the beamforming maps, with an equal scan plane and region
of integration as in Fig. 11. The figure shows that, according to the
simulation, the presence of the flow does not affect the beamform-
ing results in the present setup. The result is aligned with the dis-
cussion of the previous sub-section (Section 5.1), where it was
referred that the flow causes a shift in the frequencies of interfer-
ence, which is dependent on the position of the receiver. Since the
64 microphones are approximately equally spread above and



Fig. 14. Acoustic interference caused by a reflection, in the spectra obtained from beamforming. Comparison between the flow-off and -on (U1 ¼ 30 ms�1) cases. Spectra
obtained from SPI of the beamforming maps at the source plane. Experimental and simulated data relative to the clean (top-left) and lined plates (top-right and bottom).
Reflection coefficient of the lined plates obtained from experimental impedance tube data.
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below the speaker (see Fig. 3), when all the microphones are con-
sidered, the shift in frequency of interference becomes negligible.
The experimental results presented in Fig. 14b–e correspond to
the test cases with the clean, melamine, PU and wool plates,
respectively. The experimental results are in agreement with the
predictions, since the difference in experimental spectra at
0 ms�1 and 30 ms�1 is also negligible. Small differences can be seen
at very low frequency, below 500 Hz, due to aerodynamic back-
ground noise. Considering the frequencies 500 Hz < f < 2000 Hz,
the correlation between the spectra with and without flow is high
for the 4 plates tested. The correlation coefficient is 0.8, 0.7, 0.6 and
0.9 for the clean, melamine, PU and wool test cases, respectively.
The results are therefore indicative that flow phenomena which
are neglected by the geometric modelling tool, such as transmis-
sion loss or refraction in shear layers, play a minor influence in
the experiment carried out in the A-tunnel. As discussed in Sec-
tion 4.2, a good estimation of the location of the reflections, which
can be at the surface of the foam or at the solid back wall, is a dom-
inant factor for an accurate prediction of the geometric modelling
algorithm. Fig. 14 shows that, also for the flow-on cases, the inter-
ference peaks are approximately predicted by the geometric mod-
elling algorithm, as long as the reflection coefficient of the back
wall is sufficiently high, i.e. Rcðf Þ > 0:4 (see Fig. 4). For frequencies
where the reflection coefficient is low, the result becomes domi-
nated by spurious noise, which can be associated with diffuse
reflections and diffraction. When beamforming is applied, the con-
vection of a reflected wave by the flow can be neglected, as long as
13
the direct sound source is (approximately) aligned with the centre
of the microphone array.

6. Conclusion

An experimental campaign was carried out in an anechoic
open-jet wind tunnel, in order to evaluate the influence of lining
materials on the aerodynamic and acoustic fidelity of wind tunnel
test sections. The test models consisted of plates lined with sound
absorbing porous materials. The porous materials were character-
ized based on their surface roughness, viscous and inertial resistiv-
ities, and reflection coefficient. The study focuses on the influence
of the liners on the boundary layer of the wind tunnel’s wall, on the
boundary layer aerodynamic noise, and on the absorption of sound
reflections. A geometric modelling algorithm was developed in
order to improve the understanding of the effect of lining the wind
tunnel wall on the acoustic measurements.

For the flow-on tests, the aerodynamic properties of the bound-
ary layer of each test plate were initially characterized. The turbu-
lent fluctuations in the boundary layer where confirmed to be most
increased for the roughest material tested, polyester wool, particu-
larly at low frequencies. However, it was the lining material with
largest fibre diameter (PU), and consequently higher inertial resis-
tivity, which was found to scatter most aerodynamic noise, both
from the surface and from the trailing edge.

During the acoustic tests, a well characterized speaker was
placed in front of the lined wall. Measurements were taken with
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a phased acoustic array. The results show that the modelling algo-
rithm is capable of predicting the interference caused by acoustic
reflections, for the clean wall and lined cases. For the lined cases,
however, at high frequencies, when the absorption from the lining
materials is increased, acoustic spurious noise sources become
more dominant in the experimental data. Both the geometric mod-
elling algorithm and the experiments show that the highest
improvement on the acoustic measurements occurs for the lining
materials with highest viscous resistivity, melamine and wool,
due to their increased sound absorption capabilities. The results
indicate that the best choice of acoustic lining material, for a closed
wind tunnel, results from maximizing viscous resistivity, while
reducing roughness and inertial resistivity.

The present study highlighted the advantages and limitations of
porous wind tunnel lining materials with varying roughness, vis-
cous resistivity and inertial resistivity. The capabilities of a geo-
metric modelling tool to predict the acoustic benefit of each
lining material was also accessed. Future aeroacoustic investiga-
tions would benefit from the validation of geometric modelling
methods in closed wind tunnel environments, with walls lined
with sound absorbing materials. The presence of the wind tunnel
walls perpendicular to the array increase the amount of specular
and diffuse reflections, increasing the complexity of the acoustic
problem.
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