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Abstract

To address the low-frequency noise challenges in lithium-ion battery systems, such as thin-walled
structures, auxiliary units, and power electronics, this study develops a novel embedded-tube Helmholtz
resonator (ET-HR) with sinusoidal walls instead of the traditional straight-wave wall. Finite element
modelling is performed on the sound absorption properties of the proposed ET-HR. The effect of
structural configurations, including diameters, tube angles, and wave numbers, on sound absorption
properties is revealed. The sound absorption peak shifts to a lower frequency with the decrease in the
equivalent diameter and the increase in the length of the embedded tube. As the depth of the cavity
increases, the sound absorption performance in the low-frequency range is improved. Finally, the ET-
HR with multitube is designed, with experiments showing that it can achieve a sound absorption
coefficient greater than 0.7 from 307 Hz to 733 Hz and 0.9 from 445 Hz to 681 Hz. This study provides
a basis for the design of structures with efficient and adjustable sound absorption performance under

finite thickness.
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1. INTRODUCTION

Lithium-ion battery packs are increasingly deployed in automotive and stationary energy
storage applications owing to their high energy density. However, these systems generate low-
frequency acoustic noise arising from cooling fans, electromagnetic excitation, and structural
resonance, which compromises operational stability and user comfort. Conventional sound-
absorbing materials, such as porous foams and fibre mats, exhibit poor absorption performance
in the low-frequency regime and are susceptible to moisture ingress and environmental
degradation, thereby limiting their applicability in complex battery environments. Although
compact and structurally tuneable acoustic metamaterials offer promising alternatives for low-
frequency noise mitigation, systematic investigations into their acoustic performance within
lithium-ion battery systems remain scarce. The embedded-tube Helmholtz resonator (ET-HR)
has demonstrated considerable potential for low-frequency noise control, yet the mechanisms
by which its structural parameters govern sound absorption properties are not well understood.
Furthermore, the relationship between wall shape geometry and the acoustic efficiency of ET-
HRs under realistic battery operating conditions has not been fully elucidated, highlighting a
critical lack of comprehensive theoretical frameworks and quantitative evaluation
methodologies [1-3].

Despite the well-established understanding of noise generation mechanisms in lithium-ion
battery systems, several critical bottlenecks remain. First, the optimization of acoustic
metamaterials for low-frequency noise suppression within battery packs is still underexplored.
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Second, the influence of ET-HR structural parameters on sound absorption performance has
received limited attention, resulting in an absence of unified design criteria and standardized
evaluation metrics tailored to battery applications. Third, a significant disconnect exists
between ET-HR structural design and acoustic performance validation; the complete sound
absorption mechanism under low-frequency excitation has not been fully elucidated. This
knowledge gap undermines the reliability and predictability of noise control strategies in
lithium-ion battery systems [4-7].

To address these challenges, this study systematically investigates the sound absorption
characteristics of the ET-HR for low-frequency noise mitigation in lithium-ion battery systems.
Specifically, we elucidate the influence of wall geometry and key structural parameters on
acoustic efficiency, thereby establishing a quantitative correlation between structural design
and sound absorption performance. This work provides a theoretical framework and technical
basis for the development of compact acoustic metamaterials, enabling optimized noise control
and seamless structural integration within battery packs. Ultimately, the findings contribute to
enhancing the operational reliability and acoustic comfort of lithium-ion battery systems.

2. STATE OF THE ART

The air medium dissipates energy through the friction effect with a wall surface and multiple
reflections, thus achieving sound absorption [2, 8-10]. This dissipation originates from the
viscous boundary layer adjacent to the solid wall, where acoustic energy is converted into heat
via shear stresses, accompanied by thermal conduction effects that further contribute to the
attenuation. However, energy dissipation is limited by the relatively weak friction between the
vibrating air medium and the wall. Therefore, a larger space is essential to increase the viscous
friction between the air medium and the solid wall to improve the sound absorption properties.
At the same time, the number of collisions between the air medium and the wall is increased.
Traditionally, sound is absorbed by padding the bulkhead with fibre cloth and porous materials,
which is effective for high-frequency noise but not for low-frequency noise [11-14]. Porous
foams and fibrous mats rely on their intricate pore networks to promote viscous and thermal
losses. However, their absorption coefficients drop significantly when the wavelength far
exceeds the material thickness, limiting their applicability in low-frequency regimes. In
addition, those materials absorb moisture easily, greatly reducing the high-frequency sound
absorption effect and increasing the weight of ships.

An acoustic metamaterial was designed and developed to effectively absorb and dissipate
low-frequency sounds [8, 15-20]. Acoustic metamaterials, composed of subwavelength
resonant units, circumvent the conventional mass-law limitation and enable low-frequency
absorption with lightweight and compact configurations. It has four structural types: the block,
the membrane, the convoluted space, and the HR. Membrane-type metamaterials achieve
broadband isolation through anti-resonance modes [18-20], while coiled-space designs elongate
the effective sound propagation path to lower the resonant frequency. Compared with other
acoustic metamaterials, HRs with low-thickness cavities in arrays present efficient broadband
sound absorption properties [21]. The classical HR exploits the acoustic compliance of its cavity
and the inertial mass of its neck or tube, enabling flexible tuning of the resonant frequency by
adjusting geometric parameters. To better regulate the sound absorption performance of the
resonator at low thickness, Huang et al. [22] designed a novel HR by embedding a micro-
perforated plate into the cavity of the structure to achieve perfect sound absorption in the low
frequency band. Subsequent studies have further explored multi-order HRs and embedded
apertures to broaden the absorption bandwidth, demonstrating that coupling multiple resonant
units can effectively enhance the overall acoustic performance. Several Helmholtz resonator
with internally extended tubes (HRIETs) were combined and arranged to control the associated
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coupling effects. Finally, an average sound absorption coefficient of 0.95 was achieved within
870-3224 Hz at a thickness of 39 mm. Replacing straight walls with sinusoidal walls in the
embedded tube and cavity will enhance the multiple reflections and improve the dissipation of
the sound energy. This sinusoidal configuration increases the surface area and introduces
tortuous paths that intensify the interaction between the oscillating air and the solid boundary,
thereby promoting viscous losses and multiple scattering. Research on sound absorption
performance mainly focused on designing sound absorption metamaterial structures of different
configurations by combining microperforated plates and resonant cavities. However, those
studies are mainly about straight-walled ET-HR structures. To date, the influence of non-
straight-walled profiles, such as sinusoidal-wave geometries, on the acoustic behaviour of ET-
HRs has not been systematically investigated, and the quantitative relationship between the wall
undulation parameters and the low-frequency absorption performance remains unclear.

This study explores the sound absorption performance of an HR structure. First, a novel HR
with a sinusoidal embedded tube and cavity is proposed. Subsequently, a finite element model
is established to predict the sound absorption properties, and the sound absorption properties of
a single tube and cavity are analysed by using the finite element method (FEM). A numerical
model is validated against theoretical predictions and experimental data to ensure the accuracy
of the parametric studies. Then, the effects of structural parameters on the sound absorption
properties are discussed. Lastly, the sound absorption performance of the proposed ET-HR with
multitube is evaluated through acoustic testing. This work systematically addresses the research
gap by providing a comprehensive parametric analysis of the sinusoidal-wave ET-HR, offering
design guidelines for compact, high-efficiency, low-frequency absorbers suitable for practical
noise control applications.

3. FINITE ELEMENT SIMULATION

The designed low-frequency absorption HR is displayed in Fig. 1. Its main difference from the
classical structure is the sinusoidal-wave characteristics of the embedded tubes instead of a
straight-wave wall. Through this feature, vortices can be generated to intensify energy
dissipation when the fluid flows through such periodic sinusoidal-wave structure. The convex
wall makes the reflection of sound waves more chaotic, further accelerating the dissipation of
energy. The detailed geometric configurations depend on the extensive analysis of theoretical
modelling or FEM, which will be introduced in the following section.

a) b) Incident sound wave

Perforated plate

Embedded tube
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Wave Walls
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Figure 1: Diagram of ET-HR with sinusoidal walls.

An acoustic finite element analysis model that couples pressure and the thermo-viscous
effect is established by using the COMSOL Multiphysics commercial software. Fig. 2 shows
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solid models of the single embedded tube and the ET-HR structure, which include an incident
acoustic domain and a thermo-viscous acoustic domain. The air domain is defined as the
pressure acoustic domain, and the thermal viscous impedance boundary is considered. The
walls are assumed to be the acoustic hard boundary. An incident sound wave with a pressure of
1 Pa is applied to the upper face of the incident acoustic domain as the excitation condition.
The mesh independence of the finite element model is also verified. The acoustic air domain is
divided into four types of physical field control grids. The evaluation indexes are the maximum
sound absorption peak, the maximum sound absorption frequency point, and the sound
absorption bandwidth of o > 0.5. The physical field control grid built in the pressure acoustic
frequency domain analysis is used. The complete grid contains 396,662 domain units, 48,186
boundary units, and 4,117 side units. A preliminary simulation is conducted to establish a
straight-walled structure for verifying the correctness of the FEM.
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Figure 2: Diagram of the finite element model.

The simulation process includes four governing equations: continuity equation, momentum
equation, energy equation, and wave propagation equation.
(a) The continuity equation describes the principle of mass conservation in a fluid process:

dp
—+V =0 1
5 TV () (6]
(b) The continuity equation describes the principle of mass conservation in a fluid process:
0

p (0_/1: +v \71/) =—Vp+uV?v @)

(c) The continuity equation describes the principle of mass conservation in a fluid process:
oT

J Lo (E +v VT) =V (kVT) 3)
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(d) The continuity equation describes the principle of mass conservation in a fluid process:

WZ

Vp + <7> p = —iwpyv 4)
0

where @ denotes the angular frequency.

4. SIMULATION ANALYSIS AND DISCUSSION

4.1 FEM validation and sound absorption mechanisms

The existing literature mainly focuses on straight-walled structures and not ones with sinusoidal
walls. Hence, the accuracy of the FEM is verified by comparing the simulation results of the
straight-walled structure with data from the existing literature [22]. The hollow circle and solid
line in Fig. 3 denote existing data and FEM results, respectively. The maximum relative error
between the FEM results and the existing data is less than 5.1 %. The peak frequency of sound
absorption is not shifted, indicating that the predicted results are sufficiently reliable.
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Figure 3: Comparison results between FEM and existing data.

On the basis of the FEM results in Fig. 4, the sound pressure and sound velocity contours
of the proposed structure with sinusoidal walls/cavity at the peak frequency are illustrated for
different geometric configurations. Evidently, sound energy absorption predominantly takes
place within the acoustic tube. As the sound wave propagates along the tube, the sound pressure
gradually diminishes with increasing tube length, eventually being dissipated and absorbed in
the cavity. Notably, owing to the triangular waveform characteristics of the special wall
configuration, the sound velocity in the constricted sections becomes significantly higher than
in other parts of the channel with larger diameter. Consequently, the major loss of sound energy
occurs at each variable cross-section segment of the tube. A comparison of the four cases shows
that variations in the waveform parameters and cavity dimensions alter the distribution of
pressure and velocity fields, thereby influencing the acoustic attenuation performance. In all
cases, the energy dissipation is concentrated at the narrow passages, confirming that the variable
cross-section design is key to enhancing sound absorption.
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Figure 4: Sound pressure and sound velocity contours of the structure with sinusoidal walls/cavity at
peak frequency: a) n' =3, dom1=06, dom=4; b) n”'=3, dom1=4, dom=75; c) N' =4,
chm—l = 26, chm = 20, d) N”:4, chm—l = 26, dczm =30"".

4.2 Effect of angles on sound absorption performance

The sound absorption performance of ET-HR mainly depends on two structural parameters of
the embedded tube and cavity: equivalent diameter and length. The length is determined by the
angles and wavenumber. Fig. 5 shows the effect of angle § on the sound absorption performance
of sinusoidal-walled embedded tube with different wavenumber. The peak sound absorption
coefficient increases and shifts to the low frequency with the increase in the angle. At same
time, the sound absorption coefficient is affected slightly by the real part of the impedance.
However, the sound absorption bandwidth is greatly affected by the imaginary part, which
decreases as the imaginary part gradually tends to 0. Fig. 6 illustrates the effect of angle (y) on
the sound absorption performance with different wavenumber for the sinusoidal-walled cavity.
The cavity angle affects only the peak frequency point of the sound absorption coefficient. The
absorption peak shifts to the high-frequency band with the increase in the angle but has a slight
effect on the sound absorption bandwidth. This finding indicates that the angle changes the real
part of the impedance and has a slight effect on its imaginary part.
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Figure 5: Effect of the angle § on the sound absorption performance: a)n=1,b)n=2,c)n=3,d)n=4.
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Figure 6: Effect of the angle y on the sound absorption performance: a) N=1,b) N=2,c) N=3,d) N=4.
4.3 Effect of wave numbers on sound absorption performance

The effect of wavenumbers on the sound absorption performance of embedded tube with
clamping angle is shown in Fig. 7. This finding reveals that peak absorption coefficient is
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shifted to the lower frequency band as the imaginary part of the impedance increases with the
wavenumber. This condition occurs mainly because the angle of the sound tube has a slight
effect on the real part of the impedance. The sound absorption bandwidth is affected by its
imaginary part and decreases with the increase in the wave number. Compared with the
traditional straight-walled tube, the sound absorption coefficient of the sinusoidal-walled
structure shifts to a lower frequency by increasing its wavenumber and angle. The sound
absorption coefficient reduces and shifts to a higher frequency band as the wavenumber and
angle decrease. However, the sound absorption bandwidth is improved. Therefore, compared
with the traditional straight-walled tube, the sound absorption coefficient and sound absorption
bandwidth in the required frequency band are easier to regulate for the sinusoidal-walled tube.
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Figure 7: Effect of wavenumber on the sound absorption performance of the embedded tube: a) f = 50°,
b) #=60°, c) f=70° d) = 80°.

Fig. 8 displays the effect wavenumber on the sound absorption performance of the cavity.
The influence of the wavenumber is similar to that of the angle. It affects only the frequency
position of the sound absorption peak and has a slight influence on the sound absorption peak
and the sound absorption bandwidth. The peak frequency point gradually shifts to a low
frequency with the decrease in the wave number. The impedance of the structure is less affected
by the wavenumber, and the imaginary part of the impedance decreases with the increase in the
wavenumber. In summary, the novel ET-HR with a sinusoidal-walled cavity possesses simpler
adjustable parameters, i.e., wavenumber and angle y. Decreasing the wavenumber and folding
angle causes the sound absorption coefficient of the structure to shift to a lower frequency, but
its sound absorption peak and bandwidth remain constant. Therefore, compared with the
traditional ET-HR structure, the ET-HR with a sinusoidal-walled cavity effectively improves
the sound absorption performance at low frequencies.
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Figure 8: Effect wavenumber on the sound absorption performance of the cavity: a) y = 50°, b) y = 60°,
c) y=170°,d)y=80°,

4.4 Sound absorption performance of ET-HR with multitube

The above analysis proved that the given diameter and length of tube and cavity achieved good
sound absorption within a special frequency. This section designs an ET-HR with multitube to
achieve comprehensive coverage on broadband wave and analyses it through experiments and
FEM. First, the specimen is prepared by an industrial metal 3D printer (EOS M290), and the
base material is AISi10Mg. The fabricated specimen and detailed structural parameters are
shown in Fig. 9. Then, the sound absorption performance is tested by using the impedance tube
method according to ASTM E1050-19. The test system is an AHAI 1032 transfer function
system, which consists of a signal generator (AHAI 4002), impedance tube (AHAI 2061), and
data acquisition system. The frequency measurement intervals are 3 Hz. The specimen and
sound source are positioned at the ends of the impedance tube, ensuring that the surface of the
specimen is perpendicular to the axis of the tube. As displayed in Fig. 10, the FEM results agree
with the experimental results. The sound absorption bandwidth with a coefficient greater than
0.7 1s from 307 Hz to 733 Hz, and the bandwidth greater than 0.9 is from 445 Hz to 681 Hz.
These findings prove that the novel ET-HR structure exhibits efficient sound absorption
performance especially in the low-frequency broadband.
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Figure 10: Comparison of sound absorption performance based on experimental results and FEM.

S. CONCLUSION AND FUTURE WORK

In this study, a novel HR with a sinusoidal-walled embedded tube and cavity is proposed, which
not only enhances sound energy dissipation through vortex generation and multiple reflections
but also offers a compact form factor and design flexibility. Therefore, this HR is particularly
suitable for lithium-ion battery systems where space is limited, weight is critical, and low-
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frequency noise dominates. Its sound absorption properties are investigated by FEM, and the
effects of structural parameters on the sound absorption properties are analysed. The maximum
relative error between the existing data and the FEM results is less than 3.5 %. For the given
structural parameters of the tube and cavity, the ET-HR exhibits good sound absorption
performance within a special frequency. The sound absorption peak shifts to a lower frequency
with the increase in the length of the embedded tube. As the depth of the cavity increases, the
sound absorption performance in the low-frequency range is improved. Increasing the cross-
sectional diameter of the cavity will reduce the absorption bandwidth and enhance its low-
frequency absorption performance. The multitube ET-HR can achieve a sound absorption
coefficient greater than 0.7 from 307 Hz to 733 Hz and 0.9 from 445 Hz to 681 Hz, providing
a theoretical basis for the design of similar structures.

This study focused exclusively on the sound absorption properties of a single sinusoidal-
walled embedded tube without systematically characterizing the underlying resonator
properties. Both the tube geometry and its spatial arrangement significantly influence the
overall acoustic performance. Therefore, future work should investigate these parameters to
further optimize the sound absorption capabilities of the ET-HR.
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    𝛻 2 p +  (     w 2    c 0 2 ) p = − i 𝜔   𝜌 0 v


  𝜌   c  p  (   𝜕 T  𝜕 t + 𝜈   𝛻 T ) = 𝛻    ( k 𝛻 T )


  𝜌  (   𝜕 𝜌  𝜕 t + 𝜈   𝛻 𝜈 ) = − 𝛻 p + 𝜇   𝛻 2 𝜈


    𝜕 𝜌  𝜕 t + 𝛻    ( 𝜌 𝜈 ) = 0

