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Abstract: The article considers the reason for the difference in the results of determining the impedance of the single-layer acoustic
liner samples by different methods during the operation in a normal incidence impedance tube. The operation of the normal incidence
impedance tube was simulated by numerical solution of the Navier-Stokes equations. The data obtained from the numerical simula-
tion were processed by the transfer function method and Dean’s method. A direct determination of the liner impedance, based on the
ratio of the acoustic pressure to the acoustic normal velocity, was used to find out the reasons for the difference in impedance values.
The analysis was carried out in the frequency range close to the resonance. It was shown that the transfer function method determines
the impedance of the sample face, and the Dean’s method determines the impedance of the one cell only.
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1.INTRODUCTION

To reduce the noise of an aircraft engine, its ducts are treated
with acoustic liners of the resonant type. These liners are cells
of various shapes (honeycombs are commonly used), covered
with perforated sheets. The fundamental characteristic of the
liner is the acoustic impedance. This is a complex quantity that
depends on the geometric parameters of the liner (porosity
of sheet, depth of cells, thickness of the perforated sheet)
and on specific external conditions (high sound pressure le-
vel, grazing flow in the duct). To predict the liner impedance
one can use semi-empirical models, but the comparison of the
predicted values with the results of the natural experiments
on normal incidence impedance tubes (NIIT) shows that the
discrepancy can be rather large [1-7].

In turn, the methods of experimental determination of the li-
ner impedance also have some disadvantages. These methods
are based on measurements with the microphones placed on
the walls of the impedance tube or liner sample and give in-
sufficient information about the processes occurring inside
the sample. The placement of the measuring probes into the
impedance tube or inside the liner sample, especially in the
case of the multi-layer liners, leads inevitably to a distortion
of the measured physical parameters. As a result, it is difficult
to explain the difference in the impedance values obtained by
various experimental methods and calculations [8-13].

For the reasons mentioned, the issue of liner impedance
determination using numerical simulation has been actively
studied for the last 20 years [14-24]. The numerical simulati-
on is capable of more complete taking into account the entire
range of physical processes accompanying the operation of
the acoustic liner. This approach can be used both for direct
simulation of a full-scale experiment on testing a liner sam-
ple and for determination of the physical quantities inside a

sample, which can subsequently be used to refine impedance
prediction models, as well as to correct the methods of experi-
mental study of an acoustic liner.

Previously, the authors proposed a technique based on
numerical simulation of processes in NIIT, which allows
predicting the acoustic characteristics of the single-, dou-
ble-, and triple-layer resonant liners at high sound pressure
levels (SPL) [21-24]. For better compliance of the calculation
procedure with the full-scale experiment, the results of the
numerical simulation in the technique were processed by the
two-microphone transfer function method [25].

Another way to determine the acoustic characteristics of the
liner samples is the Dean’s method [26]. Its adaptation to nu-
merical simulation was previously carried out by the authors
for the case of normal incidence of waves [11], as well as for
the case of grazing incidence of waves [27]. At the same time, a
difference was found in the acoustic characteristics when they
were determined by the Dean’s method and by the transfer
function method at the normal incidence of a sound wave [11].

In this work, the study continues to compare the methods
for determining the acoustic characteristics of the liner sam-
ples. As a result of the work, the new data on the spatial and
spectral structure of the sound field inside the liner, which are
problematic to extract in full-scale experiment, were obtained.
Based on the data obtained, it is possible to find an impedance
directly from the ratio of the acoustic pressure to the acoustic
velocity, and thereby to verify the methods involved in deter-
mining the impedance.

224



AKUSTIKA, VOLUME 39/ April 2021

www.akustikad.com

2. METHODS INVOLVED IN DETERMINING IM-
PEDANCE

As is known, the normalized impedance is defined as the ratio
of the acoustic pressure p at a point on the liner face to the
acoustic velocity u_normal to the liner at the same point:
-r1

Z= w, pe (1
where
p is a density of a medium,
cis asound speed.

However, in practice, finding the impedance directly from
the formula (1) is problematic due to the difficulties in the si-
multaneous measurement of acoustic parameters at a point
directly on the face of the liner sample. In this regard, various
microphone methods are used to determine the acoustic cha-
racteristics of the liner samples.

The simplest way for determining acoustic characteristics
is to conduct the measurements of the liner sample on NIIT
and to process obtained data by the transfer function method
(hereinafter TFM) [25, 28]. This method is based on measuring
the pressure at two points in NIIT duct at a small distance from
the face of the sample (usually 1-1.5 duct diameter), where
only a plane wave propagates. The reflection coefficient is de-
termined from the measured transfer function H,, between
the two microphones:

Hyy—e~ik(lz~h) . g2ikl
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Here

k is a spatial wave number,

I, is a distance from a liner sample to the first microphone,

1, is a distance from a liner sample to the second microphone,
iis animaginary unit.

Based on the reflection coefficient obtained in (2), we can
further calculate the normalized acoustic impedance:

— 1+R (3)

1-R’

In [26], another two-microphone method for determining
the impedance was proposed, where the acoustic pressure on
the face of the liner sample and on the back wall of the samp-
le is measured. Commonly it is called the in-situ method, but
hereinafter we call it the Dean’s method (DM). An important
advantage of this method is that it can be used to determine
the acoustic characteristics not only at the normal incidence of
an acoustic wave, but also to be used to study the properties
of the liner directly on an aircraft engine [9]. The normalized
acoustic impedance in terms of the acoustic pressure at the
liner face and the back wall is determined as:

. P - iQ .5 —
7z = _"Meups!n 1(kh)' (4)
Phack-wall

where

his a liner depth,

@ is a phase angle between the face sheet acoustic pressure
and the back wall acoustic pressure.

3. SPECIFICS OF THE NUMERICAL SIMULATI-
ON

The article considers two liner samples. The first sample is
a single Helmholtz resonator with one orifice in the center
(Fig. 1a). The second sample is a single-layer sample (Fig. 1b)
with geometrics close to the liner used for real aircraft engi-
nes. This sample consists of seven cells of a honeycomb shape.
The wall thickness between honeycombs is 1 mm. There are 5
orifices per honeycomb. The characteristics of the samples in
detail are presented in Tab. 1. The acoustic impedance of these
samples was previously obtained through measurements on
NIIT and processing the experimental data by TFM. The impe-
dance of the samples was also determined based on numeri-
cal simulations. Comparison of the experiment and the com-
putation demonstrates a good correspondence of obtained
impedance. A detailed description of the experiments and
numerical simulation are presented in [21, 29].

(a) (b)

Fig. 1: The samples under consideration: (a) model sample;
(b) sample H14D50

Thickness of the
perforated plate

Inner diameter of
asample D, [mm]

External diameter

Height Orifice diameter | B

o] [mm] [mm] P

Model sample 2 20 5 30 28
H14D50 2 14 15 50 35

O6osHauenne

Tab. 1: Characteristics of the liner samples

In this work, the acoustic characteristics of the samples
were determined based on the solution of a nonstationary
gas dynamic problem, since this is the only way to take into
account the physical effects proper to the liner operation at
high SPL [24]. The numerical simulation of acoustic processes
in NIIT was carried out by a direct numerical solution of the
compressible Navier-Stokes equations in three-dimensional
formulation. The computations were performed in the laminar
statement in the ANSYS Fluent.

The computational domain is a part of NIIT duct with a len-
gth of 120 mm and an internal volume of the corresponding
sample. Fig. 2 shows a general view of the computational do-
mains, boundary conditions, and points that simulate micro-
phones. A boundary condition “Wall” was used on the walls of
NIITs and the samples. At the entrance to the computational
domain, the boundary condition “Outlet” was used:
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p|S1 = Prgna(t)

T|s, = 300K
were
P .(t)isatime function with a uniform frequency spectrumin

the given frequency range of 500-3600 Hz.

The signa level at the entrance to the computational domain
was selected so as to provide a total SPL on the sample face of
about 140 dB. At each time step of computation, the values at
the “Outlet” boundary were updated from the “pressure-time”
file recorded previously in a full-scale experiment. As a result,
a plane wave propagated inside the computational domain,
similar in spectral composition to the sound signal generated
in a natural experiment on NIIT. The sound waves reflected
from the sample left the computational domain through the
section S1 (Fig. 2).
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Fig. 2: Computational domain: (a) model sample; (b) sample
H14D50

The density was determined by the given pressure and tem-
perature from the equation of state for an ideal gas. It was
used a pressure-based coupled solver, an implicit time diffe-
rence scheme of the second-order accuracy, and numerical
schemes of the second-order accuracy in spatial variables to
approximate convective terms in the equations.

To save computational resources, the CutCell mesh was
used. The mesh was thickened in the area of the resonator
neck in such a way that there were 15-20 elements on throat
height. Additionally, thickening at the wall of 15 layers with
a growth factor of 1.2 is used. The depth of the wall layer
was 0.002 mm. The linear dimensions of the element increase
as the distance from the neck increases until the average linear
dimension reaches 2 mm. The part of the computational mesh
is presented in Fig. 3.

Fig. 3: Computational mesh: (a) model sample (400 000 ele-
ments); (b) sample H14D50 (2 200 000 elements)

The computations were carried out with a time step of
1/65536 s. The number of time steps was 332768. This made it
possible to construct spectra with a step of 2 Hz. At each time
step, the following signals were recorded: static pressure at
Mic. 1, Mic. 2, Point 1, Point 2 (Fig. 3); static pressure averaged
over the sample face; normal velocity averaged over the sam-
ple face, over the orifices, over the free cross-sectional area in-
side the sample. The recorded signals were splitinto segments,
every segment was multiplied by the Hanning window and
processed by the fast Fourier transform, and the spectra were
averaged over the number of the signal segments. Averaging
was carried out with an overlap of 66%.

4. ANALYSIS OF THE RESULTS

The data recorded in the numerical simulation at Mic. 1 and
Mic. 2 points (Fig. 3) were processed by TFM according to for-
mulas (2), (3). The data recorded at Point 1 and Point 2 (Fig. 3)
were processed by DM according to formula (4). In addition,
the determination of the impedance by a direct calculation
(hereinafter referred to as the DC) according to the expression
(1) was implemented, since numerical simulation, in contrast
to a natural experiment, makes it possible to obtain pressure
and normal velocity signals at any point within the liner sam-

ple.

At the first stage, to determine the impedance of the model
sample, the values of pressure and normal velocity averaged
over the sample face were used. As you can see in Fig. 4, all
methods give close values in the resonant frequency region.
With a distance of more than 200 Hz from the resonant fre-
quency, all methods differ from each other; this is especially
true for the real part of the impedance Re(Z) obtained by TFM.
However, we focus on the analysis in the region near the reso-
nant frequency. It is seen that the values Re(Z) obtained by DM
are slightly less than those obtained by TFM and DC.
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Fig. 4: Comparison of the model sample impedance: 1 - TFM; 2
- DM; 3 - DC, with averaging pressure and normal velocity over
the sample face; 4 - DC, pressure is taken at a point on the sample
face, the normal velocity is averaged over the sample face

If the impedance is considered as a uniformly distribu-
ted value on the sample face, then the pressure and velocity
averaged over the sample face should be used. However, it is
not possible to determine the pressure distributed over the
sample face in full-scale experiment. Assuming that only a pla-
ne wave propagates in NIIT, the pressure is determined at a po-
int on the sample face using a microphone. At the same time,
numerical simulation allowed us to obtain both data at points
and data averaged over the sample face. The pressure spect-
ra in several points on the sample face were compared with
each other and with the spectrum averaged over the samp-
le face (Fig. 5). As you can see, the pressure spectra at diffe-
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rent points are very close; hence, the impedance determined
from the pressures at these points is almost the same. This is
confirmed in Fig. 4, curve 4 almost completely coincides with
curve 3, therefore, the impedance can be determined using
the pressure at a point and the average velocity over the sam-
ple face.
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Fig. 5: Spectra of the pressure at four different points on the samp-
le face and pressure averaged over the sample face

As the normal velocity on the wall is zero, only the normal
velocity in the orifices of the perforated plate contributes to
the velocity averaged over the sample face. The mass flow rate
is a constant, therefore only a porosity of a perforated plate
is required to be taken into account for correction of the ve-
locity. As this takes place, the question arises, how to deter-
mine the porosity? The mass flow generated by the acoustic
driver in NIIT propagates through the duct and then passes
through the orifices. Accordingly, to correct the velocity, the
porosity can be determined by the ratio of the area of the
orifice to the area of the sample face (S ). The flow that has
passed through the orifice in the perforated plate continues
to propagate inside the sample. Therefore, it is possible to de-
termine the porosity through the ratio of the total area of the
orifices to the free cross-sectional area inside the sample (S).
Usually, it is considered that there is no difference between
these values of the porosity and it is calculated from the area
of the sample face. However, for the model sample, the porosi-
ty, defined as F =S .. /S, is 0.026. If we define the porosity as
F=s_../S: then it becomes equal to 0.032. Let us compare
the contributions of these quantities to the impedance. For
this case, formula (1) is written as:

z=—t 1 (5)
Fuyrifice PC
where
F  isaporosity of a face plate,
u_...is anormal velocity in an orifice.

As can be seen in Fig. 4 and Fig. 6, the impedance deter-
mined by DC with porosity F, (Fig. 6, curve 3) coincides with
the impedance determined by DC, using the values of pre-
ssure and normal velocity averaged over the sample face
(Fig. 4, curve 3). In this case, these values in the region of
the resonant frequency of the sample coincide with TFM
(Fig. 4, curve 1 and Fig. 6, curve 1). The impedance determi-
ned by DC according to formula (5) with the use of porosity
F.(Fig. 6, curve 4), coincides with DM (Fig. 4, curve 2 and Fig. 6,
curve 2). In this regard, it can be concluded that TFM determi-

nes the impedance of the sample face and DM determines the
impedance of the one cell only.
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Fig. 6: Comparison of the impedance for the model sample:
1 - TFM; 2 — DM; 3 — DC, pressure is taken at a point, nor-
mal velocity is averaged over S_ . , porosity F_is used; 4 — DC,
pressure is taken at a point, normal velocity is averaged over
S, e POTOSItY F is used

Since in the model sample the whole internal volume is
occupied by only one cell, then to check the conclusion made
above, the impedance for sample H14D50, which already
consists of 7 cells, was determined by similar calculations.
Fig. 7 shows a comparison of the impedance determined by
different methods. For this sample, similarly, the impedance
obtained by TFM and DM are different in the region of the
resonant frequency. The porosity for the sample defined as
F=xs_. /S, is 0.032. If the porosity is determined based on
the free cross-sectional area of the sample, then due to the
presence of walls between the honeycombs, the porosity is
equal to 0.042 (F=%S . /S).Itis seen, thatin the resonant fre-
quency region of the sample, the impedance determined by
TFM is the same as the impedance determined by DC for the
porosity F, and the impedance determined by MD is the same
as the impedance determined by the DC for the porosity F.
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Fig. 7: Comparison of the impedance for sample H14D50: 1 — TFM;
2 — DM; 3 — DC, pressure is taken at a point, normal velocity
is averaged over total S_ . , porosity F_is used; 4 — DC, pressure
is taken at a point, normal velocity is averaged over total S
porosity F_is used

orifice

5. CONCLUSION

The work considered the determination of the acoustic im-
pedance using different methods for two single-layer liner
samples. The impedance of the samples was determined by
the transfer function method (TFM) and the Dean’s method
(DM) based on data obtained in the numerical simulation of
the physical processes in a normal incidence impedance tube.
Comparison of the impedance values revealed their differen-
ce. To explain this result, the impedance was also determined
by a direct calculation (DC) - from the ratio of the acoustic
pressure to the normal acoustic velocity on the sample face.
The use of the pressure and the normal velocity averaged over
the sample face yielded the impedance close to that determi-
ned by TFM.
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Then, it was shown that to determine the impedance, one ACKNOWLEDGEMENT
can use the pressure at a point on the sample face and the
normal velocity averaged over the orifices, but in so doing the The work was funded by a grant from the President of the
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ple face (porosity F,) and from the free cross-sectional area in-
side the sample (porosity F). For the samples under conside-
ration, the porosity, determined by these methods, differs by
0.01 due to the presence of walls between the cells.

As a result, a comparison of the impedance obtained using
different methods revealed that: in the region of the resonant
frequency of the sample, the impedance determined by TFM
coincides with the impedance determined by DC using the
porosity F; impedance determined by DM coincides with the
impedance determined by DC using the porosity F,. In this re-
gard, it can be concluded that TFM determines the impedance
of the sample face and DM determines the impedance of the
one cell only.
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