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The use of perforated sheets is very common in noise control applications such as mufflers, aero-engines,
building acoustics and heating ventilation and air-conditioning systems. The acoustic performance of
these liners is expressed mathematically in terms of its impedance. There is a great amount of literature
available to estimate the liner impedance. Most of the models are semi-empirical in nature and derived
from experimental studies. Geometric parameters like orifice diameter, plate thickness, cross-sectional
dimension, hole distribution pattern, operating flow conditions and sound pressure levels play a critical
role in perforated tube impedance estimations. In this work, a numerical methodology was developed
based on Finite-Element Methods, to estimate the impedance of perforated plate and validated with
existing literature results for stationary flow conditions. Perforated plate inside the circular tube is
considered as a computational acoustic domain. Plane wave excitation is applied as the inlet boundary
condition at one end of the tube, anechoic termination is applied as the outlet boundary condition and
the rest of the exterior domain is assumed to be acoustically rigid. This methodology has been extended
to evaluate the impedance of perforated tubes. Parametric studies are conducted to study the curvature
effect of perforated tubes on impedance, by changing the tube diameter.
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1. Introduction

Perforated sheets are sheets with the pattern of holes, punched or stamped on them and are drawn
into plates and tubes. They can absorb sound for a wide range of frequencies and are typically found
in mufflers, aero engines, building acoustics, heating ventilation and air-conditioning systems
(HVAC) etc. The perforated liners of aero engines and gas turbines also assist in the dissipation of
heat, by allowing cool air to flow through them, which in turn help in the sound dissipation process.
On account of these impressive features of perforated sheets, there is a greater research interest in
quantifying their acoustic performance capabilities for moving and stationary mediums.

In the literature, sound absorption capabilities of perforated sheets have been studied for mov-
ing and stationary mediums through experimental, theoretical and numerical methods. A review of
the liner impedance models can be found in [1, 2]. Extensive research has been carried out for perfo-
rated sheets with moving medium as compared to stationary medium. Primarily, for the moving me-
dium, an experimental investigation has been carried out in NASA Langley Research Centre and by
Bellucci et al. [3-6]. Further, theoretical analysis of the perforated liner for moving medium to study
the curvature effects was carried out by Hughes and Dowling [7]. Furthermore, numerical methods
employing Large eddy simulation (LES) and Finite element methods (FEM) have been used to study
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the acoustic performance of single hole liner configuration for moving medium [3, 8-11]. Most of the
authors adopted the configuration which is same as experimental setup used by Bellucci et al. [6] in
LES simulations for different flow conditions. Jones et al. [3] used FEM and an experimental setup
together to assess the acoustic impedance of liner for moving medium. Andreini et al. [11] assessed
the use of theoretical, FEM and LES methods for determining the acoustic impedance of liner for the
moving medium. The study revealed that theoretical model is beneficial in the preliminary stage for
selecting the liner porosity; LES shall be used to study fluid dynamic details of the damping process
with high accuracy, and FEM in combination with theoretical model shall be used to study the overall
acoustic behaviour.

For a stationary medium, minimal research has been carried out for numerical analysis of
perforated sheets. Empirical models based on experimental results for stationary flow condition is
evidenced in [12-13]. An Effort to theoretically study the acoustic impedance of liner for a stationary
flow is witnessed in [14]. However, FEM has been rarely employed to study for stationary medium.
Thus, it motivates for current study which develops a numerical methodology based on FEM for
estimating the acoustic impedance of perforated plate with single hole, multiple hole and cylindrical
liners.

The rest of the paper is organised as follows. Section 2 presents with the numerical model to
estimate the acoustic impedance of a perforated plate with single hole, multiple holes and a cylindrical
liner with a single hole. Section 3 presents with the discussion of the results. Finally, Section 4 pro-
vides with the summary.

2. Numerical Model

To calculate the impedance of a single hole under no flow condition, a typical impedance tube
configuration as shown in Fig. 1 was modelled and the results were validated with theoretical models
available in the literature. Another sample configuration with multiple holes is simulated in virtual
impedance tube model and the acoustic impedance results are compared with existing single hole
based models. To study the effect of curvature, a concentric tube resonator (CTR) was modelled with
a single hole. Parametric studies were conducted by varying the inner tube diameter, hole diameter
and liner wall thickness.

2.1 Geometry

The computational domain of impedance tube with a single hole is shown in Fig. 1. For multiple
hole sample, a 4x4 array of holes with 15 mm spacing as shown in Fig. 2 is used in impedance tube
modelling.
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Figure 1: Computational domain of impedance tube with single hole sample

Figure 3 shows the computational domain for CTR with a single hole. The fixed dimensions of the
CTR tube are D = 150 mm, | = 800 mm, L = 450 mm, I; = 250 mm and the remaining dimensions,
inner tube diameter (d), hole radius (dn) and liner thickness (t) were varied and as shown in Table 1.
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Underline represents the default values of the model. The plane wave cut-off frequency for the largest
inner tube diameter in CTR is 3186 Hz.

Figure 2: Multiple hole sample configuration with 16 holes with spacing ‘a’
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Figure 3: Computational domain of CTR with single hole

Table 1: Dimensions used in parametric studies

Parameter Dimension in mm
Inner pipe diameter (d) 62.5, 50, 25, 12.5
Hole diameter (dn) 1,4,10
Liner wall thickness (t) 1,2,5
2.2 Meshing

Triangular elements were used to mesh the 2D surfaces and tetrahedral mesh was used for 3D
elements. To maintain uniform mesh in all the models, the number of nodes were kept constant around
the edges. The number of nodes around the hole circumference is 25 and the number of nodes on hole
thickness is 4. The maximum length of the element in the mesh is 22 mm and the corresponding valid
maximum frequency is 3864 Hz for a chosen speed of sound 340 m/s. Standard mesh quality checks
were performed [15].

2.3 Finite Element Model
The complete meshed model of the impedance tube with a single hole is shown in Fig. 4.
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Figure 4: Meshed model of impedance tube with single hole sample

The mesh consists of 2D elements at the inlet and outlet surfaces as shown in Fig. 4. and boundary
conditions were applied on these elements. The acoustic domain contains 3D tetrahedral elements
with air as the medium. 2D elements exist at the hole inlet and outlet surfaces which were used to
monitor the pressure and average velocity. Figure 5 shows the meshed model of CTR with a single
hole. 2D elements exist at the inlet and outlet of tube and hole surfaces.

Hole

View from inlet

7‘ Inlet

Figure 5: Meshed model of CTR with single hole

A direct frequency response analysis is performed for a frequency range 0-1000 Hz with a step of
10 Hz in a commercial software Actran [16]. The maximum frequency was selected in such a way
that only plane wave mode propagates for all chosen configurations. A plane mode excitation of 1 Pa
is given at the inlet and a non-reflecting boundary condition is given at the outlet surface.

Sample specific acoustic impedance is defined as a ratio of the pressure difference across the sam-
ple and average velocity on inlet sample surface as in Eq. (1).

7 — plipz (1)

\Y

where z is the impedance, V is the average velocity over the sample inlet surface, and p,, p, are
the pressures at the inlet and outlet of the sample surface, respectively.
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3. Results

3.1 Calculation of end correction coefficient

Figure 6 shows a comparison of resistance and reactance for a single hole configuration between
FEA and theoretical model as given in Eq. (2) [17].

~0.006 + jkx (t+0.75xd,)

(o}
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where the normalised resistance is a constant value for a specific porosity, k is the wave number, t is
the thickness of hole, dh is the diameter of the hole and o is the porosity. In this case, the porosity is
one since only single hole exists. The end correction constant in Eq. (2) was 0.75. But, there is a
disagreement in reactance as shown in Fig. 6 due to end correction value, so it is estimated again
based on the numerical results by equating the normalised reactance. The new end correction coeffi-
cient for the theoretical model should be 0.7.

The calculated end correction value is used in theoretical impedance model for multiple hole con-
figuration. It can also be observed that the value of resistance is much lesser than the reactance values
in both the methods. So the contribution of resistance is ignored in the analysis.

30 30
——FEA —FEA

- = -Theoretical - - -Theoretical

n

o
n
(4]

Normalised Resistance
= [N
wm o
Normalised Reactance
= n
o o

=
o
=
o

o
o

o
o

0 200 400 600 800 1000 0 200 400 600 800 1000
Frequency (Hz) Frequency (Hz)
(@) (b)
Figure 6: Comparison between FEA and theoretical results (a) normalized resistance (b) normalised reac-
tance

In case of multiple hole configuration, the total sample impedance is calculated in terms of single
hole impedance (zs) as
z d\
Z=-—"x|— 3)
n (d,

where Z is the total impedance, n is the number of holes, d is the inner tube diameter and d is the
hole diameter. The numerically calculated total impedance of multiple holes is compared with the
impedance of single hole model by taking porosity into consideration as given in Eq. (2) and results
are shown in Fig. 7. The porosity (o) of unit cell configuration can be calculated from Fig. 2 as ¢ =
(m/4) x (dn?/a?). The porosity (o) for the same configuration considering all holes can be written as

o'=OAR=—4 4)
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where OAR is the open area ratio. It can be seen from Fig. 7 that if the multiple hole configuration is
not a regular pattern, then estimating the impedance based on a single hole with porosity (Eq. 2) using
unit cell configuration is not appropriate.
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Figure 7: Comparison of reactance of multiple hole FEA model and theoretical model

3.2 Curvature Effect

Figure 8 shows the reactance of four different configurations of CTR. The inner tube diameter is
varied as mentioned in Table 1. It can be observed from Fig. 8 that the variation in reactance value is
marginal with the radius of curvature. It is due to the fact that the curvature effects will become
significant in the presence of higher order modes [6]. In the present analysis only plane wave propa-
gation exists in the considered frequency range of interest. This shows consistency that the curvature
effects can be observed at higher order modes as mentioned in [6].
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Figure 8: Variation of reactance with inner tube diameter (d) in CTR configuration
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3.3 Parametric studies
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Figure 9: Variation of reactance with liner wall thickness (t)

Figures 9 and 10 shows the effect of the liner wall thickness and hole diameter on reactance, re-
spectively. The values are varied as mentioned in Table 1. It can be observed from Fig. 9 that as the
liner wall thickness increases, the reactance increases linearly because the reactance is directly pro-
portional to the wall thickness as can be observed in Eqg. (2).
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Figure 10: Variation of reactance with hole diameter (dn)

On contrast, as seen in Fig. 10 the reactance decreases with an increase in the hole diameter even
though the reactance is proportional to the hole diameter as in Eq. (2). This is because the porosity o,
which is equal to OAR in this case, is a function of square of the hole diameter. This makes the
reactance inversely proportional to the hole diameter and hence the decreasing trend in impedance is
observed with increasing hole diameter.

4. Summary

A finite element methodology was developed to estimate the impedance of single hole, multiple
hole samples in a virtual impedance tube and cylindrical liner (CTR) with single hole. Based on the
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numerical results of impedance tube with a single hole, a new end correction coefficient was pro-
posed. Next, a comparison of the results of a single hole and multiple hole configuration was made
and it was inferred that estimation of impedance based on a single hole with porosity using unit cell
configuration is not appropriate if the multiple hole configuration is not a regular pattern. Parametric
studies have been conducted to study the effect of liner wall thickness and hole diameter for CTR
with single hole configuration. Further, the effect of curvature is studied based on results of CTR with
a single hole; and it was found that curvature effects are not significant for plane wave mode propa-
gation.
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