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1Dept. Computational mechanics, University of Campinas
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Abstract. Passive noise control in specific frequency ranges can be achieved using Helmholtz resonators (HR),
which are reactive devices that exhibit distinctive geometry, resulting in impedance variations within the enclosing
system. Due to the acoustic resonance in the HR, such variations enable the attenuation of propagating waves
within a narrow frequency range. When multiple HRs are periodically arranged in an acoustic system, they produce
an acoustic metamaterial that greatly expands the frequency range known as a stop band or band gap, which
are band structures where sound waves are not allowed to propagate or attenuated. The aim of this paper is to
analyze sound wave attenuation in an acoustic metamaterial consisting of HRs arranged in parallel and in series
configurations. For this purpose, methods such as the transfer matrix and conventional finite elements will be
employed. Parameter sensitivity analysis of HR geometry will be conducted to maximize the attenuation bandwidth
of band gaps through Differential Evolution. An optimization process is also conducted to obtain the best sound
attenuation using metrics such as sound transmission loss through the amplitude of the incident and reflected wave.
Simulated examples are presented to demonstrate the efficiency and validation of the proposed methods.
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1 Introduction

In the context of engineering structures, various systems such as ventilation ducts, heat exchanger tubes, and
steam supply ducts often generate unwanted noise due to fluid flow inside them [1]. The control of these noises
can be achieved through active approaches, electronic devices, or passive approaches, through more traditional
solutions like silencers. Reactive silencers passive, such as Helmholtz Resonators (HR) or expansion chambers,
have stood out for delivering effective noise control results, and they are also more financially accessible options.

However, HRs reveal a disadvantage as they only attenuate noise within a narrow frequency range [2]. In other
words, they exhibit a high sound transmission loss at their resonance frequency [3]. Nevertheless, the attenuation
bandwidth of these devices is notably limited, which is directly associated with the geometry of the resonator. A
considerable volume of their cavity is necessary to achieve attenuation at low frequencies using HRs, making their
application impractical in many engineering scenarios [4].

Recently, studies have emerged that address periodically designed structures and materials, known as phononic
crystals or metamaterials. These new structures are implemented in various structural elements such as bars, beams,
plates, and shells, with the aim of controlling vibration in different systems [5–8]. When applied to acoustic con-
trol, these structures, called acoustic metamaterials, stand out for utilizing silencers, such as expansion chambers,
micro-perforated panels, Helmholtz resonators, side-branch ducts, and metasurfaces, as fundamental components
of their applications [9–11].

An additional approach for noise control involves using systems composed of multiple Helmholtz resonators.
In this context, these HRs are distributed periodically along the longitudinal direction of the duct, forming a
transverse array with several distinct resonance frequencies. This configuration aims to enhance the efficiency of
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the acoustic control system, broadening the range of sound attenuation compared to individual resonators [12–14].
The combination of these technologies has been of great interest in the engineering community, as they significantly
reduce noise impact in operational environments. This improves the quality of work and users’ comfort while
meeting regulatory requirements related to industrial noise control.

One of the main methods used to investigate wave propagation in periodic structures is the Transfer Matrix
Method (TMM), which establishes a relationship between the input and output of acoustic systems. Aligned with
Bragg’s theory, TMM allows for obtaining various attenuation bands in sound transmission loss. This effect results
from the local resonance of HRs and Bragg scattering caused by the interaction between incident and reflected
waves within the duct, due to the spatial periodicity configuration. The appearance of forbidden bands in the
dispersion diagram indicates the regions of sound attenuation in the system.

Differential Evolution (DE) is an optimization technique based on evolutionary processes to solve optimiza-
tion problems. Initially proposed by Storn and Price [15], this approach has become widely used in various areas,
including optimizing metamaterials and phononic crystals. DE has proven to be applicable to metamaterial opti-
mization, serving as a tool to find optimal combinations of parameters. Through evolution, DE efficiently explores
the parameter space, adjusting the geometry or physical characteristics of metamaterials to achieve the desired per-
formance. This is particularly advantageous when multiple objectives exist, such as maximizing sound absorption
at different frequencies [16, 17].

In this study, we investigated wave propagation in an acoustic metamaterial composed of multiple HRs using
the Transfer Matrix Method to obtain sound transmission loss through the amplitudes of incident and reflected
waves within the system. The results were compared with three-dimensional simulations conducted using the
finite element method with the commercial software COMSOL. Subsequently, we employed the DE algorithm to
widen the bandwidth of sound attenuation, transforming the system into an efficient acoustic controller capable of
providing attenuation at low frequencies and a broad range of sound attenuation.

2 Multiple Helmholtz resonator arrays

Figure 1a depicts the HR model, which is divided into three parts: the volume of the resonator, the neck, and
the main duct. In this model, a final correction is applied to enhance its approach, and Fig. 1b illustrates multiple
HRs arranged periodically around and along the duct

u0

P0
S

L

Ln

uL

p

Vc

d

Sn

(a) HR model parameters.

HR1

HR2

HR3

HR4

(b) Front view.

Figure 1. HR Model: Parameters and frontal view visualization.

Where Sd is the area of the main duct, Sn is the area of the neck, ln is the length of the neck, and Vc = πr2c lc
is the volume of the cavity, with rc as cavity radius and lc as cavity height. The correction for the neck length is
given by: l′n = ln + 1.7 · rn, where rn is the radius of the neck [18]. The acoustic impedance adopted for the HR
is [13]:

Zr = j

(
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ρ0l

′
n

Sn
− 1

ω

ρ0c
2
0

Vc

)
. (1)

They consider ω as the angular frequency, and ρ0 and c0 as the density and speed of sound, respectively. Each cell
consists of a uniform part of the duct associated with the resonators, where the internal diameters remain constant
throughout the structure, with d being the length of each cell.
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Sound pressure, Pn, and the particle velocity, un, in each periodic cell are given by:

Pn(x) = Ine
−jk(x−xn) +Rne

jk(x−xn)

un(x) =
In
ρ0c0

e−jk(x−xn) − Rn

ρ0c0
ejk(x−xn),

(2)

where k represents the wave number, j is the imaginary unit, and xn denotes the center of the uniform duct. Addi-
tionally, In and Rn are the complex amplitudes of the incident and reflected waves, respectively. When considering
four transverse resonators, as shown in Figure 1b, we obtain the equivalent impedance Zhe = Zr1Zr2Zr3Zr4/(Zr1Zr2Zr3+
Zr1Zr2Zr4 + Zr1Zr3Zr4 + Zr2Zr3Zr4) in multiples of HRs. By considering the continuity condition of sound
pressure and particle velocity, with xn = (n− 1)d and x = nd, as described in [13], it has: In+1

Rn+1

 =

e(−jkd) 0

0 e(jkd)

×

(1− ρ0c0/2SdZhe) −ρ0co/2SdZhe
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where Tp is the transfer matrix relating the wave amplitudes. The amplitudes of incident and reflected waves can
be obtained through the eigenvectors (Φ) and eigenvalues (eµ) of the matrix Tp: In+1
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The coefficients a and b are determined by the boundary conditions. The superscripts + and − indicate the
forward-going (+x direction) and backward-going (−x direction) waves, respectively. When |ΦI/ΦR| > 1, the
Bloch wave displaces in the positive direction, while for |ΦI/ΦR| < 1, the displacement occurs in the negative
direction. Here, µ = −jkBh corresponds to the attenuation coefficient, where kB is the Bloch wave number. The
transmission loss of the n-th can be calculated as:

STL = 20 log

∣∣∣∣ I1
In+1

∣∣∣∣ = ∣∣∣∣ aΦ+
I + bΦ−

I

aeµ+nΦ+
I + beµ−nΦ−

I

∣∣∣∣ . (5)

Considering an anechoic termination (Rn+1 = 0), Eq. (5) can be reduced to [13]:

STL = −20(n+ 1)log10|eµ
+

|. (6)

3 Simulated results and discussion

Figure 2a illustrates the periodic structure with transverse HR obtained by TMM and FEM (Comsol software).
Figure 2b shows the FEM mesh used to obtain the results.

(a) Multiple Helmholtz resonator arrays on the duct. (b) Applied mesh.

Figure 2. Multiple Helmholtz Resonator arrays and applied FEM mesh.

The parameters used for the transverse HRs were as follows: air speed of sound, c0 = 343 m/s, air mass
density, ρ0 = 1.2031 kg/m3, duct cross-section area, Sd = 0.0009π 2, tube diameters rn1 = rn2 = rn3 = rn4 =

CILAMCE-2023
Proceedings of the XLIV Ibero-Latin-American Congress on Computational Methods in Engineering, ABMEC

Porto, Portugal, November 13-16, 2023



LOW-FREQUENCY PASSIVE NOISE CONTROL USING PERIODIC HELMHOLTZ RESONATOR ARRAYS

0.01 m, neck lengths ln1 = 0.03 m, ln2 = 0.04 m, ln3 = 0.05 m, and ln4 = 0.06 m, duct length d = 0.2
m, and chamber volumes Vc1 = 2.80 × 10−5π m3, Vc2 = 7.20 × 10−5π m3, Vc3 = 1.44 × 10−4π m3, and
Vc4 = 2.5× 10−4π m3 .

Figure 3a and 3b present the results of the Sound Transmission Loss (STL) for a single-cell and three cells
model obtained by the Transfer Matrix Method (TMM) and the Finite Element Method (FEM) (COMSOL soft-
ware), respectively, where a good approximation is observed. Band gaps and sound attenuation occur at the same
frequency range. It can be observed that for larger HRs, the STL level becomes higher. Figure 3c shows the
dispersion diagram, obtained from the wavenumber of the eigenvalue of the matrix Tp, where the real part rep-
resents propagating waves, while the imaginary part shows the band gaps, frequency ranges in which the waves
are attenuated. Four band gaps generated by the local resonance and one by the Bragg effect are observed for the
initial model, corresponding to the HRs resonance frequency and the periodicity, respectively, demonstrating the
attenuation bands in the STL.
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(b) Sound transmission loss for three unit cells.

(c) Dispersion diagram.

Figure 3. STL and dispersion diagram for a periodic array of transverse resonators.

The Differential Evolution algorithm emerges as a powerful optimization tool. Inspired by natural evolution,
DE employs combinations, mutations, and selection of candidate solutions to efficiently explore an extensive
parameter search space for the Helmholtz resonators. In this way, it can find the most suitable combination of
resonators, providing the widest possible band of attenuation in the duct at a specific frequency. Table 1 displays
the maximum and minimum parameters used in the DE:

Table 1. Optimization design parameter limits.

Parameters rn1 rn2 rn3 rn4 ln1 ln2 ln3 ln4 rc1 rc2 rc3 rc4 lc1 lc2 lc3 lc4

Minimum 0.0050 0.0050 0.0050 0.0050 0.020 0.020 0.020 0.020 0.010 0.010 0.010 0.010 0.040 0.040 0.040 0.040

Maximum 0.020 0.020 0.020 0.020 0.070 0.070 0.070 0.070 0.060 0.060 0.060 0.060 0.100 0.100 0.100 0.100
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The flowchart presented in Fig. 4 depicts an outline of the Differential Evolution (DE) algorithm. The process
begins with defining initial parameters, such as the population size and search parameter limits. Next, an initial
population of individuals is generated, randomly selected. Afterward, the objective function is evaluated for each
individual, aiming to maximize the bandwidth within the intervals of 150 to 550 Hz. The best individuals are
selected to create the next generation, considering their performance achieved in the objective function.

The algorithm proceeds interactively, applying recombination and mutation operators to generate new indi-
viduals. The evaluation of the objective function is again performed for the newly generated population, and the
selection, recombination, and mutation process is repeated until the maximum number of generations is reached.
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Mutation Constant, and
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Calculation
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Figure 4. Differential Evolution Algorithm Flowchart

Table 2 shows the parameters of the best individuals obtained by the DE, and Fig. 5 displays the corresponding
values of the Sound Transmission Loss (STL) for these parameters, together with its dispersion diagram.

Table 2. Optimization design parameters.

Parameters rn1 rn2 rn3 rn4 ln1 ln2 ln3 ln4 rc1 rc2 rc3 rc4 lc1 lc2 lc3 lc4

Best value 0.0200 0.0184 0.0179 0.0194 0.0290 0.0646 0.0250 0.0700 0.0600 0.0493 0.0591 0.0508 0.1060 0.0738 0.1000 0.1000
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(b) Dispersion diagram of DE optimization.

Figure 5. DE optimization.

The DE algorithm obtained a parameter configuration in which the objective function exhibited continuous
attenuation in the frequency range. This was achieved by overlapping the resonance frequencies of each resonator
in the cell.
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4 Conclusions

An acoustic metamaterial with four transverse HRs was investigated using the Transfer Matrix Method and
Finite Element Method (COMSOL software). The approach involving incident and reflected wave amplitudes
yielded results in agreement with the three-dimensional outcomes.

The analysis of sound transmission loss and the dispersion diagram was conducted for a single unit cell and
three periodic cells, revealing that periodicity amplifies the attenuation amplitudes. Subsequently, by employing the
Differential Evolution (DE) algorithm, parameters were optimized to broaden the bandwidth for low frequencies,
thereby offering a potential solution to the issue of concentrated attenuation in Helmholtz resonators.
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