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applied to a numerical database

Francesco Avallone ∗, Angelo Paduano†

Politecnico di Torino, Corso Duca degli Abruzzi 24, 10122, Torino, Italy

Lucas M. Pereira‡, Lucas A. Bonomo §, Julio A. Cordioli¶
Federal University of Santa Catarina, Florianópolis - SC, 88040-900, Brazil

Damiano Casalino‖

Delft University of Technology, Kluyverweg 1, 2629HS, Delft

Davide Cerizza ∗∗

Dassault Systemes – SIMULIA, Waltham MA, 02451, USA

Eduction methods are adopted to characterize acoustic liners. In this paper, several
impedance eduction techniques are compared using a numerical database obtained with scale
resolved lattice-Boltzmann simulations of a reference acoustic liner in the presence or not of
a grazing turbulent flow. Three impedance eduction techniques are compared: an inverse
approach based on the Mode-Matching (MM) method, the straightforward method based on the
Prony-like Kumaresan-Tufts (KT) algorithm, and one approach based on a minimization problem
between reference measurements and the solution of the Pierce’s equation. Furthermore, the
educed impedance is compared with the one obtained using local impedance measurements
with the Dean’s method with virtual probes located on the entire face-sheet. Results show
that impedance values obtained with the Deans’ method are highly dependent on the sampling
location and that they vary largely over each cavity. Results from the eduction methods are
similar amongst them with few discrepancies found for the method based on the Pierce’s
equation. In particular, the highest value of resistance obtained using the Deans’ method is
similar to the one obtained using the KT and MM eduction methods.

I. Introduction

Aircraft noise is of great concern, particularly near airports. Among the various noise sources, the most prominent
one is generated by the engines, especially by the fan in Ultra High Bypass Ratio (UHBR) engines. They are

characterized by a larger fan diameter, a shorter nacelle, a lower rotational speed of the fan, and a lower jet core velocity
with respect to conventional HBR engines. Fan noise in turbofan engines is characterized by tonal components at
harmonics of the Blade-Passage Frequency (BPF) and broadband components mostly caused by the interaction between
the turbulent wake from the rotor and the stator, especially in proximity of the shroud where the velocity fluctuation
levels are higher [1]. Acoustic liners are the state-of-the-art technology to reduce engine noise.

In-use aero-engine acoustic liners are passive devices comprised of panels featuring a sandwich structure, which
generally includes a honeycomb core sandwiched between a perforated face-sheet and a solid backplate. This design is
commonly referred to as a Single Degree of Freedom (SDOF) liner. An acoustic liner is characterized by its acoustic
impedance �̃�/𝑍𝑜=𝜃 + 𝑖𝜒, where 𝜃 is named resistance and 𝜒 reactance, while 𝑍0= 𝜌0𝑐0 is the characteristic acoustic
impedance of air.

A large effort has been dedicated in developing experimental techniques to measure the acoustic impedance [2–10].
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Focus has been given to develop approaches that can be used to measure impedance when the acoustic absorbing surface
is grazed by a turbulent flow and high amplitude acoustic waves, such as in realistic operating flight conditions.

Impedance eduction methods can be divided in direct and inverse methods [11]. Direct methods use an estimation
of the axial wavenumber in conjunction with an impedance boundary condition to educe impedance without iterations
[4, 7, 12]. Inverse methods, on the other hand, solve a minimization problem by minimizing the difference between the
measured acoustic pressure [4, 6, 11, 13–15], and the one obtained by solving a partial differential equation with an
impedance boundary condition, that can account or not for shear flow effect [16]. It has been shown that similar results
are obtained by using direct or inverse eduction methods, but discrepancies still exist [17].

When using eduction methods, a boundary condition is needed to model the liner. The most widely adopted
boundary condition is the Ingard-Myers [18, 19], which is used to model the effect of a non-uniform mean flow on the
acoustic propagation in the immediate vicinity of a sound absorbing surface. This is achieved by enforcing continuity
of acoustic displacement across an infinitely thin inviscid boundary layer to the first order. The effective impedance
obtained using this approach depends on the wavenumber, frequency, Mach bulk velocity and the actual normalized
impedance of the treated surface. Therefore, the effective impedance is non-locally reacting, and depends on the
wavenumber. The Ingard-Myers boundary conditions, as it was proposed, is ill-posed. Khamis et al. [20] have corrected
this behaviour by introducing the effect of viscosity and obtained a novel boundary condition accurate to the second
order. This boundary condition assumes that the boundary layer over the lined surface is weakly altered with respect to
a smooth wall, but this is not always true as experimentally demonstrated by Léon et al. [21] and particularly not true
when considering a bulk liner.

The method proposed by Dean [10], based on the measurements of unsteady pressure fluctuations both at the
face-sheet and backplate, can be used to avoid the use of boundary conditions as the one described previously. However,
impedance obtained with the Dean’s method depends largely on the location of the microphone at the face-sheet.
Furthermore, it is experimentally challenging to install the microphones and assure that there is not leakage after
installation. Therefore, the number of microphones adopted is very limited [22].

Despite the substantial number of published articles on impedance eduction techniques, there is a scarcity of direct
comparisons. Recently, the International Forum for Aviation Research (IFAR) initiated a collaborative project with the
objective of addressing this gap [23, 24]. The first challenge under the IFAR liner topic involved collecting data from
multiple test rigs utilizing simple liner configurations feasible for construction using 3D printing technology. However,
the precision and surface finishing of 3D printing equipment can vary significantly, raising concerns about sample
uniformity due to anticipated manufacturing process disparities [23]. Additionally, differences in test rig geometries
and flow supply systems likely resulted in distinct flow profiles at each rig, aspects that were not assessed in the
aforementioned study.

In this paper, impedance values obtained with different methods are compared using a numerical database obtained
using the Lattice-Boltzmann/Very Large Eddy Simulation (LB/VLES) solver PowerFLOW® on a reference liner
geometry for which experimental data exists [25]. The numerical database consists of cases without and with grazing
flow with centerline Mach number equal to 0.32, and tonal excitation at three discrete frequencies and two amplitudes
equal to 130 and 145 dB. Furthermore, data with acoustic wave propagating in the same direction and in the direction
opposite to the mean flow is available. Impedance values educed using the Mode-Matching (MM) method, the Prony-like
Kumaresan-Tufts (KT) algorithm, a method based on a minimization problem between reference measurements and the
solution of the Pierce’s equation, and calculated with the Dean’s method on the entire face-sheet are compared.

II. Liner geometry and testing conditions
The reference acoustic liner is the one described by Bonomo et al. [25]. The geometry was fully characterized

using 3D scanning. Details about the flow features within the orifice, and the extensive validation of the numerical
simulations are described in a companion paper [26]. A picture of the geometry reconstructed based on the 3D scan
is reported in figure 1. The geometrical characteristics of the geometry are summarized in table 1. It is of particular
relevance the rounding of the orifice edge with a radius of curvature of about 12% of the face-sheet thickness.

The high-fidelity database consists of the reference liner simulated both in the presence and absence of grazing
turbulent flow with a centerline Mach number equal to 0.32. The grazing acoustic wave is a tonal plane wave. Several
acoustic waves are investigated: amplitudes equal to 130 dB and 145 dB and frequencies equal to 800 Hz, 1400 Hz
and 2000 Hz. In the presence of grazing flow, cases with acoustic waves propagating in the same direction and in the
direction opposite to the mean flow are also investigated.
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(a) (b)

Fig. 1 Liner geometry reconstructed from 3D scanning after manufacturing.

𝐿 𝑙 𝜏 𝑤𝑝 𝑑 𝜆 𝑅

𝑚𝑚 136.91 9.91 0.54 2.54 1.15 38.1 0.065
Table 1 Geometric parameters of the investigated liner sample.

III. Eduction methods

A. In-situ method
The in-situ technique, also known as the two-microphone method, was first proposed by Dean [10]. It involves

measuring unsteady pressure at the face-sheet and at the bottom of the cavity. This method provides a point-wise
measurement of impedance. The impedance is computed as:

𝑍 𝑓 =
𝑍

𝑍0
= −𝑖

|𝑝 𝑓 |
|𝑝𝑏 |

𝑒𝑖𝜙
1

sin(𝑘𝜆) , (1)

where 𝑝 𝑓 and 𝑝𝑏 are the pressure measured at the face-sheet and backplate respectively, 𝜙 is the phase angle between
the surface and backplate pressure measurements and 𝑘 = 𝜔/𝑐0 is the free-field wavenumber, with 𝜔 being the acoustic
wave angular frequency.

B. Mode-matching method
Mode matching is an indirect method of impedance eduction. The main characteristic of the MM method is the

match of modal amplitudes at the interfaces between treated and untreated sections [25, 27]. The MM method for
impedance eduction was first proposed by Elnady and Bodén [4] and subsequently validated by Elnady [28]. In this work
a modified MM method is used, where only plane waves are assumed to propagate. This method involves measurements
of pressure before and after the liner. The difference between the pressure complex amplitudes at the microphones
location and the theoretical model is minimized. Details about the procedure are reported by Spillere et al. [27] and
Bonomo et al. [29].

C. Prony-like Kumaresan-Tufts algorithm
The application of the Prony-line Kumaresan-Tufts algorithm to educe the liner’s impedance relies on the acoustic

pressure measurement on equally spaced microphones located in the lined section. The algorithm extracts the axial
wavenumber of the lined section by assuming the acoustic field can be represented by a sum of damped exponential.
Assuming temporal dependence in the form of exp(i𝜔t), the acoustic propagation is governed by the linearized convected
Helmholtz equation. Applying the boundary condition proposed by Ingard [18] leads to the eigenvalue problem:

𝛼 tan(𝛼𝐻) − 𝑍0
𝑖𝑘𝑍

(𝑖𝑘 − 𝑖𝑀𝜁)2 = 0, (2)
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where 𝛼 is the transverse wavenumber, 𝑘 is the wavenumber and 𝜁 is the axial wavenumber. The dispersion relation is
given by:

𝛼2 = (𝑘 − 𝑀𝜁)2 − 𝜁2. (3)

Once the axial wavenumber is known, it is straightforward to calculate the liner impedance [29].

D. Methods based on the solution of the Pierce equation
This inverse impedance eduction method is based on solutions of wave equations in the frequency domain by means

of the FEM solver Opty𝜕𝐵-GFD . Two wave propagation models are adopted in the FEM solver. One is a standard 2nd

order wave model based on the Pierce’s equation for the acoustic velocity potential [30–33], and the other one is a 3rd

order wave model based on the Lilley’s equation for the pressure perturbation [34–36]. Comparative studies between
these two models for duct acoustics problems in the presence of acoustically treated walls were presented by Casalino et
al. [37, 38]. The Pierce equation models the lined wall using an Ingard-Myers impedance boundary condition. Two
approaches have been tested for determining the mean-flow velocity: one involves extracting it from the time-average
CFD solution starting at a distance equal to the height of the first cell of the FEM mesh, while the other relies on a
wall-normal uniform flow based on input flow conditions. The FEM simulations are performed using the SIMULIA
liner impedance reduction workflow [36].

IV. Results

A. Grazing acoustic wave without grazing turbulent flow
The analysis for the case without grazing flow starts with the spatial distribution of the resistance and reactance

values obtained by using the Deans’ method with virtual probes located on the entire face-sheet. On the other hand, the
backplate virtual probe is located at the center of each cavity. The resistance and reactance values are shown in Figures
2 and 3 for acoustic waves with frequency equal to 1400 Hz and both amplitudes. The acoustic wave propagates from
the left to the right of the figure. The other two frequencies show similar trends and they are not plotted for the sake of
conciseness. The figures show the variation with respect to the mean value calculated over the entire face-sheet. The
mean value for each component and case is reported in each subfigure.

In the absence of grazing flow, the impact of the non-linear effects associated to the high amplitude of the acoustic
wave are visible with an increase of the mean value of resistance. For both amplitudes, the mean resistance value on
each cavity decreases moving in the downstream direction. Furthermore, it can be observed that the resistance decreases
across each cavity. Therefore, it can be concluded that the value of resistance obtained using the Deans’ method varies
with the location of the virtual probe. The reactance values for both amplitudes show a weak increase along the liner
sample in the area where the orifices are located, while it shows larger value of impedance at the edges of the sample.

(a)

(b)

Fig. 2 Contour plots of the resistance component of impedance computed using the Dean’s method on the entire
liner face-sheet. Tonal plane wave with frequency equal to 1400 Hz and amplitudes equal to (a) 130 dB and (b)
145 dB in absence of grazing flow.
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(a)

(b)

Fig. 3 Contour plots of the reactance component of impedance computed using the Dean’s method on the entire
liner face-sheet. Tonal plane wave with frequency equal to 1400 Hz and amplitudes equal to (a) 130 dB and (b)
145 dB in absence of grazing flow.

To further quantify the variation of the impedance due to the positioning of the virtual probes, Figures 4 and 5 show
line plots of both the resistance and reactance extracted at the face-sheet, slightly below the centerline, i.e., where no
orifice is present. For the sake of conciseness only the case with acoustic wave amplitude equal to 145 dB is shown.
In each figure, the three frequencies analyzed are reported. The red continuous line shows the computational data
extracted by the previous contour plots, the black dot is the average value on each cell, and the blue line is the local
predicted value obtained using the semi-empirical model proposed by Yu et al. [39], which accounts for the boundary
layer properties and the SPL value at each face-sheet location.

It can be observed that the average resistance along the entire liner sample is almost constant for tonal plane wave
with frequency equal to 800 Hz, while it decreases moving downstream for the other two frequencies. This is in
agreement with the prediction from the semi-empirical model because it is mainly due to the SPL decay over the liner.
The resistance decreases along each cavity for frequencies equal to 800 Hz and 1400 Hz, while it shows a weak increase
for the case with tonal plane wave at 2000 Hz. The variation over each cavity decreases with increasing frequency. The
difference between prediction from the semi-empirical model and the numerical results decreases when the acoustic
wave frequency is equal to 2000 Hz.

Reactance values are almost constant along the liner sample for all the cases, with a small increase for 1400 Hz and
2000 Hz. Reactance values show a local minimum at the center of each cavity, while, for the most upstream cavities, a
local maximum at the most upstream edge of each cavity is found. The differences with respect to the values predicted
by the semi empirical models are large for all the frequencies.

The analysis continues with the comparison between all the methods introduced previously. Figures 6 and 7 show
both components of impedance for acoustic wave amplitude equal to 130 dB and 145 dB, respectively. Resistance and
reactance values obtained from both the simulations, experiments [25] and the semi-empirical model [39] are presented.
Values obtained with the Dean’s method, plotted with symbols, correspond to a virtual probe located on the first cavity at
the same location as in the reference experiment. The bar, on the other hand, shows the minimum and maximum values
on the entire face-sheet. It is important to observe, that experimental data is obtained on a sample that is longer than the
computational one, i.e. the liner tested experimentally was 400 mm long while the one simulated was 136.91 mm long.

For the case with acoustic wave amplitude equal to 130 dB, all the methods show comparable results for both
experiments and simulations. The in-situ method shows a decreasing trend at higher frequencies using both numerical
and experimental input data. Numerical data shows a slightly lower value of resistance at 800 Hz, maybe because of
the short length of the sample. Reactance values, on the other hand, show evident discrepancies between in-situ and
eduction methods which are consistent in both numerical simulations and experiments. Values of reactance predicted by
the semi-empirical model are very close to the in-situ ones. It is worth to mention that this discrepancy might be due to
the relevance of the partition wall thickness for this liner and that by using the approach proposed by Jones and Nark
[40] a better agreement with the eduction method is expected.

Increasing the amplitude of the acoustic wave, a larger scatter between the methods is found. Eduction methods
show similar results when using as input numerical or experimental data. Local values measured with the in-situ are
lower than the reference experiment and also lower that the ones obtained by the other methods. However, the highest
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(a)

(b)

(c)

Fig. 4 Spatial distribution of the resistance component of impedance computed using the Dean’s method along
the face-sheet centerline. Tonal plane wave with amplitude equal to 145dB and tonal frequency equal to (a) 800
Hz, (b) 1400 Hz and (c) 2000 Hz in absence of grazing flow.
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(a)

(b)

(c)

Fig. 5 Spatial distribution of the resistance component of impedance computed using the Dean’s method along
the face-sheet centerline. Tonal plane wave with amplitude equal to 145dB and tonal frequency equal to (a) 800
Hz, (b) 1400 Hz and (c) 2000 Hz in absence of grazing flow.
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values obtained with the Deans’ method are close to the one obtained with the eduction methods. Reactance values
show very similar trend as the lower amplitude acoustic wave case.

(a) (b)

Fig. 6 Comparison of (a) resistance and (b) reactance component of impedance for acoustic wave amplitude
equal to 130 dB without grazing flow.

(a) (b)

Fig. 7 Comparison of (a) resistance and (b) reactance component of impedance for acoustic wave amplitude
equal to 145 dB without grazing flow.
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B. Grazing acoustic wave with grazing turbulent flow
The analysis starts with the cases with acoustic wave propagating in the same direction of the mean flow, i.e., from

the left to the right in the following figures. Before comparing the different methods in the presence of grazing flow,
the surface distribution of impedance obtained using the Dean’s method is shown in Figures 8 and 9. For the sake of
conciseness, contour plots are shown only for one frequency of the acoustic wave 𝑓 = 1400 Hz and the two amplitudes
analyzed. In the figures, the variation with respect to the surface-averaged mean value is shown to highlight the relevance
of the selection of the probe location.

(a)

(b)

Fig. 8 Contour plots of the resistance component of impedance computed using the Dean’s method on the entire
liner face-sheet. Tonal plane wave with frequency equal to 1400 Hz and amplitude equal to (a) 130 dB and (b)
145 dB. Turbulent grazing flow with centerline Mach number equal to 0.32.

(a)

(b)

Fig. 9 Contour plots of the reactance component of impedance computed using the Dean’s method on the entire
liner face-sheet. Tonal plane wave with frequency equal to 1400 Hz and amplitude equal to (a) 130 dB and (b)
145 dB. Turbulent grazing flow with centerline Mach number equal to 0.32.

It is evident that the computed values of both components of impedance vary largely changing the location of the
face-sheet virtual probe. For both amplitudes, the pattern is similar. There is an increase of the resistance moving from
upstream to downstream of each cavity, and the value of impedance varies weakly with the amplitude of the acoustic
wave. However, it is possible to notice that, for the case with acoustic wave amplitude equal to 130 dB there are more
fluctuations within each cavity because of the larger impact of the hydrodynamic surface pressure fluctuations with
respect to the acoustic ones and the short time series available in order to limit the computational cost. For both cases, it
is also relevant to notice that there is a visible effect of the near-orifice flow features. As a matter of fact, impedance
decreases upstream of each orifice and increases downstream of it, independently on the orifice location.

A similar trend can be observed when looking at the reactance component of impedance, where a decrease can be
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observed moving from upstream to downstream of each cavity. In this case, the effect of the turbulent boundary layer,
given also the limited amount of samples available, is more evident on the case with lower acoustic wave amplitude. For
the reactance, the impact of the near-orifice flow structures is less relevant with respect to the resistance.

To further quantify the variation due to the positioning of the virtual probes, Figures 10 and 11 show line plots of
both resistance and reactance extracted at the face-sheet as already described in the previous section. For the sake of
conciseness, also in this case, only the case with acoustic wave amplitude equal to 145 dB is shown. In each figure, the
three frequencies analyzed are reported. Lines in the figures are the same as the ones described in the previous section.

Starting from the resistance spatial distribution, it is evident that the computed mean value is lower than the one
predicted by the semi-empirical model. However, as also visible previously, the variation of the computed resistance is
very large, i.e. 0.5 < 𝜃 < 1.4, thus highlighting again the impact of the sampling location. It is relevant to notice that
the semi-empirical model predicts values of impedance that are on the high-end side of the local value estimated using
numerical data. The trend is almost independent on the frequency of acoustic excitation. Similar considerations can be
done for the case with amplitude of the acoustic wave equal to 130 dB even if not reported here.

(a)

(b)

(c)

Fig. 10 Spatial distribution of the resistance component of impedance computed using the Dean’s method along
the face-sheet centerline. Tonal plane wave with amplitude equal to 145dB and tonal frequency equal to (a) 800
Hz, (b) 1400 Hz and (c) 2000 Hz. Turbulent grazing flow with centerline Mach number equal to 0.32.

The spatial distribution of reactance shows strong similarities to the resistance one. The variation of reactance
within each cavity is about 0.2 for the acoustic wave with frequency equal to 800 Hz and about 0.4 for the other two
frequencies. Reactance values obtained using the semi-empirical methods are within the range of the ones estimated
from the numerical simulations and on the high-end side of the latter. Differently from resistance, a local peak in
reactance is found at approximately the center of the cavity, and it corresponds to the location where the prediction from
the semi-empirical model is close to the value provided by the numerical simulations. It is also important to notice that
for the reactance the mean value and the semi-empirical model are very close for the lowest frequency investigated,
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while for the other two, as for the resistance, the semi-empirical model predicts values higher than the one obtained
using the numerical data.

(a)

(b)

(c)

Fig. 11 Spatial distribution of the reactance component of impedance computed using the Dean’s method along
the face-sheet centerline. Tonal plane wave with amplitude equal to 145dB and plane wave with tonal frequency
equal to (a) 800 Hz, (b) 1400 Hz and (c) 2000 Hz. Turbulent grazing flow with centerline Mach number equal to
0.32.

The analysis continues with the comparison between all the methods introduced previously. Figures 12 and 13 show
both components of impedance for acoustic wave amplitude equal to 130 dB and 145 dB, respectively. Resistance and
reactance values obtained from both the simulations, experiments [25] and the semi-empirical model [39] are presented.
The description of the symbols present in each figure is the same as for the no grazing flow case.

For both cases, strong similarities between experiments and simulations are found. Starting with the resistance
component, it can be noticed that the value predicted by the semi-empirical model is within the one provided by all the
methods. The ones obtained with the Deans’ method, at the probe location, are always lower that the ones provided by
the eduction methods. Furthermore, based on the results shown in Figure 10, the average value of the resistance is
almost constant on the entire face-sheet, therefore the average impedance obtained with the Dean’s method differs from
the average one obtained with the eduction techniques. However, the highest values of resistance on the face-sheet are
similar to the ones obtained with the eduction methods. Focusing on the eduction methods, it can be observed that
resistance obtained by the KT and Pierce’s equation-based method differs from the experimental one at 800 Hz, and
this is attributed to the short length of the liner with respect to the wavelength. It is important to notice that, when
using data from the numerical simulations, even if the KT and the Pierce’s equation-based method use both virtual
microphones located along the liner section the first underestimates the resistance while the latter overestimates it.
Conversely, the resistance obtained by Pierce’s equation-based method calculated with a wall-normal uniform flow is
slightly underestimated. At this frequency, on the other hand, resistance obtained with the MM method is closer to the
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experimental one. At 1400 Hz, resistance values obtained with methods agree well with the experimental ones. The
Pierce’s equation-based method shows a slightly higher value both with the wall-normal uniform flow and a mean one.
At 2000 Hz, values of educed impedance from the simulations with the KT and MM are similar but lower than the
experimental ones, while the ones obtained with the Pierce’s equation-based method are similar to the experimental
educed ones. In this case, values obtained from the numerical simulations are close to the semi-empirical prediction.
The only large discrepancy is found for the Pierce’s equation-based method at 800 Hz and SPL equal to 145 dB.

(a) (b)

Fig. 12 Comparison of (a) resistance and (b) reactance component of impedance for acoustic wave amplitude
equal to 130 dB. Turbulent grazing flow with centerline Mach number equal to 0.32.

(a) (b)

Fig. 13 Comparison of (a) resistance and (b) reactance component of impedance for acoustic wave amplitude
equal to 145 dB. Turbulent grazing flow with centerline Mach number equal to 0.32.

The analysis of the reactance also provides interesting insights. As a matter of fact, in this case, it is possible to
observe that, also for this quantity, the values predicted by the semi-empirical method are within the ones obtained
by the Deans’ method and the eduction methods and that a good agreement between experiments and simulation is
visible. As previously, the major discrepancy is found for the value of reactance obtained by the KT method at 800 Hz.
Reactance values obtained with the different methods tend to collapse at higher frequencies but they differ at the lower
one with the Deans’ method showing higher values than the eduction methods. On the other hand, reactance values
obtained with eduction methods are very similar.

To further understand the differences between the experiments and simulations for the KT method the decay of
the SPL along the liner is plotted in Figure 14 for the acoustic wave with amplitude equal to 145 dB. For the sake of
comparison, the SPL is normalized with respect to the SPL at beginning of the liner named SPLmax. In each subfigure,
two experimental SPL decays are plotted: one refers to the one measured using the entire liner and the other is obtained
by covering the liner face-sheet such to have the same number of cavities between experiments and simulations. The
figure highlights, the impact of liner length on the SPL decay. Furthermore, it can be observed that the largest differences
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between experiments and simulations are present at the end of the lined section. The figure also shows that for the case
at 800 Hz, because of the short liner length in the numerical simulations there is absence of a clear decay of SPL, which
can explain the large difference shown above.

(a) (b) (c)

Fig. 14 Comparison of the SPL decay along the liner sample for acoustic wave amplitude equal to 145 dB and
frequencies equal to (a) 800 Hz, (b) 1400 Hz and (c) 2000 Hz. Experimental values are obtained using the entire
liner and covering part of it such to have the same number of cavities as in the simulations.

The analysis in the presence of the grazing flow continues with the comparison between upstream and downstream
acoustic source for both amplitudes of the acoustic wave. Figure 15 shows resistance and reactance values, compared
against the experimental ones, for acoustic source with amplitude equal to 130 dB. The same quantities for the case with
acoustic amplitude equal to 145 dB are shown in Figure 16. As above, for the in-situ method, the symbol represents
the local value taken using a virtual probe at the same location as the experimental one, while the bar represents the
minimum and maximum values over the entire face-sheet. Furthermore, for the in-situ method the virtual probe for
upstream and downstream case is located on the first cavity with respect to the direction of propagation of the acoustic
wave, i.e., the first cavity for upstream source and the last cavity for the downstream one.

(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

Fig. 15 Comparison of resistance (a-e) and reactance (f-j) values obtained for upstream and downstream
acoustic wave with amplitude equal to 130 dB. Four methods to obtain impedance: (a, f) in-situ, (b, g) KT (c, h)
MM, (d, i) Pierce and (e, j) Pierce with a wall-normal uniform flow.

For both amplitudes, the trend is that there is higher resistance and a lower reactance for the downstream source with
respect to the upstream one. Differences between the methods exist. Starting from the resistance values, the in-situ
method shows the largest differences between upstream and downstream source both in the experiments and simulations.
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However, simulations results show that the variation of resistance over the entire face-sheet is very similar for both
directions. Only Pierce’s equation-based method does not show a clear trend. The reasons for this behaviour will be
further investigated in the future. For the eduction methods, smaller differences are present between the two directions
of propagation. These differences are less evident in the numerical simulations for the lowest amplitude investigated,
while they are similar to the experimental ones for the highest one. Also in this case, it is possible to observe that, the
highest values of resistance obtained using the Deans’ method are close to the resistance values educed with KT and
MM methods.

(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

Fig. 16 Comparison of resistance (a-e) and reactance (f-j) values obtained for upstream and downstream
acoustic wave with amplitude equal to 145 dB. Four methods to obtain impedance: (a, f) in-situ, (b, g) KT (c, h)
MM, (d, i) Pierce and (e, j) Pierce with wall-normal uniform flow.

Moving to the reactance values, it is possible to observe that the ones obtained with the Deans’ method, for both
directions of propagation, are very similar in both the experiments and simulations, with small differences only at
frequencies higher than 2000 Hz. On the other hand, both simulations and experiments show higher reactance values for
the upstream source with respect to the downstream one and values that become very similar at frequencies higher than
2000 Hz. The educed reactance values for the KT and MM methods are always smaller than the one obtained with
in-situ approach despite the spatial variability with the virtual probe locations. Despite the numerical data point at the
lowest frequency for the KT method, the differences between upstream and downstream are similar to the one found in
the experiments. Also, in this case, Pierce’s equation-based method does not show a clear trend. The reasons will be
better investigated in future analysis.

V. Conclusions
A comparison between different approaches to obtain impedance is presented. A numerical database is used as

input. Eduction methods, based on the MM, KT and Pierce’s equation, are compared with semi-empirical models and
values obtained with the Deans’ method. Simulations with and without grazing flow Mach number equal to 0.3 and
acoustic waves with two amplitudes, equal to 130 dB and 145 dB, and three frequencies equal to 800 Hz, 1400 Hz and
2000 Hz are analyzed. It is found that results obtained with the Deans’ method are highly dependent on the sampling
location with a very large scatter, up to 100% of the mean value. However, the highest values obtained with the Deans’
method are close to the ones obtained with the eduction method. Reactance values are instead different showing higher
values for the Deans’ method with respect to the eduction ones. The comparison between the methods shows the same
trends also when comparing acoustic waves propagating in the direction opposite to the mean flow. For this case, the
difference in impedance between upstream and downstream propagating acoustic wave is found in both experiments and
simulations.

The good agreement between the numerical database and the experiments allow to use these simulations to shed
light on the physical mechanisms present when an acoustic wave and a turbulent flow interact over acoustic liners.
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