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Wall treatments for aeroacoustic measurements in closed wind
tunnel test sections

Hugo F. Mourio Bento*>%, Colin P. VanDercreek -, Francesco Avallone®-?, Daniele Ragni®-¢, Pieter Sijtsmal-“, and
Mirjam Snellen!-¢
“Delft University of Technology, Kluyverweg 1, Delft 2629 HS, The Netherlands
b politecnico di Torino, Corso Duca degli Abruzzi 24, Torino 10129, Italy

Aeroacoustic tests in closed wind tunnels are affected by reflections in the tunnel circuit
and background noise. Reflections can be mitigated by lining the tunnel circuit. The present
study investigates if lining exclusively the most accessible segment of a closed wind tunnel
circuit, in particular the test section, is an approach which improves acoustic measurements.
Literature shows that a wind tunnel lining material should have high acoustic absorption, low
inertial resistivity and low surface roughness. Therefore, the test section of TU Delft’s closed
Low Turbulence Tunnel is lined with melamine foam wall liners. A total of 4 test section
configurations were tested: baseline; test section with lining on the floor and ceiling; test section
with lined side—panels; and test section lined at all surfaces (floor, ceiling and side—panels).
An omnidirectional speaker is used for evaluating the wind tunnel’s acoustic performance. A
geometric modelling algorithm, based on the mirror-source method, is used to predict the effect
of lining on primary reflections in the test section. In addition, reflections in the test section and
in the tunnel circuit are characterized experimentally. The results show that the closed loop
of the tunnel circuit is responsible for a long reverberation time in the test section. However,
reflections inside the test section itself are the dominant source of acoustic interference at the
microphone array location. The low fidelity geometric modelling algorithm is shown to be a
valuable approach for an initial estimation of the acoustic benefit of lining, for both flow—off
and —on conditions. Lining of the test section walls significantly reduces reflections from the
reference source, as well as the aerodynamic background noise that reaches the array.

I. Introduction

Aeroacoustic measurements are frequently carried out in closed wind tunnel test sections, e.g. for studying wind
turbine blade noise [1}, 2], airframe noise [3]] or propeller noise [4]]. Since closed test sections do not experience jet
deflection, or disturbances caused by the interaction between jet and collector, closed test sections provide a higher
aerodynamic fidelity than open—jet test sections [5]. However, closed wind tunnels have a typically lower acoustic
performance [6], e.g. due to reflections in the test section [7]]. Possible solutions to reduce the detrimental effects of
reflections are to line the facility’s walls with sound absorbing materials [8]], and to use post—processing methods which
help identifying the main aerodynamic noise source of interest.

Acoustic beamforming techniques can quantify the noise from different sources in a (phased) microphone array
measurement [9]. In this way, the detrimental effect of reflections of a direct source on the acoustic measurement can be
reduced. Beamforming also improves the signal-to-noise ratio, e.g. with respect to aerodynamic background noise,
in comparison with results obtained from single microphone measurements [[10]. In closed wind tunnels, the tunnel
walls’ boundary layer aerodynamic noise is frequently a relevant source of noise [[L1]]. The capability to separate a
sound source of interest from spurious sources in the room depends on the resolution of each beamforming method.
Conventional beamforming resolution is imposed by the Rayleigh limit [12], leading to a lower spatial resolution at low
frequencies. Aeroacoustics research, conducted with the most advanced measurement and post—processing techniques,
can therefore still benefit from the improvement of the acoustic behaviour of the testing facilities.

*PhD Candidate, TU Delft, Section Flow Physics and Technology (FPT)

“PhD, Section Aircraft Noise and Climate Effects (ANCE)

* Assistant Professor, Politecnico di Torino, Department of Mechanical and Aerospace Engineering (DIMEAS)
§ Associate Professor, TU Delft, Section Flow Physics and Technology (FPT)

IResearcher, TU Delft, Section Aircraft Noise and Climate Effects (ANCE)

IFun Professor, TU Delft, Section Aircraft Noise and Climate Effects (ANCE)

Copyright © 2023 by the American Institute of Aeronautics and Astronautics, Inc. All rights reserved.

10.2514/6.2023-4162



Downloaded by Technische Universiteit Delft on June 20, 2023 | http://arc.aiaa.org | DOI: 10.2514/6.2023-4162

Aeroacoustic wind tunnel design solutions are extensively discussed in Ref. [13]]. Lining of a wind tunnel circuit
has a strong influence on the acoustic performance, and is often considered to be a justifiable investment. However,
lining a closed wind tunnel with a porous material also affects the aerodynamic characteristics of the wind tunnel walls’
boundary layer. An increase in the turbulence levels in the boundary layer can affect the scattering of spurious noise
sources in the tunnel, e.g. from discontinuities [14]]. The influence of porous materials on boundary layers is widely
studied (e.g. by [15,[16]). The noise scattering from wind tunnel wall porous liners has been previously investigated.
Literature [17] indicates that a good closed wind tunnel liner has a low surface roughness and inertial resistivity, and a
high viscous resistivity, which leads to high acoustic absorption. Closed wind tunnel designs can benefit from research
which assesses the improvement obtained from lining individual segments of the circuit, e.g. the diffraction or the test
section.

The present study investigates the benefit of applying wall treatments to the test section of a closed wind tunnel. The
study focuses on the trade-off between different lining configurations, with respect to a baseline (fully reflective) test
case. Measurements of a known sound source (omnidirectional speaker) with each configuration, are used to assess the
improvements achieved with each different lining. Measurements were taken with and without flow, in order to take into
account the modifications in background noise. The experimental campaign was conducted in the Low Turbulence
Tunnel (LTT), at TU Delft. The LTT is a closed wind tunnel intensively used for aerodynamic and aeroacoustic research,
see e.g. [18H20].

The present document is structured as follows: Sec. [l describes the facility, the measurement techniques, and post
processing algorithms used. Section [[T]] presents and discusses the experimental results. Finally, Sec. [[V]highlights the
main conclusions.

I1. Methodology

A. Facility and models

The Low Turbulence Tunnel, at TU Delft, is a closed wind tunnel circuit, initially designed for aerodynamic testing.
The circuit is powered by a six-bladed wind tunnel fan, which is connected with a 525 kW DC motor. The flow in the
test section of 1.8 by 1.25 m can reach free-stream velocities, Us,, up to 80 ms~! with an average turbulence intensity,
Tu, below 0.05 % [21]]. The drive fan, the corner vanes, and the discontinuities on the walls of the test section and
diffuser, respectively sections 1, 3a, 9, 10 and 11 (see Fig. [Ta), are expected to be major sources of the background noise.
Due to the closed form of the loop, reflections throughout the wind tunnel circuit contribute towards a long reverberation
time, i.e. towards a prolongation of sound after each acoustic source has stopped emitting noise. Acoustic reflections in
the test section are dictated by its elongated octagonal shape, which can be seen in the computer-aided design (CAD)
diagram reported in Fig. [Tb] Figures[Ic|and[Id|show, respectively, the speaker installed in the baseline (fully reflective)
test section and in the fully lined test section. The figures show that, for the aeroacoustic test section, the left side—panel
is replaced by a Kevlar window, behind which the microphone array is placed.

1. Reference acoustic source

The acoustic source seen in Fig. [I)is a miniature QindW speaker model, developed by QSources [23]. The speaker
has omnidirectionality at low frequencies, up to 2kHz [17]. The speaker is placed at the centre of the test section, being
aligned with the streamwise centre of the microphone array. The aerodynamic shape of the speaker results in low
aerodynamic self—noise.

For the flow-off tests, the speaker’s input was based on an in—built white—noise signal, in the range 300 Hz to 6300 Hz.
For the flow—on tests, the signal provided to the speaker was based on a sum of sine waves, with constant amplitudes,
at the frequencies of interest. This solution allows for the increase of the speaker’s noise signature at each frequency,
f. Three distinct signals were provided to the speaker: a sum of sinusoids in the range f; = 325Hz to fenq = 825Hz
(low—frequency, narrow band), a sum of sinusoids in the range f| = 775Hz to fepg = 1275 Hz (mid—frequency, narrow
band), and a sum of sinusoids in the range f; = 325Hz to feng = 2175Hz (broadband). The signals, v(z), were
calculated from:

v(t) = D sin 2 f1+ Grana), (M

feF
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Fig. 1 Low turbulence tunnel circuit (top) [22], and aeroacoustic test section, as seen from the inlet: CAD of the
test section (bottom-left), test section with baseline reflective walls (bottom—centre) and fully lined test section
(bottom-right).

where F = {f1, fi + SHz, fi + 10Hz, ..., fend}, Prang is @ random phase shift applied to each sinusoid, and ¢ is the time
coordinate.

2. Aeroacoustic test section lining

The experimental campaign evaluates four different test section configurations (Table [I). The baseline (most
reflective configuration) is seen in Fig. The octagonal baseline test section contains 7 solid fully reflective walls.
The Kevlar left side—panel is present in all four configurations, to allow measurements with the microphone array. The
plate that holds the microphones is lined with 5 cm thick plane Basotect melamine. The most anechoic configuration
(Figs. [Ib]and[Id), has the floor and ceiling lined with 3 cm Basotect melamine foam. The lining is extruded from the
baseline surfaces. Ramps are designed upstream and downstream of the lining, to prevent strong aerodynamic loads on
the lining, and an increase in background noise, e.g. due to separation. On the 5 side walls opposite and adjacent to
the array, the baseline panels are substituted with lined panels. These lined side—panels consist of 5 cm thick wedged
Basotect melamine, covered with a Kevlar sheet. Two intermediate test sections were also tested: one with the top and
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bottom flat melamine lining, and with the baseline side—panels, and the second with the baseline top and bottom, and
with the lined side—panels.

Table 1 Low Turbulence Tunnel test sections tested

Test section Microphope array Top and bo.ttom. . Side—pane!s lined with 5cm
recessed behind Kevlar  flat 3 cm melamine lining wedged melamine, covered by Kevlar
A, Baseline v - -
B, Intermediate Vv v -
C, Intermediate v - v
D, most Anechoic v v v

The melamine foam’s viscous and inertial resistivities are, respectively, R, = 9kPasm~2 and R; = 2kPas’>m™3
[17]. The high viscous resistivity of the melamine foam leads to a high acoustic absorption. Figure[2]shows the reflection
characteristics of the melamine lining, when placed in front of a solid wall, and considering a 90° reflection. The
experimental values were obtained from normal-incidence impedance tube measurements at the Netherlands Aerospace
Centre (NLR). The empirical values were obtained from Delany’s empirical model for surface impedance, Z [24]. The
complex reflection coefficient, R ., was obtained from [24]:

Z.(f)—Zo
Z.(f)+Zy’

where f is frequency and Z is the impedance of air. Figure[2] shows that the thicker melamine lining leads to a higher
reflection mitigation, specially at frequencies below 2 kHz.

R.(f) = (@)

1

— . —— Experiment —— 3cm Melamine —— Experiment
o P 1
£ 0.8 S| — - Empirical —— 5cm Melamine § — — Empirical
= L 0.5 —— 3cm Melamine
‘3) 0.6 £ —— 5cm Melamine
=] S
(3} &=
5] H
o 0.4 =
=] [}
£ 2
g 0.2 <
= ~
= -1
0
250 500 1000 2000 4000 250 500 1000 2000 4000
Frequency f [Hz] Frequency f [Hz|
(a) Reflection coefficient (b) Phase shift

Fig. 2 Acoustic characterization of the plane Basotect melamine foam. Absolute reflection coefficient (left) and
phase shift at the foam surface (right) for a normal incidence reflection.

B. Acoustic Measurement Technique

The acoustic measurements were taken with a phased microphone array. The array consists of 62 PUI AUDIO
665-POM-2735P-R microphones. The array has an elliptical shape, extending 1.6 m in the streamwise direction and
0.4 m in the vertical direction, and is shown in Fig. The microphones are held by a solid plate, lined with 5 cm plane
melamine foam. The microphones are positioned flush with the foam surface. During measurements, the microphones
are recessed 15 cm behind a stretched Aviation-standard Kevlar 49 T 965 sheet (see Figs. [T]and [3b). The microphones
were calibrated with a Briiel & Kjaer 4230 pistonphone, at the frequency of 1 kHz. Each measurement was taken with a
measurement time of 20 s and a sampling frequency of 50 kHz.
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(a) Installed array (b) Microphone placement.

Fig. 3 Low Turbulence Tunnel microphone array: array installed in test section C, without the array’s Kevlar
panel (left); and microphone placement, behind the Kevlar panel (right). Figure b) adapted from [25].

C. Geometric modelling

The primary acoustic reflections in the LTT test section, from the source to the microphone array, were predicted
with a geometric modelling (GM) algorithm. The algorithm is an extension of the geometric model described in Ref.
[L7]. The algorithm is based on the mirror-source method, and therefore considers reflections in the test section to be
specular, neglecting the existence of diffuse reflections. Diffraction inside the test section is also neglected in the present
geometric model. The mirror-source method assumes the walls of the test section to be infinite, and loses accuracy at
lower frequencies, when the acoustic wavelength becomes comparable to the size of the wall [26]. The method provides
a good initial prediction of acoustic reflections on a single wall, with similar dimensions to the dimensions of the LTT
test section walls (i.e. of the same order of magnitude), for both fully reflective and lined (with melamine foam) cases
[17].

The LTT test section has an octagonal shape, as seen in Fig. [T} The primary reflections on the three larger walls of
the test section (floor, ceiling and wall opposite to the array) are modelled as a mirror—source, as shown in Fig. @ The
effect of lining was taken into account by considering the complex valued surface reflection coefficient of the lined
walls. The experimental reflection coefficients shown in Fig. [J] were used in the algorithm, by adjusting the amplitude
and phase of each mirror reflection signal, Sy (f), with respect to the direct source signal, Sp¢(f):

Swmr (f) = Sps (/IR (). 3
By considering the R .(f) of Fig. [2| the lining on the wall opposite to the array was simplified with respect to the
experiment, from 5 cm wedged melamine (covered by Kevlar) to 5 cm plain melamine. As in [[17], for the flow-on cases,
the path and propagation time of each sound ray from the mirror source to the receivers (microphones) is re-calculated
taking into account convection by the flow.

*
1¢
0.5 T T T A
L 7 \' O Array
i 0t I | % —_ fg‘est Section
= g | l\;)'urce N
05 N / * irror R.
T N /
1t
0 1 2 3
2 [m]

Fig. 4 Setup for the geometric modelling simulations.

D. Signal processing
The data was recorded with the 62 array microphones. The spectra of the isolated microphones were obtained with
the Welch’s method [27]. The 20 s signals were divided into chunks of 0.1s, with a 50 % overlap. Each chunk was
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multiplied by the Hanning window. The spectrograms analysed in the study were obtained by dividing the 20 s signals
in time blocks of 0.05 s, with 50 % overlap. Sound Pressure Level, SPL, was defined as:

!
SPL = 20log,, (p ““S) , (4)
Pref.
where p’ . 18 the root mean square of the pressure fluctuations, and the reference pressure, pref., is 2 X 1075 Pa.
Acoustic interference in the test section was quantified by the difference between the measurements in the reverberant
environment and the reference speaker measurement, which was taken outside the wind tunnel test section, in a large
room (with low reverberation) and with the microphone array described in Sec. [I.B] ASPL is defined as:

ASPL = SPLSpeaker inside the test section — SPLReference, speaker» )

being positive and negative ASPL, respectively, indicative of constructive and destructive interference between direct
source and reflections, at the measurement location. ASPL = 0 indicates that, at that specific frequency, the measurement
inside the test section is not disturbed by reflections.

1. Conventional Beamforming

The acoustic data from the microphone array was processed with conventional frequency domain beamforming.
Conventional beamforming (CBF) is a robust and fast method for identifying sound sources, and for determining source
power levels. CBF is a widely used method in aeroacoustic studies [9]. The signals from the microphone array are
processed in the frequency domain:

pi(f)
r(f)= : ; (6)
Py (f)

where p;, is the pressure fluctuation recorded at each microphone, n. N stands for the number of microphones in the
array. The propagation of the sound wave is considered in beamforming in the definition of the steering vector, g .
The steering vector takes into account the sound wave’s spherical spreading and phase shift from a scan grid point, j, to
a microphone n. g; , is the Green’s function of the sound propagation from a free-field monopole source:

exp (-2mi fAt; )
ke = /]

where At} , = ||xn -¢ j|| /c is the sound propagation time from the grid point location &; to the receiver at x,,. c is the

speed of sound. || - || is the Euclidean norm of a vector. For the flow—on cases, At; , was recalculated taking into

account the flow convection of sound waves. The vector x,, contains the coordinates of all microphones in the array. For
each grid point, the noise levels are estimated from:

gjn = ; N

g;(pp")g;
Alg) = 277 )
) le,I°

pp’isaN x N matrix, commonly referred to as cross-spectral matrix (CSM), where the asterisk, (-)*, represents the
complex conjugate transpose.

The beamforming data were processed considering two different scan grids. For identifying the sound sources in the
empty test section, a 3D scan grid was designed, which covers the 8 walls of the octagonal test section. This grid can be
visualised in Fig. 5] For estimating the noise levels of the speaker, when installed in the test section, a 2D plane parallel
to the array was considered (see Fig. [6). The 2D grid is at a 1.05 m distance from the array, and passes through the
spanwise centre of the test section, i.e. through the speaker location. After calculating the beamforming maps, the
speaker noise levels were obtained with the Source Power Integration (SPI) method [28]]. The experimental CSM is
normalised with the CSM of a simulated point monopole source, with known noise levels, in order to quantify the noise
levels of the experimental source:

, ®)
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S8 (PP e 8;
K & (ppsmg;

where K is the number of grid points considered in the source power integration. Figure[6]shows the beamforming map
of the reference speaker measurement. The 12x12 cm source power integration region is illustrated.

Aspir(f) =

C))

« Array
[]Scan grid

Ceiling

Fig.5 Scan grid along the 8 walls of the LTT test section. Microphone array located behind the Kevlar panel,
which is also evaluated with the grid.

SPL [dB]

Vertical coordinate y [m)]

-1 -0.5 0 0.5 1
Streamwise coordinate x [m]

Fig. 6 Beamforming map of the reference speaker measurement, for the 1 kHz centered third—octave band.
Speaker located at a 1.05 m distance from the array. The source power integration region is indicated by the
dashed line.

ITI. Wind tunnel acoustic characterization
The present section analyses the results obtained from the experimental data, and compares these with the results
obtained from the geometric modelling tool. The acoustic properties of the tunnel are characterized by analysing
the acoustic reflections in the test section (Sec. [[I.A). The background noise is analysed in Sec. [[ILB|by evaluating
speaker—off measurements. In Section[[IL.C} the measurements with the flow and speaker —on are analysed.

A. Acoustic reflections in the wind tunnel circuit
The prolongation of sound, due to reflections in the wind tunnel circuit, was analysed with intermittent speaker
measurements. During these measurements, the speaker was paused at the time (. To characterize the reverberation
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for the different test section configurations, the spectrogram of the data was produced. The spectrograms of Fig. [7]
were obtained by averaging the sound powers obtained from all the microphones in the array, for each timestep, being
therefore indicative of the acoustic energy in the test section. The results are shown for the third-octave band centres,

f/e; Test section C, which has the baseline top and bottom, and lining on the side—panels (see TableEt‘, was also tested
outside the wind tunnel circuit (Fig. [E[) The reverberation time, 755, is also shown in Fig. m T»5 is the time in which
the overal sound pressure level reduces by 25 dB, after turning off the speaker. 7»5 was calculated considering the
frequencies shown in Fig. [7]

Figure[7]shows that both the flat melamine (top and bottom lining) and the lined side—panels are efficient in reducing
reverberation in the test section, as reverberation reduces faster in Figs. |7_B| andthan in Fig. @ There is however
little difference between the performance of the two lining solutions in reducing reverberation, as Figs. [7b|and [7c|show
a similar pattern. When both linings are used simultaneously, the improvement in reducing reverberation is further
noticeable (see Fig. [7d). The linings are particularly efficient at reducing reverberation at high frequency, which is
consistent with the reflection coefficients shown in Fig. 2] Figure[7¢]indicates that reverberation in the test section
is negligible, when the test section is placed outside the tunnel circuit. The reverberation time, for the test sections
installed in the wind tunnel circuit, is considerably longer than at other facilities commonly used for aeroacoustics
research, e.g. TU Delft’s Anechoic Tunnel (Tgp,a-Tunnel = 0.22's) [29]]. The results suggest that it can be advantageous
to line further sections of the tunnel circuit, e.g. the diffuser (see Fig. [Ta).
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z 245 £ 245 2 24 5
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(a) Baseline test section (b) Flat melamine lining (top and bot- (c) Kevlar side-panels
tom)
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Time t — g [s] Time t — ¢y [s]
(d) Most anechoic test section (e) Test section C outside the WT loop

Fig.7 Spectrogram of the acoustic data obtained from the intermittent speaker tests. The spectrogram shows
the development of reverberation in the test section from the moment the speaker is interrupted. The plots a) to
d) refer to the test cases with the LTT test section installed in the tunnel circuit: test sections A (top-left), B
(top—centre), C (top—right), D (bottom-left). Test section C, with the wedged melamine Kevlar side—panels, was
also tested outside the wind tunnel circuit (bottom-right).

1. Acoustic interference inside the test section
The present section investigates the acoustic interference that occurs at the microphone array location, between
a direct sound source and reflections in the circuit. The objective is to quantify the disturbance caused by primary
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reflections, which directly reflect towards the microphones, by secondary reflections (here meant as any non-primary
reflections) in the test section, and by reverberation caused by the remaining parts of the circuit. The final goal is to
identify which parts of a closed tunnel are beneficial to treat with acoustically absorbent materials.

Reflections inside the test section lead to frequency dependent constructive or destructive interference patterns at the
microphone locations. Figure [§]shows the interference mitigation achieved with lining, from both experimental and
simulation data. The spectra were obtained by averaging the source powers between all microphones in the array. A
good test section acoustic performance is reached when ASPL becomes close to 0 dB.

10+ [—A B C —D] 10} — C - outside WT
C - installed
= § 5h/ \A \\ |
- =, U\ v ﬂ \ i
| N v \l \/ K
E;) = ol f \/ \/ Vj/\ﬂf‘/\\a
o " /
< ! v
<
51
500 1000 1500 2000 500 1000 1500 2000
Frequency f [Hz] Frequency f [Hz]
(a) GM simulation of primary reflections (b) Experiment: installed vs. uninstalled
10 +

is)

jas

~

m

=,

=]

[N

)

<

ol ]—A B C —D‘
500 1000 1500 2000

Frequency f [Hz|

(c) Experiment: installed test sections

Fig. 8 Acoustic interference caused by the reflections: difference between the measurement inside the test
section and the reference speaker measurement. Primary reflections in the test section, simulated with geometric
modelling (top-left); difference between installed and uninstalled test section, from experimental data (top-right);
and each installed test section, from experimental data (bottom). Average from the 62 microphones in the array.

Figure [8a] shows the acoustic interference caused by the three primary (specular) reflections in the test section that
reach the microphone array from the acoustic source (see the GM setup in Fig. ). The figure shows that, for the four test
sections, the primary reflections cause a strong constructive interference peak for frequencies in the vicinity of 600 Hz,
which is followed by a destructive interference peak, near 800 Hz. Below 1000 Hz, the reflection coefficient of the
lined walls is still relatively high (see Fig. [2). Above 1000 Hz, Fig. [8a shows that, for the baseline test section (A), the
interference caused by the primary reflections is approximately 3 dB. For the most anechoic configuration, configuration
D, ASPL becomes close to 0 dB at high frequencies. The result of Fig. [8a|shows that reducing the reflection coefficient
of the test section walls which cause the primary reflections is crucial for achieving accurate acoustic measurements.

Figure@] shows the acoustic interference patterns which occur in test section C, for the case where the test section is
installed in the tunnel circuit, and for the case where the test section is outside the circuit. As seen from Fig. [/] the
wind tunnel circuit is responsible for a long reverberation time, when the test section is installed. However, Fig. [8b]
indicates that installing the test section in the wind tunnel circuit does not change the dominant acoustic interference
phenomena. The result indicates that, at these frequencies, and in the absence of aerodynamic background noise in the
tunnel, reverberation caused by the remaining parts of the circuit (besides the test section) is not visible in the acoustic
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measurements.

Figure obtained from the experimental measurements with the test sections installed, presents the acoustic
interference pattern caused by primary and secondary reflections in the test section, and by reverberation in the tunnel.
The comparison of Figs. [8a and [8c|shows that the experimental ASPL is noisier than for the simulated case, where
only the primary reflections are present. This is associated with the fact that, besides likely experiencing diffraction,
reflections in the experimental case are infinite. The experimental ASPL is also higher: for the baseline configuration,
the difference with respect to the reference measurement is, for a wide range of frequencies, close to 5 dB. For the lined
cases, the experimental ASPL is non-negligible also at high frequencies, when the primary reflections on the lined walls
are relatively weak. This result indicates that secondary reflections in the test section (i.e. any non-primary reflections)
noticeably affect the transfer function from the source to the microphone array. Figure [§]shows that it is beneficial to
line as much area of the test section walls as possible, for reducing acoustic interference at the measurement location.

B. Aerodynamic noise sources

Figure [9] shows the beamforming maps of the empty test section measurements, with the wind tunnel operating
at U, = 40ms~'. The scan plane is placed along the test section walls (see Fig. [5). For the four test sections,
the beamforming maps indicate that most background noise originates from downstream of the test section (where
x < —1m). This can be e.g. from the diffuser’s boundary layer, or discontinuities in the circuit, such as a gap between
the test section and the diffuser. Furthermore, the result indicates noise sources at the Kevlar panel location. The figure
also shows that, when lined, the noise from a given wall/ side—panel is reduced. This occurs despite of the higher surface
roughness of the liner with respect to a solid wall, which increases boundary layer turbulence [17]. Figures[@c|and [0d]
show the strong reduction in noise from the opposite wall, when the lined side panels are installed. This can be explained
by the reduction in reflection of background noise at the opposite wall, when the wall’s reflection coefficient is reduced.
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Fig. 9 Beamforming along the (empty) test section walls, for the 1 kHz third—octave band. Free-stream velocity
40 ms~1. Test sections A (left), B (centre-left), C (centre-right) and D (right).

Figure (10 shows the background noise of the empty test sections, at U, = 20ms~! and Uy, = 40ms~!. Test
sections A and C operated with the wind tunnel fan at a higher angular velocity than B and D, for reaching the same U...
Test sections B and D include the top and bottom flat melamine panels, which reduce the effective cross—sectional area
of the tunnel, without noticeably increasing the pressure loss in the circuit. For test sections B and D, a lower wind
tunnel fan rotational speed, €2, is therefore required. As a consequence of the higher wind tunnel fan power setting,
test sections A and C feature the highest background noise. This result indicates that the aerodynamic background
noise sources produced in the wind tunnel circuit, outside the test section, are dominant at the array location. These
noise sources can be e.g. the wind tunnel fan, or physical discontinuities throughout the circuit. The scaling, k, of the
aerodynamic noise levels with free-stream velocity was obtained from:

k ’ 2
(Uoo,Z) _ (P rms,2 (10)
U°°’1 pll'ms,l

where p;, . was calculated considering the frequencies shown in Fig. @l The high SPL peaks at f = 600 Hz, for the
measurements at U, = 20ms~!, have been previously identified to originate from electrical devices used to power
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the wind tunnel [30]. The third octave frequency band centered at f = 630 Hz has therefore been filtered out, for the
calculation of k. For the four test sections, k has a value between 4 and 5. This indicates that most aerodynamic noise is
generated due to fluid—solid interaction. A value of k = 8 is considered to be ideal for aeroacoustic wind tunnels, since
it is indicative that jet—noise has the strongest contribution to aerodynamic noise [29].

Figure[10]also shows that installing the wedged melamine Kevlar side—panels (compare e.g. test sections A and
C) reduces the background noise by approximately 1 — 2dB. This result is consistent with the lower levels found in
the beamforming maps of Fig. [0 for the test sections with lined side—panels. The results of Figs. 0] and [I0] highlight
the effectiveness of test section lining solutions, for reducing the disturbance caused by background noise on acoustic
measurements.

SPL [dB/Hz]

250 500 1000 2000 4000 8000
Frequency f [Hz|

—— A, Up=20m/s, Q=242 RPM = = A, U,=40m/s, Q=469 RPM, k=4.2
B, Us=20m/s, Q=233 RPM B, Us=40m/s, Q=454 RPM, k=4.5
C, Up=20m/s, =243 RPM C, Usp=40m/s, Q=472 RPM, k=4.9
——D, Up=20m/s, 0=235 RPM — =D, Us=40m/s, Q=457 RPM, k=45

Fig. 10 Background noise of the 4 empty test sections, at U,, = 20 ms~! and U, = 40 ms~!. Average between
the 62 microphones in the array. The angular velocity of the wind tunnel fan, for each test, is specified in rotations
per minute (RPM).

C. Acoustic wind tunnel measurements - with flow

The effect of having the wind tunnel flow—on on the acoustic measurement of a source inside the test section
was initially assessed with geometric modelling. The simulated spectra of Fig. |11/ were obtained from source power
integration of the beamforming maps of simulated data. The results obtained for the baseline (Fig. [ITa) and most
anechoic (Fig. test sections show that, up to U, = 30ms~!, i.e. at relatively low wind tunnel free-stream Mach
number (M = Us/c = 0.09), the convection of the sound waves by the flow does not affect the acoustic interference
pattern at the microphone array location. At higher Mach number (M = 0.29), the convection caused by the flow causes
a significant shift of the interference pattern. The intensity of the mirror sources, as perceived by the microphones, is
however not visibly affected, as the magnitude of the interference peaks remains unchanged.

Figure[12]shows the SPI spectra obtained experimentally with each test section configuration, for the free-stream
velocities: Uy, =0ms~!, Uy, =20ms™! and U, = 30ms~'. Below 1 kHz, the broadband and the white noise signals
emitted by the speaker are relatively low, in comparison with the background noise. Therefore, the experimental spectra
of Fig. [12]in the ranges 500 Hz to 800 Hz, 800 Hz to 1000 Hz, and 1000 Hz to 2000 Hz correspond, respectively, to the
measurements with the speaker emitting the low—frequency narrow band noise, the mid—frequency narrow band noise,
and broadband noise (see description of the signals in Sec. [LA.T).

In agreement with the geometric modelling data, the experimental data indicates that the magnitude and the
frequencies of the acoustic interference peaks remain unchanged, at low free-stream velocities. The spectra of Fig.
also show that, at U, = 30 ms™!, there are frequencies for which the SPL is higher for the flow—on case than at
Us = 0ms~! (most noticeable for f close to 850 Hz). This indicates that, at these frequencies, the background noise
is comparable or higher than the noise levels from the acoustic source. The disturbance caused by the aerodynamic
background noise in the measurement is most noticeable for the baseline test section configuration (Fig. [I2a)), which is
consistent with the higher background noise levels seen in Figs. [O]and [I0} for this test section.

The results of Figs. [IT] and [I2] show that, for aeroacoustics experiments at relatively low free-stream velocity
(M < 0.1), the disturbance on acoustic measurements caused by reflections in the test section can be assessed without
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flow. The limit for which the flow—off acoustic measurements are valid can be investigated with a geometric modelling
algorithm, based on the mirror—source method.
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(a) Baseline test section - A (b) Most anechoic test section - D

Fig. 11 Acoustic interference caused by the primary reflections, in the geometric modelling data, for varying
free-stream velocity in the test section. Baseline test section (left), and most anechoic test section configuration
(right). Spectra obtained from source power integration of the beamforming maps.
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Fig. 12 Acoustic interference caused by the reflections, in the experimental data. Test sections A (top—left),
B (top-right), C (bottom-left) and D (bottom-right). Spectra obtained from source power integration of the
beamforming maps.
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IV. Conclusion

An experimental campaign was conducted in TU Delft’s closed test section Low Turbulence Tunnel. Four test
section configurations were tested, as the test section was progressively lined with sound absorbing treatments. An
omnidirectional speaker was used as reference acoustic source. The resulting acoustic signals were measured with a
phased microphone array. The disturbance in the acoustic measurement of the source signal was analysed by assessing
the effect of reflections in the test section, reverberation in the wind tunnel, convection of acoustic waves by the
free-stream flow, and aerodynamic background noise. A geometric modelling algorithm was developed for predicting
the disturbance caused by primary reflections in the test section on acoustic measurements, for each lining configuration.

The experimental results show that reverberation in the wind tunnel circuit is reduced with test section lining.
Reverberation caused by walls outside the test section (both upstream and downstream), although strong, is shown
to cause a negligible disturbance in the microphone array measurements, in the flow—off tests. For the flow—on
experimental measurements, aerodynamic noise originating outside the test section was identified to be a dominant
cause of pressure fluctuations at the array location. Lining over the test section walls was an effective approach for
reducing the aerodynamic noise reaching the microphones. The geometric modelling results demonstrate that a strong
improvement of the acoustic capabilities of a wind tunnel can be achieved, by reducing the reflection coeflicient of the
test section walls for which there is a direct reflection path from the source to the microphone array. The experimental
acoustic tests show that the remaining test section walls should also be lined, for approaching anechoic conditions in the
test section. The convection of sound waves by the free-stream flow, at low Mach number (M < 0.1), was demonstrated
to cause a negligible change in the acoustic interference pattern at the microphone array.

Based on the results of this study, it can be concluded that acoustic reflections in a wind tunnel designed for
aeroacoustic studies can be investigated with a speaker, without flow. The flow conditions for which the flow—off
acoustic measurements are valid should be assessed, e.g. with a geometric modelling algorithm. Measurements of
aerodynamic background noise should be performed with an empty test section, and lining can be used to reduce the
background noise that reaches the microphone array. Future studies should investigate the benefits obtained from lining
other sections of the tunnel, such as the diffuser, for reducing aerodynamic noise in the circuit. The use of higher
fidelity methods for predicting acoustic interference in the test section is also expected to further help with designing
acoustically treated test sections.
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