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ABSTRACT

The proposed study compares the perforation ratio esti-
mation of aeronautic liner treatments by acoustic experi-
mental approach, with an image post-processing evalua-
tion method. This need is directly linked to the impor-
tance of the perforated sheet lying on the upper part of
the treatment, which coupled with the backwards cavi-
ties, composes the liner, whose goal is to attenuate the
aircraft engine noise. Aside from being the entry door of
the treatment, the resistive sheet is the part directly sub-
jected to the aerodynamic flow, leading to efficiency loss
due to the drag. Therefore, the perforation of this plate is
of paramount importance, and its ratio to the global sheet
area plays an important role in it, combined with the per-
foration shapes and surface roughness. Indeed, the manu-
facturing tolerances and material defects might impact the
resulting percentage of open area, and thus it has to be
evaluated directly on the final product. The study presents
two approaches with their advantages, limitations and bi-
ases: an acoustical evaluation with the Guess model based
on experimental impedance testbench data, and a high-
resolution image processing based on holes identification
by Hough transform and counting.
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1. INTRODUCTION

An acoustic treatment is an assembly of a perforated up-
per layer (often called resistive layer) opening to one or
several cavities, and closed on the other side with a rigid
backing skin. In the aerospace industry, and especially in
the case of the nacelle of an aircraft engine, the acoustic
treatments are called liners, and aim at attenuating the en-
gine noise. These materials are mostly composed of cav-
ities shaped as honeycomb cells of the same size. Such
multi-layer materials are usually called SDOF for Single
Degree Of Freedom, and work as a combination of 1/4
wavelength and Helmholtz resonators. This treatment de-
sign is complex as being a compromise in optimization
for multi-physical aspects, like the aerodynamic drag, the
added mass or the structural behavior, as well as being op-
timized for various operational conditions, such as take-
off, cruise or approach. As several of these phases are
being used for external noise certification with required
procedures [1,2], it is of prime interest to design the most
appropriate liners.

One of the upper layer features is its percentage of
open area (abbreviated POA, often identified as ¢ in the
acoustic liner literature, and sometimes called perforation
ratio). It can be defined as the percentage of the perfora-
tion (opening) of a surface compared to the total area of in-
terest. This parameter represents in a way the entrance for
the acoustic incident wave to the resonator, and has a large
impact on the global acoustic absorption. Generally, the
resistive sheet geometric values are given by the suppliers,
and are based on the drilling expectations. However, the
final effective POA of the liner could differ, because the
perforation has bias, such as non perfectly shaped holes,
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tolerances or wear of the drilling bits. Moreover, the sheet
has to be integrated with the other parts of the liner, and
these stages of manufacturing and integration could par-
tially block some holes, by resin migration for instance.
So that, the POA experimental evaluation of the complete
liner treatment is essential.

In this study, two experimental approaches are pro-
posed for the POA evaluation of aircraft liner samples.

The paper as proposed by the authors is organized in
three main parts. The first one introduces some elements
of the liner fundamentals as well as the study method-
ology. The two experimental methods proposed for the
POA evaluation of liner samples are described : the acous-
tical one is based on the measurement of the acoustical
response of the liner with an impedance testrig, and the
computation of the POA on the resistance function of the
excitation acoustic velocity. The second method is based
on Hough transform post-processing of a high-resolution
image of the same liner sample, to identify the holes and

their diameters. Additionally, the in-house impedance bench

used for the acoustic measurements, called NTMM, is pre-
sented.

The second part details the obtained results. It in-
cludes the presentation of the typical impedance measure-
ment, as well as the computation of the acoustical POA on
the resistance function of the excitation acoustic velocity.
For the optical POA, the complete hole diameters identifi-
cation is presented and compared.

The third part presents the analysis of the results. The
discussion integrates the evaluation of the initial hypothe-
sis limitations, the advantages and drawbacks of each ap-
proach, as well as their opportunities. Finally, the method-
ology and POA results are summarized, as well as the
global outcomes of this paper, with the next steps for the
continuity of this study.

2. METHODOLOGY AND CHOSEN SPECIMEN

When in a preliminary project for instance, or in the case
of complex architectured material, it could sometimes be

more straightforward to evaluate experimentally a 3D printed

liner concept rather than to run a hundred thousand points
FEM computation. Therefore, the POA of the final liner
sample to test has to be estimated, integrating all the po-
tential imprecisions of the different stages of the manufac-
turing and integration.

In addition to the treatment potential defects, any POA
evaluation method itself would contain bias. At the Air-
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bus acoustic lab, the classical way to estimate the POA is
an acoustical method, based on the experimental measure-
ment of the liner impedance, and explained into details in
section 2.2. However, one of these biases, is that as the
impedance depends on the level and types of excitation,
the sample acoustic answer is intrinsically depending on
the procedure and bench used to characterize it. Some ef-
fects have already been studied in the literature, such as
the influence of the excitation signal (broadband noises,
pure or multi sines, sweep sine, or even combination of
both), or the impact of its bandwidth, combined with the
excitation levels. Previous internal works have explored
some of the above-mentioned aspects. However, no gen-
eral conclusions could be drawn, as strongly depending on
the nature of the liner itself.

Meanwhile, it has been decided to perform the work
presented in this paper on a given liner, to go further on
the acoustical POA evaluation as well as testing another
approach, based on an optical method. This liner is some-
how representing a SDOF acoustic treatment that could be
found in an aircraft jet engine. The resistive sheet of the
sample is made of holes that are designed to be cylindri-
cal. The hole diameter D}, is supposed to be the same for
every hole of the perforated sheet, the latest assumed to be
of constant thickness e,,.

Fig. 1 presents an example of the studied sample (namely

Conf 3) of dimensions 400 mm long per 100mm width,
with three areas identified for the acoustic measurements,
as well as for the optic area of interest.

Figure 1. Example of acoustic SDOF liner sample
(Conf 3), covered with aluminium tape to identify
the areas of interest.

2.1 Liner modelling

In terms of modelling, the liner behaviour is generally
represented with a mathematical value called impedance
and noted Z. This impedance could be defined as the ra-
tio between the incident pressure over the acoustic flow,
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namely the acoustic impedance Z,., or over the acoustic
velocity and thus called the specific acoustic impedance
Zs. These quantities are spatially dependent, due to the
geometry and the propagation, but could be homogenised
for a material by considering the porosity of the resistive
sheet (POA or o). The real part of the impedance is called
the resistance R, and is generally driven by the resistive
sheet, whereas the imaginary part called the reactance
to the cavity, as presented in Eqn. (1)

Zae(w) = R(w) +j x(w), 1)

where the frequency dependence is mentioned with the
pulsation w. It has been shown by some studies that at a
certain incident sound pressure level, the resistive sheet
also has an impact on the reactance, due among other
things to the radiation and visco-thermal losses effects [3].

A classical approach used for the modelling of the
perforated plate impedance is the theory of Guess [4]. As
aforementioned, the focus is made on the resistive part,
which is mainly carried by the perforated plate. The per-
forated plate impedance Z¢ is established following sev-
eral physical phenomena. The visco-thermal losses are the
losses into the boundary layer when passing through the
sheet thickness, and are taken into account with the ap-
proach of Stinson [5]. The radiation of each hole involves
a virtual sheet thickness increase, and so is the resistive
response. Moreover, the Guess model assumes that the
viscous edges effect strongly depends on the frequency
such as the dimension of the system. In order to consider
theses conditions, the shear number S}, defined in Eqn. (2)
is used to differentiate the low and high frequency regimes

[wp
Sh =D/
4p

with p being the air density and y the air dynamic vis-
cosity. Thus, it leads to Eqn. (3) for the low frequency
impedance Z(L;F , where S}, is smaller than 0.71 so that
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with v the kinematic viscosity, and c the wave celerity. For
Sy, larger than 7.07, the high frequency impedance ZH ¥
is defined such as in Eqn. (4)
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The previous formulations do not yet take into account
the radiation effect from each hole, as well as their inter-
actions. Nevertheless, in order to simplify the notation
and also because only the resistance is studied, the back-
ended cavity and the interaction between holes are not ex-
plicited but included into the term §. When only consider-
ing the perforated sheet resistance, the impedance Z¢ can

be rewritten as Eqn. (5)
2
\/>> +4. 5)
o

The results of the acoustical POA are obtained with an
in-house impedance tube based on the two microphones
method TMM [6, 7]. It follows the usual standards [8,
9] on such testbench as could be found in many acous-
tic laboratories [10]. This cylindrical waveguide, named
NTMM, has a diameter of 30mm and works in the plane
waves range [400; 6000] Hz, and at levels between 110
and 160dB. Two 1/4 inch pressure-field microphones are
flush mounted. The dispersion and dissipation are con-
sidered, the latest being mainly driven by the wall visco-
thermal losses modeled asin [11]. A flush mounted sensor
measures the fluid temperature in the duct, and is taken
into account for the post-processing. Fig. 2 presents an
overview of the test rig.

Dhﬂ'2

wc

2.2 Acoustical POA evaluation

Loudspeaker

Acquition card Temperature sensor

Conditioner
NTMM bench

Filter

Amplifier
Microphones

sample to characterize

©Airbus 2023

Figure 2. NTMM bench with its full acquisition and
generation chains, mounted over a sample.

04 the acoustical POA is estimated in the Airbus method

by using the non-linear effects [3,12]. The indicator of lin-
ear or non-linear behaviour from the system is the Strouhal
number S, defined in Eqn. (6)

D
St:ua

2m|v]

(6)
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with v the acoustic velocity. When S; is smaller than
1 [13], the particle displacement is much larger than the
hole diameter and the non-linear regime is assumed. This
involves a vortex shedding near the hole apertures, which
increases the resistance and generally decreases the reac-
tance due to a lack of radiation. Indeed, the virtual prolon-
gation of the hole corresponding to the acoustic radiation
is disturbed and reduced due to the vortex shedding phe-
nomena, which caused the eigenfrequencies shift higher.
The evolution of the non-linearity is assumed linear with
the acoustic pressure or velocity [12], leading to the for-
mulation of the non-linear part of the resistance R(Z¢) N1,
such as Eqn. (7)

(1= a2l

COqc

R(Zg)nt = R(Za) + @)
0qc can then be calculated from the measured acoustic
impedance in Eqn. (8)

/ 1
ac — — 8
7 14+ ang ®)

where apy, is the slope of the non-linearity evolution of
the acoustic resistance function of the acoustic velocity v,
since it is considered linear.

2.3 Optical POA evaluation

As already aforementioned, the liner chosen for this study
is assumed to have cylindrical holes. Considering this as-
sumption, only the external surface of the sample is taken
into account. As a first approach, it is proposed to per-
form high quality pictures of the samples. For this study,
the resolution is 4879 pixels by 5390 pixels. Then, a Cir-
cle Hough Transform (CHT) is performed [14]. Such a
method is based on a feature identification of a digital im-
age. Many open source codes can be found on the Internet,
with several levels of input parameters and complexity. In
this paper, an a priori knowledge of the resistive sheet is
available : the hole distribution pattern is assumed to be
known and constant (so that the distance inter-holes), and
the drilling diameter also (or at least comprise in a small
interval around the target value of 0.5mm).

3. RESULTS

This part presents the results for the two approaches stud-
ied in this paper.

Fig. 3 illustrates the normalized acoustic resistance
function of the frequency of the Conf 3 sample excited

Turin, Ttaly « 11™

at 130dB with the NTMM bench, for the three positions
of Fig. 1, with additional repeatability and reproducibility
measurements performed. The purple area represents the
frequency interval of integration of the resistance, which
is averaged and plotted in Fig. 4 as function of the associ-
ated acoustic velocity of all the excitation signals.

R(f) - Sample3_All_Points @130dB

sample3_Pt1 - 129.773dB
sample3_Pt2 - 129.864dB

sample3_Pt3 - 129.762dB

Normalized Resistance

— sample3_Pt3_repet - 129.859d

— sample3_Pt3_repro - 129.856d|

Frequency (Hz) < 500 >

Figure 3. Normalized acoustic resistance function of
the frequency for several measurements performed
on the Conf 3 sample.
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Figure 4. Averaged normalized resistance function
of the acoustic velocity of excitation (Conf 3) : linear
regression on the intervals [0.6; 0.7] m/s (top) and
[0.4; 0.7] m/s (bottom) for the POA computation.

Tab. 1 presents the acoustical POA®¢ results, which
are computed from the NTMM bench measurements with
the Eqn. (8), and considering two intervals of acoustic ve-
locity for the linear regression over the resistance, respec-
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tively [0.6; 0.7] m/s for the POA§%_, » and [0.4; 0.7] m/s
for the POAGS 7. Two samples are measured with the
acoustic bench, namely Conf 2 and Conf 3, whereas high
resolution pictures are only available on the Conf 3 sam-
ple, so that the POA“¢ results are only available for this

sample.

Table 1. Acoustical POA®C results computed from
the NTMM bench measurements.

Sample POA{%.0.7 | POAG 07
Point 1 4.74 4.69
Point 2 4.87 4.98

Conf 2 || Point 3 4.92 4.88
Average 4.84 4.85
Std Dev 0.093 0.147
Point 1 4.72 4.77
Point 2 4.93 5.00

Conf 3 Point 3 4.90 4.94
Average 4.85 4.90
Std Dev 0.114 0.119

Tab. 2 presents the optical POAP results, obtained
while applying the methodology explained in section 2.3
at the same three 30mm diameter areas of the acoustical
measurements of Fig. 1. Once the CHT algorithm has
identified the circles and their associated diameter, they
are all counted. Some spurious circles are found out of
the 30mm diameter of interest, and removed from the final
counting. Then, many circles found are blocked, as they
are in the upper cavity walls and therefore not opened.
Such issue arises because the resistive sheet perforation is
done independently of the back cavity, without regard of
geometry. This is obviously not the case in an industrial
manufacturing process, but could happen for small sam-
pling production as for instance Conf 2 and Conf 3 sam-
ples that are made on demand for specific tests. Several
examples of these spurious items are presented in the next
section 4.

4. ANALYSES AND DISCUSSION

This part presents the outcomes of the first study carried
out on the topic by the Airbus acoustic testing team.
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Table 2. Optical POAP results of the Conf 3 sample.

Conf 3 POA°P
Point 1 5.69
Point 2 5.18
Point 3 6.45
Average 5.77
Std Dev 0.639

Concerning the acoustical POA, the establishment of
the non-linear regime in terms of impedance regarding the
excitation level is discussed. It is reminded that the linear-
ity of the non-linear evolution is strongly driven by the
Reynolds number R, inside the perforations [15]. It is
expressed as a function of the velocity such as Eqn. (9)

_ plvlDn
i

R. ©))
By observing Fig. 4, the non-linear regime is therefore as-
sumed to be reached, especially for the highest acoustic
velocities. In addition, when comparing the results inte-
grated over [0.4; 0.7] and [0.6; 0.7] m/s of Tab. 1, the dis-
crepancies are quite small, which reinforces the previous
hypothesis of non-linear regime establishment. Neverthe-
less, this approach highlights that there is a compromise to
make : on the one hand, one can excite and post process
many points, which allows to get a more proper mathe-
matical linear regression but is more time consuming, and
with a risk of not having fully non-linear regime estab-
lished; and on the other hand, one idea is to take fewer
points only in highest velocities (high Reynolds numbers),
and then the linear regression computation could lack of
enough points to be relevant. One proposed solution is to
get more points in the high velocity regime only, so that
it will overcome the problem previously mentioned. The
main drawback is that such a regime is dependent on the
sample to characterize, and can not be a priori estimated,
and also that it could be limited by the bench, as the com-
pression driver can not bear very high levels.

By analysing Tab. 1, it can be noticed that the stan-
dard deviations computed are quite small, even when con-
sidering three positions of the NTMM bench chosen ran-

AN

Associozione
Italiana
di Acusfica



forumacusticum 2023

domly over the sample. This tends to highlight that the
sample is relatively homogeneous, and thus the manufac-
turing satisfying, as well as comfirming the reproducibil-
ity of the measurement protocol and bench ! .

Concerning the POA values obtained by the optical
method, Tab. 2 presents a larger standard deviation be-
tween the three points. Fig. 5 presents the distribution of
the hole diameter (in %) for the Conf 3 sample on average,
and for the three areas extracted from the optical compu-
tation.

2 i BMoy £3Ptl :PL2 @P

Repartition (%)

Hole diameter (mm)

Figure 5. Distribution of the Conf 3 sample hole
diameter (%), averaged and for the three areas, from
the optical computation.

Several observations can be made from these curves.
First, it is reminded that the perforation process consists of
several drilling bits mounted on a moving device. Then,
the dominant perforation diameter is 0.50 mm, which is
the target and therefore is comfirming to assume that both
the drilling and the optic methodology are matching the
expectations. Third it appears that several diameters are
identified by the method, and that some hole diameters
are not or barely not represented, such as 0.54, 0.60 or
0.63 mm. It could be assumed that none of these three
bits used have these dimensions. Finally, even if there are
discrepancies, the curves of the three different locations
follow the same tendency, which is once more comforting
about the drilling process resulting in homogeneity, as it
has been used over all the Conf 3 sample.

Fig. 6 presents many cases of drilled holes obtained
on the Conf 3 sample. The image sub-part [A] illustrates
regular perforations with several hole diameters identified,
whereas the sub-part [B] shows holes that are partially
blocked by the walls of the cavity. The latest ones are
not fully opened on the volume, but the CHT algorithm
identifies them, and with their real drilling diameters, even

! This has been validated by previous Airbus internal studies.

ol
[D]
[B]
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Figure 6. Several close-ups of Conf 3 sample holes :
[A] regular holes, [B] partly blocked ones by cavity
uprights, [C] double drilling ones, [D] fully blocked
one by the cavity walls, and [E] non circular ones.

though they are not completely leading to the cavity be-
hind. The image [C] exhibits a mistake on the drilling pro-
cess, as the perforation is not cylindrical anymore, but the
result of two circles. Such phenomenon could occur for
instance when there is a small rebound of the drilling bit
on the surface, leading to two perforations very close. The
image sub-part [D] presents a hole that is fully blocked by
the cavity walls, but is still identified by the CHT algo-
rithm. This case should not exist, as the drilling is com-
pletely useless for the acoustic, and unfavorable in terms
of drag for a real engine liner. Finally, the picture [E] il-
lustrates non cylindrical holes, which are probably linked
to the wear of the drilling bits. Once more, the drilling has
not been adapted to the cavity of the studied sample.

The results presented in Tab. 2 take into account : [A]
the regular holes; half of the [B] partly blocked ones; the
identified diameters of the [C] and [E] holes. This leads to
bias in the POA evaluation, that could be either under or
over estimated.

It clearly appears that the optical and acoustical POA
cannot straightforwardly be compared. Indeed, several as-
pects have been encountered while performing the present
study, and required further analysis on the matter.

First, when considering the acoustical POA, the cho-
sen methodology relies on the liner non-linear regime es-
tablishment, with the above mentioned contradictions. To
go further, the phenomenon of vena contracta [12, 16]
could also be more specifically evaluated, with the per-
foration diameter decrease seen by the acoustic wave, de-
pending on both the velocity and the frequency of exci-
tation. Then, one aspect that is requiring dedicated in-
vestigation is the sensitivity of this approach when chang-
ing the frequency interval of acoustic resistance averag-
ing. Indeed, the chosen purple area illustrated in Fig. 3
is a plateau of 1 kHz, whereas some authors would rather
choose larger plateaus, or the maxima of the resistance,
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and therefore not necessarily averaged it on a wide fre-
quency band. Another exploration track could be on the
literature side that uses the linear part of the resistance
function of the acoustic velocity [17].

Second, when considering the optical POA, it is re-
minded that the CHT algorithm tested is quite rudimen-
tary, as only fitting perfect circles, and assuming that the
perforations are cylindrical. There is therefore a potential
bias, because the holes might be slightly conical. Further-
more, this is intrinsically not taking into account forms
that are not circles. Additionally, the method sensitivity
to the lightning of the first pictures has to be evaluated,
as the impact of the picture resolution when compared
to the characteristic size of the perforations that have to
be identified. This study could also be the opportunity to
perform more measurements, as so far only the liner sam-
ple presented in this paper has been evaluated. Moreover,
some specific attention has to be taken on the identifica-
tion and sorting between regular holes, and partially or
fully blocked holes, which are therefore not contributed
to the acoustic efficiency of the liner. Such study could
potentially be done thanks to machine learning (with or
without pre-tagged training data).

Finally, another POA evaluation techniques might be
explored. At the beginning of the study presented in this
paper, it had been considered to use a direct geometri-
cal method, by using sub-millimeter pin gauges combined
with holes counting in the same areas. However, the lab-
oratory is not equipped with gauges of diameters smaller
than 0.52 mm, so that it is not sufficient for the liners of in-
terest (see Fig. 5). One of the main drawbacks would have
been that somehow this is a destructive technique because
while entering the gauge it could modify the hole shape
(conicality for instance) and size (enlarging the perfora-
tion). And of course, it is only relevant for perfectly cir-
cular holes, and some limitations are also linked to the
identification and classification of the partially blocked
holes. Another methods could also be envisaged, as multi-
axis coordinate measuring machines, or contact-less laser
scanners for 2D / 3D profile measurements as used in the
manufacturing quality inspection.

5. CONCLUSION

This study presents the experimental percentage of open
area (POA) evaluation of an aircraft liner with acoustical
and optical methods.

The acoustical approach is based on the direct mea-
surement of the acoustical response of the liner with an
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impedance tube, which is an in-house bench called NTMM
and is presented in this paper. Then, the resistance func-
tion of the excitation acoustic velocity is computed, and
the resulting acoustical POA is evaluated thanks to a re-
gression of the linear part of the curve, corresponding to
the non-linear regime of the liner behaviour, as proposed
on the Guess model.

The optical method is based on a high-resolution im-
age of the same liner sample. A Hough transform post-
processing is applied to identify the holes and evaluate
their diameters, as considered perfectly circular. The op-
tical POA is obtained by counting the areas created by the
identified circles over a given area. The study is performed
on exactly the three areas of the same sample, materialized
by 30 mm diameter holes in an aluminium tape cover.

The acoustical POA exhibits interesting information,
as for instance the fact that the sample appears quite ho-
mogeneous thanks to a small standard deviation between
the different areas. It also permits to strengthen the method
reliability, as the results do not depend too much on the
acoustic velocity integration of the resistance. However,
such behaviour strongly depends on the liner geometry,
and no general conclusion could be drawn.

The optical POA results are a first trial of such a method.
The chosen liner had been assumed to have only cylindri-
cal perforation, and all holes should have the same diam-
eters. However, one of the main outcomes of this study
is that none of these two assumptions are correct. In-
deed, it has been observed that several diameters are iden-
tified. This is directly linked to the resistive sheet per-
foration method, where several drilling bits are used si-
multaneously, leading to a repetitive pattern. In addition,
the perforation scheme used is not tailored for the sample,
as being a small production for specific tests, whereas in
an industrial case, all holes must be fully opening on the
backward cavities.

This first study compares two non intrusive and non
destructive methods, which have to be further investigated
because of exhibiting interesting conclusions and poten-
tials. Indeed, the resistive sheet values usually given by
the suppliers are based on the drilling expectations, and
not on the effective POA, meaning after the perforation
and its bias (non cylindrical holes, wear of the drilling
bits, etc.), and also after the liner manufacturing and inte-
gration, where the holes can be partially blocked by some
migration of the resin into the holes for instance.

In order to continue the development of such a method-
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ology, it will be interesting to perform sensitivity studies
on several aspects for the two methods. For instance, the
frequency interval of resistance averaging has to be in-
vestigated for the acoustical POA, as well as a focus on
the perforation size for the vena contracta phenomenon
impact on the non-linear regime. Concerning the optical
POA, the picture lightning has to be studied, as the influ-
ence of the picture resolution when compared to the char-
acteristic size of the perforations.
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