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ABSTRACT

The separation of acoustic-induced velocity from the tur-
bulent velocity fluctuations is tackled on a numerical
database representing a segment of an acoustic liner sub-
jected to a grazing acoustic wave and a turbulent graz-
ing flow. The evaluation of the acoustic velocity in the
current test case has practical implications for the liner’s
impedance calculation and sound absorption properties.
The separation of the acoustic induced velocity from the
turbulent fluctuation is provided by modal decomposi-
tion methods: proper orthogonal decomposition (POD),
spectral proper orthogonal decomposition (SPOD) and the
recently developed canonical correlation decomposition
(CCD). For all the decomposition methods, the capabil-
ity to decompose the acoustic and the aerodynamic com-
ponent is affected the amplitude of the acoustic waves
with respect to the background turbulence. The CCD and
SPOD are found to outperform POD when the acoustic
amplitude is low compared with the background turbu-
lence. For SPOD, the acoustic forcing frequency needs
to be known a-priori or easily identifiable in the spec-
trum to correctly filter out the acoustic induced velocity.
POD and CCD have the advantage of automatically cap-
ture non-linear effects due to the vortex shedding which
are associated with high order modes.
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inal author and source are credited.
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1. INTRODUCTION

In computational aeroacoustics or during time-resolved
measurements in turbulent fields, instantaneous pressure
or velocity signals capture both aerodynamic fluctuations
and acoustic disturbances. These aerodynamic and acous-
tic components are coupled, yet separating them is essen-
tial for understanding their interaction [1].

The pseudo-sound or aerodynamic component is of-
ten weakly influenced by compressibility [2], while the
acoustic component is governed by sound wave propaga-
tion. The acoustic velocity can either result from unsteady
turbulence, as it happens for turbulent jets [3], or due to an
external acoustic source. In the first context, the acoustic
velocity field is crucial for understanding sound genera-
tion and dissipation due to the turbulence.

Conversely, the latter scenario describe an acoustic
wave that interacts with a turbulent flow, a meaningful
example being the operating conditions of acoustic lin-
ers. The acoustic liners absorb noise in aircraft engines,
they interact with grazing acoustic waves and turbulent
boundary layers. The impedance, defined as the ratio of
pressure to acoustic velocity, plays a key role in under-
standing their noise-absorbing properties. The challenge
of separating these fields and the practical relevance for
impedance eduction make the acoustic liner orifice a valu-
able benchmarks to separate the aerodynamic from the
acoustic component.

Several methods, such as frequency-wavenumber de-
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composition [4], Helmholtz decomposition [5], and dy-
namic mode decomposition (DMD) [6], have been pro-
posed to decompose aerodynamic and acoustic compo-
nents from velocity or pressure fields. Helmholtz decom-
position separates irrotational and solenoidal components,
though it is computationally expensive and suited for
three-dimensional, homogeneous fields. Wavelet-based
techniques, developed by Grizzi et al. [7] and Mancinelli
et al. [3], isolate hydrodynamic from acoustic compo-
nents by exploiting the intermittent nature of hydrody-
namic pressure.

This study explores modal decomposition methods
for separating aerodynamic and acoustic velocity com-
ponents by identifying coherent modes in the flow.
Modal decomposition offers a reduced-order model for
the flow, and the potential of proper orthogonal decompo-
sition (POD), spectral proper orthogonal decomposition
(SPOD), and the recently developed canonical correlation
decomposition (CCD) [8] is explored to extract acoustic-
driven flow structures. POD, CCD and SPOD are applied
to numerical data from an acoustic liner orifice, with the
goal of isolating the acoustic velocity.

2. DECOMPOSITION METHODS
2.1 Proper Orthogonal Decomposition (POD)

POD, introduced by [9], decomposes a turbulent veloc-
ity field into spatial modes that capture portions of the
turbulent kinetic energy. The first step of the procedure
to apply POD is based on writing the collection of N
uncorrelated snapshots w; in compact matrix forms as
U = [u1,u2,us...uy]. Among the several methods to
perform POD and extract the modes, the simplest proce-
dure makes use of the singular value decomposition on the

snapshot matrix
UT/VN -1 (1)

where 7 is the transpose of the matrix. For a detailed re-
view, the reader should refer to [10] and [11].

2.2 Canonical Correlation Decomposition (CCD)

CCD, recently introduced by [8], decomposes the flow
and rank the modes based on their correlation with a refer-
ence signal located in an observable location. The aim of
the technique is to identify coherent structures correlated
with the observable. The procedure involves the construc-
tion of the matrix:

N

A= PUT,
VQN

@
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where P is the observable matrix, and U is the flow snap-
shot matrix and () is the observable vector length. The
CCD modes are extracted through the singular value de-
composition of A.

2.3 Spectral Proper Orthogonal Decomposition
(SPOD)

SPOD combines POD with temporal coherence, isolat-
ing modes that capture both spatial and temporal corre-
lations. The flow snapshots are first Fourier transformed
using Welch’s method, then the cross-spectral density ma-
trix is computed:

1

_ pot
S—N Uu . 3)

SPOD modes are the eigenvectors of this matrix, repre-
senting coherent structures in the flow [12].

2.4 Acoustic Induced Velocity Estimation

The acoustic-induced velocity is reconstructed using a
reduced-order model (ROM) with the first modes:

kn

vac(xa Y, t) = Z Ck(t)tﬁk(wv y)

1

“4)

where ® () are the modes and c(t) the temporal co-
efficients obtained from the decompositions. Modes are
selected based on their energy, correlation, and spectral
properties. In the current paper the reconstructed veloc-
ity for the POD and CCD is obtained using the first three
modes ranked by energy and correlation strength. For
the SPOD the acoustic velocity is reconstructed using the
first mode only but providing a band pass reconstruction
centred at two frequencies, the source tone and its first
harmonic as shown in figure 2 (c,d). The acoustic ve-
locity is normalized by the theoretical linear response of
the Helmholtz resonator [13], v}, in no flow conditions
which is equal to 5.76 m/s for 130 dB and 25.96 m/s for
145 dB..

3. NUMERICAL DATABASE AND FLOW
DESCRIPTION

3.1 Methodology

This study builds upon the simulation database described
in [14]. Simulations were conducted with 3DS Simulia
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Figure 1. Sketch of the numerical setup (a) 3D geometry, (b) contour of the unfiltered vertical velocity fluc-
tuation, randomly chosen snapshot for the case M = 0.32 and SPL 145 dB, (c) spectrum of the pressure
fluctuations in the orifice, comparison between 130 dB and 145db at M = 0.32

PowerFLOW (v6), a solver based on the Lattice Boltz-
mann Method (LBM), which solves the discretized Boltz-
mann equation in space and time [15]. The solver uses a
3-dimensional lattice with 19 discrete velocity directions,
the D3Q19 model [16]. The study adopts a very large
eddy simulation (VLES) approach, which resolves large
turbulence scales while modeling sub-grid scales via an
effective relaxation time [17].

3.2 Numerical setup

The computational domain follows the setup described
in [14]. The liner is positioned on the top wall of a rectan-
gular duct, consisting of eleven cavities with square cross-
sections. The dataset used for the analysis is a 2D field
cropped near an orifice of the acoustic liner, as depicted in
figure 1 (a) and (b). The orifice has a diameter, d, of 1.17
mm. The streamwise coordinate is x, the spanwise coor-
dinate is z, and the vertical coordinate is y. The velocity
components are u’, v/, and w’, with their time-averaged
values denoted by capital letters U, V', and W, and the
fluctuation components by lowercase u, v, and w.

To trigger boundary layer transition, a zig-zag trip
was placed upstream of the liner at x = —1600 mm [18].
Quasi-anechoic conditions were achieved at the duct ter-
mination by exponentially increasing the fluid viscosity in
sponge regions by a factor of 100. Periodic boundary con-
ditions were applied along the lateral sides of the domain.

For the discretization of the domain, a variable res-
olution scheme was applied to the lattice grid, with six
meshes in an overset arrangement. The finest grid reso-
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lution was used for the facesheet, orifices, and part of the
backing cavities. The minimum grid spacing in the orifice
was Azpin = AYmin = A%y = 0.0234 mm, resulting
in an effective resolution of approximately 40 voxels/d. A
mesh independence study is presented in [14].

3.3 Aeroacoustic description of the acoustic liner
physical mechanism and numerical database
description

For the current geometry, the acoustic liner absorbs and
dissipates incident acoustic energy based on the princi-
ple of Helmholtz resonators. The resonant frequency of
the liner without grazing flow is 1.4 kHz, which shifts to
higher values in the presence of flow. Acoustic-induced
flow variations within the orifice exhibit periodic modula-
tion with varying phases, from inflow (¢ = 7/2) to out-
flow (¢ = 37/2).

The liner is subjected to a grazing flow with a Mach
number of 0.32, and two different sound pressure levels
(SPLs) are tested. The acoustic forcing can be observed
as a peak at 1.4kHz in the pressure signal spectrum, as
shown in figure 1 (c).

The different cases tested are summarized in Table 1.
Each dataset consists of 4740 snapshots with a sampling
frequency of 420 kHz. A complete characterization of the
aero-acoustic properties is detailed in [14].

The inclusion of two different SPL aims to capture the
liner’s functioning regimes. When the incident acoustic
wave has a low SPL (below 130 dB), the liner operates
in the linear regime, where acoustic energy is absorbed
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Table 1. List of the simulations analysed in this
work.

Mach number

0.32
0.32

SPL (dB) Frequency (kHz)

130 1.4
145 1.4

via viscous effects [19]. At higher SPL and in presence of
grazing flow, the dissipation mechanism shifts to turbulent
jets and vortex shedding at the orifice openings, indicating
the non-linear regime [20,21].

At M = 0.32 and SPL = 145 dB, a randomly cho-
sen snapshot of the vertical velocity fluctuation is shown
in figure 1 (b). The turbulence entering the orifice dis-
rupts the coherence of the velocity fluctuations, leading
to the generation of broadband noise.” This phenomenon
complicates the acoustic and aerodynamic decomposition,
as it introduces additional, non-periodic components that
hinder the clear separation of acoustic and aerodynamic
contributions [20]. As the SPL increases from 130 to
145 dB, the acoustic-to-hydrodynamic fluctuation ratio
(AHFR) increases, the pressure signal spectrum in figure 1
(c) shows increased energy at the source frequency with
increasing SPL.

A second peak at 14 kHz is observed in the pressure
signal spectrum inside the orifice for both SPLs, which
represents a cavity depth mode associated with standing
waves. This peak is more prominent in the presence of
a grazing flow and corresponds to a Helmholtz resonator
mode [22,23]. This high-frequency fluctuation adds to the
challenge of acoustic/aerodynamic decomposition, acting
as an additional sharp disturbance in the system.

4. RESULTS

4.1 Energy and correlation strength distribution
between the modes and spectra

The normalized percentage of energy and correlation
strength distribution between the modes for M = 0.32
is shown in figure 2 (a and b). For the POD results (a),
the first two modes account for less than 10% of the total
energy for both SPL conditions. This is due to the pres-
ence of the turbulence close to the walls and it is further
accentuated by the self-tone at 14 kHz acting as broad and
sharp disturbing factors respectively in the modal decom-
positions. This suggests that the POD is not capable of
correctly extracting the acoustic velocity associated with
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Figure 2. Fraction of the energy for POD (a) and
correlation energy for CCD (b) between the modes,
comparison between the two SPL. SPOD spectra at
130 dB (c) and 145 db (d), results obtained with a
grazing flow of M = 0.32.

the forcing frequency due to the fact that the POD modes
are dominated by the significant energy associated with
the 14 kHz tone. Conversely, the CCD correlation energy
distribution (figure 2 (b)) exhibits a quick-decaying be-
haviour. In this sense, CCD is more suitable than POD in
diagnosing the acoustically-driven flow since it targets the
upstream forcing-correlated flow structures. The low-rank
behaviour is further accentuated when the SPL is larger as
the AHFR increases.

In figure 2 (c,d) the energy distribution between the
frequencies for the SPOD at the two SPL studied is de-
picted. Contrary to POD and CCD, the SPOD spectra
provide directly the modes’ energetic content and the fre-
quency distribution of each mode. For the SPOD results,
the forcing frequency at 1.4 kHz, and the cavity mode at
14 kHz are highlighted in the figures along with the fre-
quency bands used for the reconstruction which are cen-
tred at the source frequency and its first harmonic. When
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Figure 3. Contour of the reconstructed vertical velocity fluctuation, v, in the inflow phase (¢ = 7/2), M =
0.32; first row 130 db, second row 145 db. Comparison of POD, CCD, SPOD; raw data are reported for clarity.

introducing the grazing flow, the spectra are dominated by
the broadband effect of the turbulence at the low frequen-
cies. At 130 dB, the peak at the forcing acoustic frequency
does not emerge, but it is visible when increasing the SPL
to 145 dB. As the source tone at 1.4 kHz does not emerge
from the turbulence level at 130 dB, due to the limited
AHFR, the SPOD works only if the forcing frequency is
known a-priori.

4.2 Contours of the reconstructed vertical acoustic
velocity

The contours of the normalized reconstructed vertical ve-
locity are reported in figure 3 for both SPL at M = 0.32.
For brevity, the contours reported are all related to the
inflow phase (¢ = 7/2), namely when the flow enters
inside the orifice (positive velocity) due to the effect of
the acoustic waves. Along with the reconstructed velocity
from the modal decompositions, it is reported a snapshot
of the vertical velocity fluctuation in the inflow phase. It
is clear that, in presence of grazing flow, the velocity field
is polluted by the presence of the turbulent fluctuations in
the vicinity of the orifice which are pushed inside the ori-
fice by the acoustic induced velocity. In presence of graz-
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ing flow, the equivalent porosity of the liner is reduced,
and jet-like inflow/outflow velocities are evidenced in the
downstream half of the orifice [24].

At 130 dB, as depicted in figure 3, the POD clearly
does not show the formation of jetting-like motion in the
downstream part of the orifice. For the POD, the recon-
struction of the vertical velocity is highly influenced by
the modes associated with the 14 kHz. The CCD seems to
provide the neatest results but the magnitude of the acous-
tic velocity is larger compared with the reference used for
scaling the results, while a lower velocity is educed with
SPOD.

At 145 dB the capability of all the eduction techniques
to extract the acoustic velocity is improved compared with
the 130 dB case. This is attributed to the larger acoustic-
to-hydrodynamic fluctuation ratio. The POD shows traces
of the flow feature attributed to the 14 kHz tone which
occupy the entire orifice. For both SPL, SPOD and CCD
results clearly evidence a region in the upstream half of
the orifice where the flow is quasi-steady and the vertical
velocity is negligible. This region corresponds to the for-
mation of a vortex that limits the effective porosity of the
orifice.
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Figure 4. Reconstructed vertical velocity profiles at the center-line of the orifice using POD, CCD and SPOD
at M = 0.32. First row 130 db, second row 145 db. Effect of the number of modes used for the reconstruction
and the frequency band (SPOD), different phases ¢ are reported.

4.3 Acoustic velocity profiles within the orifice at
various phases

In figure 4 the acoustic velocity profiles, obtained at the
centreline of the orifice, are shown at four phases: ¢ =
0,7/2,7,3w/2. The effect of changing the number of
modes in the reduced order model is reported changing
the line style as detailed in the legend.

The presence of the grazing turbulent flow generates a
clear streamwise asymmetry in the inflow/outflow acous-
tic velocity profile. In the first half of the cavity the ver-
tical velocity is negligible, thus the equivalent porosity of
the orifice is then reduced by the presence of the grazing
flow. This finding has been previously reported by several
authors [20,24] and can be associated with the presence of
a quasi-stationary vortex in the first portion of the orifice.

At 130 dB the acoustic profiles obtained with the dif-
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ferent decomposition methods are different. This indi-
cates a higher complexity and a lower reliability in the de-
composition of acoustic and aerodynamic fields at lower
acoustic-to-hydrodynamic fluctuation ratio. The POD re-
sults are influenced by the peak at 14 kHz that dominates
the acoustic velocity. For this reason the profile exhibits
a non-negligible vertical velocity in the upstream portion
of the orifice in both inflow and outflow phases but also at
¢ = 0 and ¢ = 7. Based on the existing literature, this
behaviour is not physical. The SPOD and CCD results are
similar in shape but the maximum value of the acoustic
velocity reconstructed with CCD is double the one recon-
structed with SPOD.

The acoustic velocity profiles at 145 dB obtained with
the different techniques are very similar. This is due to a
larger AHFR and indicates a clear predominance of acous-
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tic induced flow with respect to the grazing flow entering
inside the orifice. The effect of changing the number of
modes is almost negligible for all the technique consid-
ered excluding the POD where the third mode pollutes the
results. This discrepancy is due to the fact that the third
POD mode at 145 dB might keep a trace of the 14 kHz
leading to an increased vertical velocity along the centre-
line of the orifice.

5. CONCLUSIONS

Three different methods, POD, CCD and SPOD, are tested
to separate the vertical velocity field into a turbulent and
an acoustic-induced components. The methodologies pro-
posed herein can be of wide applicability for experimental
and numerical data. The decompositions are tested on a
numerical database that represents an orifice of an acous-
tic liner subjected to a grazing flow and grazing acous-
tic forcing. For acoustic liners a correct evaluation of the
acoustic velocity is of pivotal interest in the computation
of impedance.

The first conclusion is that the eduction of the acous-
tic velocity using the methods proposed herein is highly
influenced by the the AHFR, namely by the magnitude of
the acoustic induced field with respect to the aerodynamic
fluctuation due to the turbulence. In presence of grazing
flow all the decomposition methods show almost identical
results for the high SPL condition, while at low SPL all
the results differs.

The POD is the method that most suffer from the low
magnitude of acoustic-induced field with respect to the
broad level of turbulence. As POD ranks the modes by
energetic content, it is highly influenced by the presence
of high energy associated with spurious frequencies dif-
ferent from the acoustic ones. These frequencies might be
physical, as in the current investigation the 14 kHz tone,
or due to noise in experimental data.

SPOD has the advantage of highlighting energeti-
cally relevant features and how they distribute on the fre-
quencies. A fundamental limitation of SPOD is that, as
it evaluates the acoustic-induced field by reconstructing
the SPOD spectrum on a certain frequencies band, the
acoustic-induced field contains the hydrodynamic fluctu-
ations due to the turbulence at the same frequency of the
acoustic source. This contribution is expected to be non
negligible as the acoustic field is expected to interact with
the turbulent field and modulate it. One other important
limitation is that the frequency at which the acoustic field
is reconstructed needs to be known a-priori. If the AHFR
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is high, for the SPOD, the frequency can be identified by
the inspection of the spectrum while at low AHFR the
acoustic induced contribution might not emerge in the en-
ergy spectrum.

CCD and POD automatically capture non-linear ef-
fects in higher order modes. The SPOD, by applying a
Fourier decomposition treats intrinsically the system as
linear. This has the advantage of decomposing linearly the
acoustic velocity generated by the sound into a contribu-
tion of different frequencies. If the non-linear effects have
to be included in the acoustic-induced field, one needs
to know a-priori the frequency of interests and the non-
linear frequencies such as the harmonics. One advantage
of CCD is that it does not require any arbitrary filtering (as
the choice of the acoustic frequency or frequency band).
However, CCD requires a reference signal so it is more
suited if the objective is to study the acoustic field induced
by a known reference source. In addition the choice of the
position of the reference signal is arbitrary and might alter
the results.

All the methods are highly influenced by the number
of samples of the dataset. If the signal is too short, CCD
and POD are not able to separate in different modes the
non linear effects, while SPOD forces the signal to sep-
arate into multiple frequencies and allows to reconstruct
the velocity field based on one particular frequency band.
However, for SPOD the duration of the signal influences
the frequency and the modal resolution.
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