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ABSTRACT

Acoustic liners are the classical solution to reduce noise
in aircraft turbofan engines. They consist in a array of
resonant cavities topped by a resistive perforated sheet
and work on the principle of a resonator. The desire for
fuel-efficient aircrafts has led to the development of high
bypass-ratio engines with less available space for acous-
tic treatments and larger fans that create a more broad-
band and low-frequency noise. New concepts of acous-
tic liners able to absorb over a large range of frequencies
while taking even less space are therefore needed. The
goal of the present work is to propose such a concept and
assess its acoustic behavior. An innovative liner concept
has been designed to provide a large range of attenuation
while keeping a reasonable height, using the OPAL soft-
ware developed at ONERA. A sample was then manufac-
tured and tested under grazing flow and high sound levels
in the B2A test bench. An inverse impedance eduction
method then allows to compare the predicted and mea-
sured impedances.
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1. INTRODUCTION

Conventional, single degree of freedom (SDOF) liners
consist of a honeycomb structure topped with a thin per-
forated facesheet, forming a layout of small resonators
closed at their bottom by a rigid backplate. The geometry
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of the honeycomb can be adjusted to match specific noise
damping requirements [1]. The driving parameter for the
noise damping power of locally reacting liners is their
acoustic impedance, a complex number that is the ratio
between acoustic pressure p and normal acoustic velocity
vy, taken on the facesheet, normalized by the impedance
of air pgco:

p
PoCOUn,

((w) = =r(w) +ix(w), (D
where r and ) are respectively called the resistance and
the reactance of the liner.

For absorbing noise over a wide frequency range or
at low frequencies, non-conventional liners like variable-
depth liners or perforated plates connected to tubes of
varying lengths may be necessary [2,3]. In these cases,
an optimization process using numerical and experimen-
tal tools is required to propose configurations that meet
the necessary constraints. ONERA developed a software
platform called OPAL to optimize complex meta-surface
liners based on both conventional and non-conventional
architectures. In this work, OPAL is used to design an
innovative acoustic liner with a wide absorption range
and test it under realistic experimental conditions. Sec-
tion 2 briefly outlines the design process, including con-
straints, optimization, and fabrication of a sample. Sec-
tion 3 presents the experimental setup used to measure the
sample’s acoustic response. Section 4 details the results
and is followed by a short conclusion.
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2. SAMPLE DESIGN

The goal is to propose a material with high absorption
both in the low and high-frequency ranges. Since these
two frequency objectives are generally antagonistic, a
multi-objective optimization was conducted (see [4] for
more details on the general process).

12 different liner architectures ranging from classi-
cal SDOF to multi-layer metasurfaces were numerically
tested to find the best design for the proposed objectives,
using the OPAL liner optimization tool developed at ON-
ERA. For all designs, the maximum total thickness was
set to 6 cm. Among the 12 proposed architectures, the
one that offered the best compromise between all objec-
tives while staying a relatively simple design is a single-
layer metasurface of 9 parallel resonator cells of varying
depth, with some of the cells based on the LEONAR con-
cept (Long Elastic Open Neck Acoustic Resonator; see
Refs [2,5]). The cells are arranged in a square pattern
and the total dimensions of the pattern are chosen so that
they are far inferior to the target wavelengths to ensure
impedance homogenization [4]. The assembly is topped
by a wiremesh and a thin perforated sheet, with a tiny
air gap left between the surface of the resonator cells and
the wiremesh, to help mitigate grazing flow effects [6, 7].
Apart from the wiremesh and the perforated top plate
which are both metallic, the sample is made using stere-
olithography (SLA) 3D-printing.

Figure 1. CAD of the metasurface cells

3. EXPERIMENTAL SETUP

This section briefly describes the experimental setup used.
More details on the facilities and methods can be found in
previous papers [8—10].
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Figure 2. Complete assembly of the sample with top
perforated plate

3.1 B2A Bench

The B2A is a test bench designed for acoustic measure-
ments in the presence of grazing flow. It has a square
section of side a = 50 mm and has a quasi-anechoic termi-
nation. The test section is 200 mm long and is equipped
with 17 microphone ports on its upper wall for acoustic
pressure measurements. The samples are located on the
lower wall of the test section and are 150 mm in length
and 50 mm in width.

Recently an upgrade of the bench was done, so that
two sets of two speakers can be placed upstream and
downstream of the test section. It allows the generation
of an acoustic wave propagating either with or against the
flow depending on which set is used. The total level of the
acoustic wave can reach 150 dB.

All measurements and analyses are performed under
the assumption of plane waves since the frequencies used
in the acoustic excitation are below the cut-off frequency
of the duct.

3.2 Test matrix

With the aim of fully characterizing the behavior of the
liner design, a number of measurements with varying
grazing flow speeds and incident sound pressure levels
(SPL) were conducted, in the upstream and downstream
acoustic excitation setups. Table 1 sums up all the condi-
tions used. The SPL indicated is the frequency-averaged
incident SPL, obtained via a wavesorting method.
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Anechoic outlet

Figure 3. Sketch of the B2A bench

Table 1. Summary of performed measurements

Acoustic excitation Bulk Mach M, | SPL (dB)
110
125
0 130
135
Swept sine, upstream 10
0.1 125
130
135
0.2 135
0.3 135
0 135
Swept sine, downstream 0.1 135
’ 0.2 135
0.3 135

3.2.1 Acoustic excitation

Previously, the acoustic excitations used in the B2A were
either multitone sines or broadband signals. With the up-
grade work has been conducted to add the possibility to
use swept sine signals, since they allow to measure the
response of the liner over a wide frequency range with

a better signal-to-noise ratio than a broadband excitation
with a similar acoustic level. The swept sine used in this
study is ranging from 300 Hz to 3.3 kHz in 59 seconds, as
seen in Figure 4 that shows the spectrum measured at the
most upstream microphone location.
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Figure 4. Spectrogram at the first upstream micro-
phone position, no flow, SPL = 135 dB.
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3.2.2 Impedance eduction
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Impedance eduction is performed with OPAL using
LEE (Linearized Euler equations) and a Direct Galerkin
scheme [10, 11]. The shear flow profile at each bulk Mach
number is taken into account in the eduction process. The
selected profile is a generic flow profile (see Fig. 5) with
a boundary layer thickness close to the experimental one
measured by LDV; its exact shape has very little influence
on the eduction results since the flow is fully developed.

e —— Profile for eduction
0.04 + — ]]“izperunental profile
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: 0.02 1
0.01 1

0 + + + +
0 10 20 30 4045
U (m/s)

Figure 5. Example of flow profile at M, = 0.1.

4. RESULTS AND DISCUSSION

This section presents the impedance eduction results. The
eduction is performed for 120 evenly-spaced frequencies
between 300 and 3300 Hz.

4.1 Influence of the incident acoustic level

Figure 6 shows the effect of an increase of the incident
SPL on the educed resistance, with a fixed flow condition.
The sample has a very linear behavior with respect to the
SPL, both without flow and with grazing flow. This behav-
ior was expected since both the LEONAR design and the
wiremesh are known to be hardly sensitive to the effects
of high sound levels [12, 13].

4.2 Influence of the grazing flow

Figures 7 and 8 show the eduction results for the cases
at fixed high SPL (135 dB) and with upstream and down-
stream excitation respectively. We recall that in the case
of upstream excitation, the acoustic wave propagates with
the flow; while for downstream excitation, the acoustic
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Figure 6. Educed resistance, upstream excitation,
My, = 0 (top) and M = 0.1 (bottom). SPL rang-
ing from 110 to 135 dB.

wave propagates against the flow. The sample appears to
be quite linear with respect to the grazing flow: the resis-
tance is not modified significantly when M, increases, ex-
cept at higher frequencies in the upstream condition where
the wiremesh might not be as effective as wished.

In both figures, the target impedance obtained with
OPAL is plotted in solid purple lines. The agreement be-
tween expected and measured values is quite good around
the maximum of absorption, where the reactance curve
is flat and very close to being null. However, at higher
frequencies (over 2 kHz), discrepancies appear for the re-
sistance in the upstream excitation condition; these can be
explained by the fact that the models for wiremesh behav-
ior in OPAL are not taking into account all the grazing
flow effects.
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Figure 7. Educed resistance and reactance, upstream
excitation, SPL. = 135 dB. Solid line: OPAL pre-
dicted value at M, = 0.3

4.3 Comparison of acoustic excitations

Impedance eduction results with swept sine (at 135 dB)
and broadband noise results obtained previously (with a
SPL close to 140 dB) are compared in Fig. 9, in both up-
stream and donwstream configurations at M = 0.3. The
advantages of using a swept sine appear clearly: in these
flow conditions the broadband noise is almost covered by
the aerodynamic noise, leading to difficulties in the iden-
tification process, while the swept sine excitation emerges
better and gives cleaner results. Nevertheless, the agree-
ment between the values obtained with the two different
types of excitations is quite good.

The differences observed in the upstream and down-
stream configurations with a swept sine excitation might
be explained by the fact that sound absorption is higher in
the downstream configuration, leading to better identifica-
tion of the resistance in this case.
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Figure 8. Educed resistance and reactance, down-
stream excitation, SPL = 135 dB. Solid line: OPAL
predicted value at M = 0.3

5. CONCLUSION

In this study, a specific optimization tool named OPAL de-
veloped at ONERA has proved its ability to propose inno-
vative liner designs under several seemingly incompatible
objectives. A sample has been made using the specs given
by OPAL and tested under realistic grazing flow condi-
tions in the B2A bench to obtain its impedance and com-
pare it to the predicted value, using a swept sine excitation
to emerge from the background aerodynamic noise better.
The results of these tests showed that the prediction is very
good, and that the newly tested swept sine excitation pro-
cess is working as intended. The combined use of OPAL
and grazing flow tests in the newly upgraded B2A is thus
a promising way for future and even more complex liner
designs.
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