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leads to a distortion of the values of the studied physical pa-
rameters.

In this regard, in recent years, much attention has been paid 
to the development of methods for predicting the impedance 
of the acoustic liners based on numerical simulation, which is 
able to more completely take into account the complex phy-
sical processes accompanying the liner operation. This appro-
ach allows both carrying out a direct simulation of a full-scale 
experiment and studying a number of physical quantities in-
side and on the surface of the sample, which can be used to 
refine the existing semi-empirical impedance models, as well 
as to correct the methods of experimental study of the acous-
tic characteristics of the liner.

Previously, the authors proposed a technique that, based on 
numerical simulation of processes in acoustic liner sample at 
normal incidence of waves, makes it possible to predict with 
good accuracy the acoustic characteristics of single-, double- 
and triple-layer honeycomb liners at high sound pressure le-
vels [9-11]. In this case, the processing of the data obtained in 
the numerical simulation was carried out by the two-micro-
phone transfer function method [12], which is easy to imple-
ment in a full-scale experiment and, accordingly, to verify the 
results of numerical simulation.

Another way to determine the acoustic characteristics of li-
ner samples is Dean’s method [13]. Its adaptation to numerical 
simulation was previously carried out by the authors for the 
case of normal [14] and grazing [15] incidence of waves.
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1. INTRODUCTION

Acoustic liners are an effective means of reducing aircraft en-
gine noise. The fundamental characteristic of the liners is the 
acoustic impedance, which is the ratio of the acoustic pre-
ssure to the acoustic normal velocity. This value depends on 
many parameters, which include: the sound pressure level, 
the presence of a grazing flow, the profile of the flow velocity, 
the signal spectrum, etc. Also, the impedance depends on the 
geometric characteristics (the size of the resonator cells, the 
thickness of the perforated sheets and their open area per-
cent, the number of layers, etc.). The existing semi-empirical 
impedance models of the locally-reacting liners are based on 
a simplified description of physical processes and often lead to 
significant differences between the impedance predicted by 
these models from the experimental values [1].

In turn, the methods of experimental determination of the 
liner impedance also have some drawbacks. These methods 
are based on microphone measurements, while microphones 
are placed on the walls of experimental installations or test 
samples (in the case of multilayer liner sample, such place-
ment of microphones is very problematic). At the same time, 
the results of the experimental determination of the liner im-
pedance obtained by various methods at various installations 
differ not only from the results of impedance prediction but 
also among themselves [2-8]. This situation is partly due to 
insufficient information about the processes occurring inside 
the resonator cells, since measurements on the installation 
walls give an incomplete picture of the acoustic field inside 
the investigated area. The introduction of measuring probes 
into the channel of the installation or liner sample inevitably 
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tic characteristics using different methods, a difference is ob-
served. To better understand why it occurs, we can get useful 
information from computational experiments.

Determining the impedance by conducting a virtual experi-
ment for a full-scale acoustic liner sample is extremely difficult, 
since such a sample consists of many honeycomb cells and ho-
les in a perforated plate, which requires significant computa-
tional resources. In the work, we consider a model of a liner 
sample, which is a single honeycomb resonator with 5 holes. 
The parameters of the sample are presented in Table 1. Such 
a sample is too small to provide good absorption of sound 
energy in the duct, therefore, methods of impedance eduction 
based on minimizing the functional discrepancy between the 
calculated and measured acoustic pressure give large errors 
in impedance values. However, Dean's method and the direct 
method allow one to determine the impedance of a single re-
sonator, so they are used to process the results of numerical 
simulations.

Tab. 1: Characteristics of honeycomb resonator

As is known, the normalized impedance is defined as the ra-
tio of the acoustic pressure P at a point on the surface of the 
liner to the acoustic velocity Un at the same point, directed 
along the normal towards the liner surface:

           (1)

where 
ρ is a density of a medium; с is a velocity of sound. However, 

in practice, determining the impedance by formula (1) (he-
reinafter we call this the “direct method”) is problematic due 
to the difficulties in simultaneous measurement of acoustic 
parameters at a point directly on the surface of the liner.

Dean proposed in [13] a method for determining the impe-
dance, where the acoustic pressure on the front and rear wall 
of the resonator cell is measured. An important advantage of 
this method is that it can be used not only at the normal inci-
dence of a sound wave but also at the grazing incidence. This 
allows one to determine the impedance of the acoustic liner 
directly on an aircraft engine [4]. The normalized impedance, 
in this case, is determined as:

           (2)

where 
h  is the liner depth and 
φ is the phase angle between the two points of acoustic pre-

ssure measurement.

The third way to determine impedance is the direct method. 
This method allows the impedance to be obtained directly 
from the ratio of acoustic pressure to normal acoustic velocity. 
The direct method is difficult to implement in a full-scale ex-
periment, since it is required to measure the velocity variable 
in time and space inside the holes of the sample. However, this 
method can be relatively simple to implement in numerical si-
mulation and thereby verify the existing computational and 
experimental methods for determining the impedance.

In the work [14], it was demonstrated that microphone me-
asurements in the channel of a normal incidence impedance 
tube determine the impedance of the total front surface of 
the sample, and measurements by Dean’s method determine 
the impedance of the resonator cell only. The present article 
is a continuation of the authors' work on determining the im-
pedance of the samples of locally-reacting acoustic liners at 
a grazing incidence of a sound waves based on numerical si-
mulation.

2. METHODS FOR DETERMINING THE  
IMPEDANCE OF ACOUSTIC LINER SAMPLE AT 
GRAZING INCIDENCE OF A SOUND WAVE

In ducts of the aircraft engines, sound propagates as grazing 
waves to the surface of the acoustic liners. To determine the 
impedance at the grazing incidence of sound waves, special 
installations are used – grazing incidence impedance tube 
(GIIT). These installations have a rather long narrow tube of 
the rectangular cross-section with flush-mounted micropho-
nes and liner sample. Acoustic drivers located outside the 
test section (distance between the first and last microphone) 
generate the sound waves. The transverse size of the duct is 
selected from the condition of single-mode sound propaga-
tion in the rigid-walled terminations of the test section. The 
use of a rectangular tube is dictated by the simplicity of the 
liner sample manufacture. In addition, GIIT allows the flow to 
be propagated in the duct, which is generated with compre-
ssors or fans (Fig. 1). It is also possible to supply the flow into 
the GIIT channel from the jet rig, as was done, for example, at 
the large-scale research facility "Anechoic Chamber with Flow 
AC-2" FSUE TsAGI [16].

Fig.  1: Grazing incidence impedance tube with flow in PNRPU 
Acoustic Research Center

Various methods can be used to determine the impedan-
ce. Most of them are based on measurements of the acoustic 
pressure in the duct of GIIT [3, 6, 8]. Another method for deter-
mining the impedance of the acoustic liner samples is Dean’s 
method. This method provides impedance determination on 
data obtained from microphones mounted into the acoustic 
liner sample. At the same time, when comparing the acous-
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Parameter Diameter of
hole (mm)

Thickness of
perforated plate

(mm)

Height of
honeycomb cell

(mm)

Percent of
open area (%)

Value 1.5 2 14 4.2

Tab. 1: Characteristics of honeycomb resonator

As is known, the normalized impedance is defined as the ratio of the acoustic pressure P at a point on

the surface of the liner to the acoustic velocity  Un at the same point,  directed along the normal

towards the liner surface:

Z=
1
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P
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,
(1)

where  ρ is a density of a medium;  с is a velocity of sound. However, in practice, determining the

impedance by formula (1) (hereinafter we call this the “direct method”) is problematic due to the

difficulties in simultaneous measurement of acoustic parameters at a point directly on the surface of

the liner.

Dean proposed in [13] a method for determining the impedance, where the acoustic pressure on the

front and rear wall of the resonator cell is measured. An important advantage of this method is that it

can be used not only at the normal incidence of a sound wave but also at the grazing incidence. This

allows one to determine the impedance of the acoustic liner directly on an aircraft engine [4]. The

normalized impedance, in this case, is determined as:
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where  h is the liner depth and  ϕ is the phase angle between the two points of acoustic pressure

measurement.
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At the entrance to the computational domain, the “Inlet” 
boundary condition was used. The acoustic signal at this 
boundary was imported from the text file, in which instan-
taneous pressure values were recorded with a time step of 
1/65536 s. This time signal is a time function with a flat fre-
quency spectrum in the frequency range 500-3600 Hz with a 
total sound pressure level of 140 dB. During the computation, 
at each time step, the values at the inlet boundary were up-
dated. As a result, a piston wave propagated inside the com-
putational domain, similar in spectral composition to the text 
file. At the exit from the computational domain, the “Outlet” 
boundary condition was set with the non-reflecting boundary 
condition and zero excess pressure to exclude reflections of 
the acoustic wave from the output boundary. The “Wall” with 
adhesion boundary condition was used on the walls of the 
duct, perforated plate, and honeycomb. The computations 
were carried out under normal environmental conditions. The 
working medium was air, the properties of which changed 
according to the law of an ideal gas.

To record the pressure-time signal for Dean’s method, one 
probe was set on the perforated plate and the other on the 
bottom of the resonator (Fig. 4). In the direct method, the pro-
be for recording the pressure-time signal was set on the perfo-
rated plate, and the probes for recording the velocity-time sig-
nals were set on the orifices. The recorded signals were divided 
into segments and processed using the fast Fourier transform. 
The obtained spectra were averaged over the number of seg-
ments. The averaging was carried out taking into account the 
overlap of adjacent segments; when calculating the spectra, 
the Hanning window function was used. The computations 
were carried out with a time step of 1/65536 s for 32768 time 
steps.

Fig. 4: Location of probes for recording pressure (red dots) and ve-
locity (green dots) signals over time

To determine the impedance of the honeycomb resonator 
by Dean's method, the obtained pressure spectra can be sub-
stituted into the formula (2). However, in the direct method, 
the pressure and velocity spectra cannot be substituted di-
rectly into expression (1) for the following reasons. As the nor-
mal velocity on the face wall of the liner sample is zero, only 
the normal velocity in the orifices contributes to the velocity 
averaged over the face wall. The mass flow rate is a constant, 
therefore only porosity of the face wall is required to be taken 
into account for the correction of the velocity. The mass flow 
generated by the acoustic driver in GIIT propagates through 

3. STATEMENT OF COMPUTATIONAL  
EXPERIMENT

Numerical simulation of acoustical processes at grazing inci-
dence of waves is carried out using ANSYS Fluent software. 
It is used a system of nonlinear Navier-Stokes equations for 
a viscous heat-conducting gas. The computations are per-
formed by under-resolved direct numerical simulation. The 
following features are used: Pressure Based Coupled Solver; 
implicit time-difference scheme of the second-order accuracy;  
second-order numerical schemes in spatial variables for 
approximation of convective terms in the equations.

The computational domain is the test section of the GIIT re-
presented in Fig. 1 with liner sample. The test section of the 
GIIT has a cross section 0.04 x 0.04 m and length 0.76 m. The 
liner sample is a single honeycomb resonator with 5 holes  
(Fig. 2) located in the center of the GIIT’s test section. The cha-
racteristics of the honeycomb resonator are given in Tab. 1.

Fig. 2: Geometry of the computational domain

To reduce computational time, the CutCell meshing [17] was 
applied. The mesh was thickened in the orifices so that there 
were 12 cells along the orifice height. With distance from the 
orifice, the linear dimensions of the element increased until 
the average linear dimension was 4 mm. Additionally, it was 
used a thickening on the wall of 15 layers with a growth factor 
of 1.2. The size of the wall cell is 0.002 mm. As a result, a com-
putational mesh of 541 019 elements was obtained. Examples 
of the computational mesh are shown in Fig. 3.

Fig. 3: View of the computational mesh near the honeycomb re-
sonator
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   (b)

   (c)
Fig. 5: Comparison of the acoustic characteristics obtained by nu-
merical simulation: green dot line is direct method; blue solid line 
is Dean’s method; a) real part of impedance; b) imaginary part of 
impedance; c) sound absorption coefficient

5. CONCLUSION

The article presents the results of determining the acoustic 
characteristics of the liner sample based on the solution of the 
nonstationary gas-dynamic problem. The acoustic characteri-
stics determined using Dean’s method and the direct method 
agree well with each other. In this regard, it can be concluded 
that Dean's method allows one to qualitatively determine the 
acoustic characteristics of acoustic liner samples at a grazing 
incidence of a sound wave and can be successfully used both 
in a full-scale experiment and in computational methods.
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the duct and then passes through the orifices of the liner sam-
ple. The flow that has passed through the orifices continues 
to propagate inside the cell of the honeycomb resonator. 
Therefore, it is possible to determine the porosity F through 
the ratio of the total area of the orifices ΣSorifice to the total  
cross-sectional area of the honeycomb cavity ΣSi in the samp-
le. In this case, expression (1) is transformed to the form:

          (3)

The velocity at the orifice varies: it equals zero on the walls 
and then increases with the distance from the wall. The velo-
city profile across the orifice depends on the direction of the 
vortex movement and the stage of its formation or destruc-
tion. In this case, the velocity in each orifice is different, which 
is associated with a delay in the phase of the sound wave arri-
ving at the every orifice. In this regard, in formula (3), we used 
the velocity averaged over all orifices of the honeycomb reso-
nator at each moment of time:

          (4)

where 
A is a total area of the orifices. In our computations, the 

average velocity varies within wide limits: from -24.55 m/s to  
24.76 m/s. The modulus of the average velocity is 6.34 m/s, 
which corresponds to the Reynolds number 650.

4. RESULTS OF COMPUTATIONS

Fig. 5 shows the acoustic characteristics obtained by pro-
cessing the results of numerical simulation by the direct me-
thod (3) and by Dean’s method (2). As can be seen, the ob-
tained acoustic characteristics are in good agreement with 
each other. Thus, Dean's method is well verified by the direct 
method and can be used in numerical simulation for sound 
propagation in GIIT with acoustic liner samples installed in it. 
This approach is relevant in the sense that the implementation 
of the full-scale determination of impedance based on Dean’s 
method requires measurements at many points, since Dean’s 
method determines the impedance of only one resonator, the-
refore, a full-scale experiment turns out to be very laborious. 
In addition, the mounting microphones in a sample is in itself 
a delicate work and takes a lot of time, and also violates the 
integrity of the sample, while the implementation of Dean's 
method in numerical simulation is free of the listed disadvan-
tages.

   (a)
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experiment turns out to be very laborious. In addition, the mounting microphones in a sample is in 
itself a delicate work and takes a lot of time, and also violates the integrity of the sample, while the 
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the fast Fourier transform. The obtained spectra were averaged over the number of segments. The 
averaging was carried out taking into account the overlap of adjacent segments; when calculating the 
spectra, the Hanning window function was used. The computations were carried out with a time step 
of 1/65536 s for 32768 time steps.  
 
Fig. 4: Location of probes for recording pressure (red dots) and velocity (green dots) signals over time 
 
To determine the impedance of the honeycomb resonator by Dean's method, the obtained pressure 
spectra can be substituted into the formula (2). However, in the direct method, the pressure and 
velocity spectra cannot be substituted directly into expression (1) for the following reasons. As the 
normal velocity on the face wall of the liner sample is zero, only the normal velocity in the orifices 
contributes to the velocity averaged over the face wall. The mass flow rate is a constant, therefore only 
porosity of the face wall is required to be taken into account for the correction of the velocity. The 
mass flow generated by the acoustic driver in GIIT propagates through the duct and then passes 
through the orifices of the liner sample. The flow that has passed through the orifices continues to 
propagate inside the cell of the honeycomb resonator. Therefore, it is possible to determine the 
porosity F through the ratio of the total area of the orifices ΣSorifice to the total cross-sectional area of 
the honeycomb cavity ΣSi in the sample. In this case, expression (1) is transformed to the form: 
 

𝒁𝒁 = 𝑷𝑷
𝝆𝝆𝝆𝝆𝑼𝑼𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝑭𝑭

. (3) 

The velocity at the orifice varies: it equals zero on the walls and then increases with the distance from 
the wall. The velocity profile across the orifice depends on the direction of the vortex movement and 
the stage of its formation or destruction. In this case, the velocity in each orifice is different, which is 
associated with a delay in the phase of the sound wave arriving at the every orifice. In this regard, in 
formula (3), we used the velocity averaged over all orifices of the honeycomb resonator at each 
moment of time: 

𝒖𝒖𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂 = 𝟏𝟏
𝑨𝑨∫𝒖𝒖 𝒅𝒅𝑨𝑨, (4) 

 
where A is a total area of the orifices. In our computations, the average velocity varies within wide 
limits: from -24.55 m/s to 24.76 m/s. The modulus of the average velocity is 6.34 m/s, which 
corresponds to the Reynolds number 650. 
 
 
4. RESULTS OF COMPUTATIONS 
 
Figure 5 shows the acoustic characteristics obtained by processing the results of numerical simulation 
by the direct method (3) and by Dean’s method (2). As can be seen, the obtained acoustic 
characteristics are in good agreement with each other. Thus, Dean's method is well verified by the 
direct method and can be used in numerical simulation for sound propagation in GIIT with acoustic 
liner samples installed in it. This approach is relevant in the sense that the implementation of the full-
scale determination of impedance based on Dean’s method requires measurements at many points, 
since Dean’s method determines the impedance of only one resonator, therefore, a full-scale 
experiment turns out to be very laborious. In addition, the mounting microphones in a sample is in 
itself a delicate work and takes a lot of time, and also violates the integrity of the sample, while the 
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