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Abstract: In response to the problem of vibration and noise reduction in equipment with cylindrical
shell structures, this paper focuses on the micro-perforated laminated cylindrical shell structure
and establishes its finite element model. Through comparative analysis with experimental results,
the reliability of the finite element modeling method is verified. Based on this, the paper places
particular emphasis on the vibration and acoustic radiation performance of the structure in the
1–1000 Hz frequency range under free conditions to understand the impact of different laminated
shell structures, micro-perforation parameters (porosity, aperture), sound-absorbing foam materials,
and placement methods. The results indicate that micro-perforated structures can efficiently reduce
the structural radiated sound power level at specific frequencies, but the overall reduction in radiated
sound power level is not significant. Various types of foam are effective in reducing the structural
radiation acoustic power level, with polyurethane performing best among them. Changing the
location of foam placement has a relatively insignificant impact on the structural radiation acoustic
power level.

Keywords: ribbed laminated cylinder shell; micro-perforated shell; acoustic radiation; finite
element analysis

1. Introduction

Laminated cylindrical shell structures find extensive applications in the aviation,
aerospace, maritime, and nuclear industries, and beyond, owing to their lightweight,
simple structure, and remarkable mechanical properties. However, the operational life of
equipment has suffered significantly due to the amplified effects of internal vibrations and
various types of noise on system reliability, stability, and concealment [1]. Therefore, in
recent years, research into the acoustic and vibration performance of laminated cylindrical
shells and vibration reduction and noise mitigation techniques has become increasingly
prominent.

Micro-perforated structures have become extensively used in many noise reduction
fields owing to their numerous advantages, such as being lightweight, easy to construct,
environmentally friendly, cost-effective, and corrosion-resistant. These applications include
indoor sound field adjustment [2,3], muffler design [4,5], sound barriers [6,7], acoustic
windows [8], and more. Zhang et al. [9,10] suggest that when subjected to external plane
waves or external turbulent boundary layer pressure excitation, the micro-perforation
theory of the inner shell can theoretically enhance the mid-frequency sound insulation
performance of double-walled cylindrical shells. However, in both of these cases, adding
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a lining in the annular space of the double-walled cylindrical shell does not improve
the structural sound insulation performance. Subsequently, Zhang [11] integrated the
Biot theory [12] and an earlier proposed model to create a novel theoretical model for
investigating sound propagation in micro-perforated double-walled cylindrical shells
under the stimulation of incident plane waves. Zhang suggested that the utilization of
lining porous material to perforate the inner shell of a sandwich structure could improve
sound transmission loss below the ring frequency. Improving the low-frequency sound
insulation performance of this structure could be attained by increasing the imaginary part
of the impedance constant, pore size, or perforation ratio. Nevertheless, the research had a
somewhat restricted range of choices regarding porous materials. In practical engineering
design, sound-absorbing or sound insulation materials are often utilized to reduce or
isolate noise transmission through a structure [13]. A significant amount of related research
has been conducted by scholars both domestically and internationally. Zhou et al. [14]
investigated the acoustic transmission performance of double-layer cylindrical shells with
interior porous elastic materials based on the Biot model. The research indicated that high-
flow-resistance, low-density foam exhibits superior sound insulation properties. However,
it is important to note that the study only took into account excitation from external
turbulent boundary layers and not other possible sources of excitation. Pouria et al. [15],
based on statistical energy analysis theory, conducted a study on the propagation patterns of
sound in thin-walled cylindrical shells from both theoretical and experimental perspectives.
The results showed that the use of sound-absorbing materials effectively reduced noise
levels inside the cylinder but was less effective at lower frequencies. Hamed et al. [16],
based on the first-order shear deformation theory, combined circumferential and axial
modal analyses to explore the vibroacoustic performance of finite-length cylindrical shells
containing porous materials. The outcomes demonstrated that a longer porous elastic shell
efficiently decreases sound transmission within the high-frequency range. Meanwhile,
low-frequency sound insulation improves as the radius of the shell decreases. However,
this study yielded less favorable results at low frequencies. Hesamoddin et al. [17] used
the extended boundary element method to establish an analytical model for analyzing the
vibroacoustic performance of corrugated-core sandwich cylindrical shells filled with porous
materials. The influence of various parameters was investigated, including porosity, porous
material type, corrugated core thickness, structural damping coefficient, angle of incidence,
and external Mach number. A study was conducted to analyze the performance of structural
sound insulation with and without porous media. The research results indicated that
the sound insulation performance of this structure was poor in the frequency range of
100–1000 Hz. Yang et al. [18], combining theoretical analysis and finite element simulation,
investigated the influence of sound-absorbing material thickness, material properties, and
arrangement on the vibrational acoustic radiation performance of single-layer cylindrical
shells with ribs. The results indicated that altering the properties and arrangement of sound-
absorbing materials effectively enhances the structural sound-absorbing performance,
thereby achieving vibration and noise reduction. However, the scope of this article’s study
was limited to single-layer cylindrical shell structures.

In summary, both domestic and international scholars typically employ methods
such as optimizing shell structure parameters, introducing micro-perforated structures, or
applying porous materials as sound-absorbing materials to achieve vibration and noise
reduction in cylindrical shell structures. However, in practical engineering scenarios, each
of these methods has its shortcomings, such as poor low-frequency performance and
limited effective frequency ranges. Furthermore, there is currently a paucity of research on
the vibration and acoustic radiation performance of micro-perforated laminated cylindrical
shells. Micro-perforated structures possess the capability to reduce vibration propagation,
enhance acoustic performance, and reduce noise radiation [19], making them a valuable
contribution to improving the vibration and noise reduction performance of laminated
cylindrical shells. Simultaneously, the coupling of multiple sound absorption modules
to meet specific requirements is a common approach in the field of acoustics, providing
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insights into the design of vibration and noise reduction in laminated cylindrical shells.
Therefore, this paper combines two noise reduction measures: perforating the inner shell
and applying sound-absorbing foam on the outer shell. The research focuses on micro-
perforated ribbed sandwich cylindrical shell structures and specifically investigates their
vibration and acoustic radiation performance in the frequency range of 1–1000 Hz under
free conditions. The paper reveals the influence of different sandwich shell structures,
micro-perforation parameters (porosity, aperture), sound-absorbing foam materials, and
installation methods. This study is beneficial for enhancing vibration reduction and noise
reduction performance in areas such as automobiles, aircraft, buildings, and industrial
equipment [10], providing a valuable reference for the design and performance optimization
of double-layer cylindrical shell structures.

2. Finite Element Theory of Acoustic–Vibration Coupling

When elastic structures contact fluid, acousto-vibrational coupling affects the vibration
of the structure and the acoustic pressure field within the fluid. The acoustic pressure
caused by force loads on the structure at the fluid–structure interface affects the structural
vibration. Additionally, structural vibration impacts the acoustic pressure field within the
fluid at the fluid–structure interface. The level of acousto-vibrational coupling interaction
strength is heavily reliant upon the geometric structures of both the structural and fluid
components, the material properties of both the fluid and structure, and the frequency of
dynamic perturbations [20].

In acousto-vibrational coupling systems, the mutual acousto-vibrational coupling
between structural components and fluid components can no longer be ignored. It is
necessary to consider all components as integral parts of a coupled system, rather than
treating structural components as independent excitations for fluid components, and
vice versa.

2.1. Inner Acoustic Field

The issue of acousto-vibrational coupling in the system pertains to the limited extent
of the acoustic field within the fluid domain, which is surrounded by a vibrating enclosed
boundary surface. As shown in Figure 1, in the acoustic–vibration coupling system of the
interior acoustic field, the fluid is located within the bounded acoustic domain V1.
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By combining the modified finite element model for the structure and acoustics, as
discussed in reference [21], it is possible to obtain the coupled finite element equations for
the acoustic–vibration coupling system of the interior acoustic field:

(

(
Ks Kc
0 Ka

)
+ jω

(
Cs 0
0 Ca

)
−ω2

(
Ms 0
−ρ0KT

c Ma

)
) ·

{
wi
pi

}
=

{
Fsi
Fai

}
(1)

In which Ks(ns × ns), Ms, and Cs are the unstressed stiffness matrix, mass matrix,
and damping matrix on the structural grid; Ca, Ka, and Ma are the modal damping matrix,
modal stiffness matrix, and modal mass matrix; Kc(ns × na) is the coupled stiffness matrix
and Fsi(ns × 1) and Fai(na × 1) are the excitation load matrices; wi represents unknown
displacements and pi represents unknown sound pressures.

2.2. Outer Acoustic Field

To address such problems involving unbounded spatial domains in finite element
analysis, an artificial absorbing boundary surface is introduced at a certain distance from
the outer surface Ωs of the structure. This allows for the computation of the bounded
acoustic domain V1 formed by the structure’s outer surface Ωs and the artificial absorbing
boundary surface Ωe, as shown in Figure 2.
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Figure 2. Exterior sound and vibration coupling system with artificial absorption boundary.

A common type of absorbing boundary interface is the perfect match layer (PML),
which is a virtual layer typically located at the edge of the simulation domain. It is
implemented by introducing complex mathematical equations and difference equations [22].
At the artificial absorbing boundary interface Ωe within the bounded acoustic domain V1 in
finite element discretization, “damping” elements are employed to approximately simulate
the absorption of outgoing acoustic waves without consideration for their frequency and
incident angle. The purpose is to absorb incoming waves without reflection, preventing
waves from reflecting back from the boundary of the simulation region, as shown in
Figure 3.

Following the same theory, the LMS SYSNOISE company has introduced the auto-
matic match layer (AML) method. This method is similar to PML, as it is a virtual layer
placed at the simulation domain’s edge. Its purpose is to absorb waves and reduce re-
flections [23]. Different approaches are typically used, such as introducing absorption
coefficients or adjusting model parameters. As shown in Figure 4, the absorbing layer
and absorption coefficients in AML are automatically defined by physical models and
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calculated frequencies. Consequently, compared to the PML method, the AML method
reduces computational workload. Thus, with the decrease in computational workload,
the predictive accuracy relying on absorbing elements has been enhanced. SYSNOISE is
combined with the coupled finite element method to establish a finite element model for the
considered structure. In a similar manner, the cylindrical shell and annular plate are set as
the structural mesh components, described using shell elements. The air field, both internal
and external acoustic fields represented by solid elements, is taken as the acoustic mesh
components. Additionally, a porous core with absorbing fluid properties is included as part
of the acoustic mesh. Coupling surfaces at the interaction boundaries between structural
and acoustic components are used for calculating the vibration–acoustic coupling.
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3. Numerical Simulation Analysis

The complexity of the vibration and acoustic radiation issue in micro-perforated lami-
nated cylindrical shells surpasses that of the conventional double-shell concern. It requires
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the consideration of the coupling of acoustic cavities that the micro-perforations create. Ad-
ditionally, the inclusion of other acoustic materials within the shell further complicates the
utilization of theoretical analytical solutions to describe the situation. Therefore, it is neces-
sary to use COMSOL 6.0 to investigate their vibrational and acoustic radiation performance
and study comprehensive optimization problems with more variables and constraints.

3.1. Establishment and Verification of a Finite Element Model for Cylindrical Shells
3.1.1. Model Establishment

Following an underwater experimental study on the vibration and acoustic radiation
of double-layer shells by Jiang [24], a corresponding finite element simulation model is
established. The initial pre-processing, as shown in Figure 5, involves the construction of a
geometric model based on the dimensions of the experimental components reported in the
literature. The geometric parameters of the two-layer cylindrical shell are as follows: the
length of the cylindrical shell is l = 0.8 m, the radius of the inner shell is R1 = 0.25 m, the
radius of the outer shell is R2 = 0.3 m, and the thickness of both the inner and outer shells is
h = 2 mm; the thickness of the rib plate is hr = 10 mm and the spacing is hdis = 160 mm. Both
ends of the cylindrical shell are sealed with steel plates. Upper and lower cover plates are
constructed in the finite element model to match the experimental components. The cover
plates have a radius of Ra = 0.35 m and a thickness of ha = 10 mm. Simultaneously, based
on the experimental content, the hydrophone is located at a radial distance of 1.25 m from
the exciter, and, using this information, we construct the inner and outer acoustic field, as
shown in Figure 6.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 7 of 23 
 

 

Figure 5. Schematic diagram of a finite element model for a double-layer cylindrical shell struc-

ture. 

 

Figure 6. Acoustic finite element model. 

Regarding the material properties, the inner and outer shells of the double-layer cy-

lindrical shell, the annular ribs, and the upper and lower cover plates are all made of steel. 

The medium between the shells and inside the shell is air, while the external medium is 

water. The specific simulation parameters are presented in Table 1. 

Table 1. Structural parameters of annular ribbed double-layer cylindrical shells and fluid material 

parameters. 

Material Density (kg/m3) Elastic Modulus (GPa) Poisson’s Ratio Speed of Sound (m/s) 

Steel 7850 210 0.30 \ 

Water 1000 \ \ 1500 

Air 1.225 \ \ 343 

Figure 5. Schematic diagram of a finite element model for a double-layer cylindrical shell structure.

Regarding the material properties, the inner and outer shells of the double-layer
cylindrical shell, the annular ribs, and the upper and lower cover plates are all made of
steel. The medium between the shells and inside the shell is air, while the external medium
is water. The specific simulation parameters are presented in Table 1.

In the literature, the authors applied a 20 N force using an exciter at the midpoint of
the inner shell of the model. Simultaneously, they adjusted gravity with weights to immerse
the double-layer cylindrical shell in water, without any additional constraints. Therefore,
during finite element simulations, an external load was set as a point excitation applied
to the middle position of the inner shell, with a force magnitude of 10 N, considering the
symmetry of the model. Furthermore, no additional constraint conditions were imposed
on the model, meaning the double-layer cylindrical shell was in a free state.
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Table 1. Structural parameters of annular ribbed double-layer cylindrical shells and fluid material
parameters.

Material Density (kg/m3)
Elastic Modulus

(GPa) Poisson’s Ratio Speed of Sound
(m/s)

Steel 7850 210 0.30 \
Water 1000 \ \ 1500

Air 1.225 \ \ 343
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Subsequently, mesh partitioning is carried out. The finite element software includes an
internal “Mesh” module for fast and convenient mesh partitioning. This module allows the
acoustic mesh sizes to be automatically adjusted during the calculation process according
to the corresponding calculation frequencies, significantly reducing the calculation time
while maintaining accuracy requirements. In this module, the maximum frequency is set
to 1500 Hz and the number of mesh elements per wavelength is set to five to meet the
accuracy requirements of the simulation.

Calculations are performed within the frequency range of 250–1500 Hz, as indicated
in the literature. The analysis of the vibration and acoustic radiation performance of the
double-layer cylindrical shell is completed with the default solver. Subsequently, sound
pressure levels are obtained for the purpose of data comparison.

3.1.2. Validation of Finite Element Calculations

The comparison between the sound pressure levels inside the shell obtained through
finite element simulation and the experimental results from the literature is shown in
Figure 7. The experimental and simulated results are highly consistent for frequencies
below 1000 Hz. However, when the solving frequency exceeds 1000 Hz, discrepancies
between the simulation and experimental data emerge. This is primarily attributed to
the higher modal density of the structure in the high-frequency range, leading to reduced
accuracy in finite element simulations. As a result, the high-frequency results exhibit
significant fluctuations, resulting in mismatches between the simulation and experimental
data. Moreover, frequencies beyond this range are outside the scope of the study. However,
upon comprehensive analysis, the finite element simulation outcomes for frequencies
under 1000 Hz demonstrate a considerable level of consistency with experimental data



Appl. Sci. 2023, 13, 11939 8 of 22

obtained from the literature. The sound pressure level curves almost coincide, indicating
the reliability of the approach used in the investigation.
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3.2. Establishment and Validation of a Micro-Perforated Finite Element Model

Directly simulating micro-perforations would drastically increase simulation time
and computer memory requirements due to their small size. Therefore, an alternative
approach is used to integrate the sound absorption properties of micro-perforations into
the structure. This alternative approach uses the “Internal Perforated Plate” module in
COMSOL to characterize the acoustic performance of a micro-perforated plate.

The experimental parameters for the acoustic impedance of the composite micro-
perforated plate are taken from the literature [25]. The following parameters are employed:
the circular micro-perforated plate has a diameter of 100 mm, a thickness of 1 mm, a
micro-perforation hole diameter of 0.8 mm, and a perforation ratio of 1.67%. Moreover, the
Johnson–Champoux–Allard (JCA) model is utilized to characterize the acoustic properties
of the porous material. The fibrous acoustic foam used as a porous material exhibits
a porosity of 0.97, an air flow resistivity of 73,145.7 Pa·s/m2, and thermal and viscous
characteristic lengths of 0.594 mm. Additionally, it has a tortuosity factor of 1.67. A
micro-perforated plate is closely incorporated into the acoustic foam to create a composite
structure, with a 10 mm air gap positioned behind it. Figure 8a displays the finite element
computational model formulated using these parameters.

From Figure 8b, it can be observed that when the solving frequency exceeds 1000 Hz,
the accuracy of the finite element simulation method decreases due to the higher modal
density of the composite structure in the high-frequency range. This leads to deviations
between the simulation results and experimental data, which are also outside the research
frequency range. However, overall, the simulation results are in good agreement with the
experimental data. Therefore, the finite element method demonstrates the capability to
accurately predict the acoustic performance of micro-perforated composite structures.
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4. The Influence of Micro-Perforated Shells on the Vibration and Acoustic Radiation
of Micro-Perforated Sandwich Cylindrical Shells
4.1. The Influence of a Sandwich Structure on the Vibration and Acoustic Radiation Performance of
Cylindrical Shells

A preliminary design for the micro-perforated ring-stiffened sandwich cylindrical
shell, as shown in Figure 9a, has been proposed. Additionally, three comparative models
have been designed to investigate the vibration and acoustic radiation performance of
different sandwich structures in the free air field within the medium-to-low-frequency
range (1–1000 Hz).

As shown in Figure 9a, the micro-perforated ring-stiffened sandwich cylindrical shell
consists of upper and lower aluminum thin cover plates, a micro-perforated inner shell, an
outer shell, and four ring stiffeners. The geometric parameters of the structure are as follows:
the length of the cylindrical shell is l = 720 mm, the inner shell radius is R1 = 250 mm, the
outer shell radius is R2 = 274.7 mm, and the thickness of both the inner and outer shells is
h1 = 2.7 mm; the intermediate ring stiffener has a thickness of hr = 1.6 mm and the spacing
is hdis = 144 mm; the micro-perforation hole diameter is 0.1 mm and the perforation ratio
is 0.1%. Additionally, both ends of the sandwich cylindrical shell are sealed with cover
plates, where the cover plate radius is Ra = 350 mm and the thickness is hp = 2 mm. The
structural material parameters are as follows: the inner and outer shells, upper and lower
cover plates, as well as the annular ribs are all made of aluminum. Simultaneously, the
material for the inner and outer acoustic fields is air. The material parameters for aluminum
are listed in Table 2, while the material parameters for air are found in Table 1.
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As shown in Figure 9b, the ring-stiffened sandwich cylindrical shell includes upper
and lower aluminum thin cover plates, an inner shell, an outer shell, and four ring stiffeners.
The inner shell of this structure does not contain micro-perforations, while the remaining
geometric parameters and material parameters remain consistent with the micro-perforated
ring-stiffened sandwich cylindrical shell. As shown in Figure 9c, the ribless sandwich
cylindrical shell includes only upper and lower aluminum thin cover plates, an inner
shell, and an outer shell. In Figure 9d, on the basis of the ribless sandwich structure,
micro-perforations are introduced into the inner shell of the ribless structure, with a micro-
perforation hole diameter of 0.1 mm and a perforation ratio of 0.1%.

The simulation load comprises a point force excitation with a 10 N magnitude, applied
at the inner shell center, radially outwards. Additionally, a sound point source, located at
the center of the inner cavity and with a radiated power of 1 W, is included. The boundary
conditions entail free ends on both sides of the shell. The simulation considers a frequency
range of 1–1000 Hz.

Figure 10 illustrates a contrast of the radiated sound power level with and without
micro-perforated structures. In the presence of the rib (Figure 10a), micro-perforations have
an effect solely on the peak of the structural radiated sound power level within the frequency
range of 1–500 Hz, with negligible impact on other frequencies. Within this frequency range,
the structure’s resonance is primarily caused by the upper and lower thin cover plates. As
demonstrated in Figure 11a, the shell vibration’s lowest natural frequency is 554.44 Hz. Since
the cover plates lack micro-perforated structures, the effect of the micro-perforations is weaker.
Within the range of 500–1000 Hz, the micro-perforated structure can effectively reduce the
radiated sound power level at the characteristic frequency of the shell while reducing the
acoustic field-structure resonance peaks (e.g., 600–700 Hz), thereby lowering the structural
radiated sound power level. Similarly, for the case without ribs (Figure 10b), within the
frequency range of 1–300 Hz, the structure with micro-perforations has an impact only
at the peak of the structural radiated sound power level, with minimal influence at other
frequencies. Within the 300–1000 Hz frequency range, the micro-perforated structure can
effectively reduce the radiated sound power level at the characteristic frequency of the shell
while reducing the acoustic field-structure resonance peaks (e.g., 600–800 Hz), thus lowering
the structural radiated sound power level. From the perspective of overall radiated sound
power level, within the 1–1000 Hz frequency range, the overall radiated sound power levels
of the micro-perforated ring-stiffened sandwich shell and the ring-stiffened sandwich shell
are 135.59 dB and 135.77 dB, respectively. For the ribless sandwich shell and the ribless
micro-perforated sandwich shell, the overall radiated sound power levels are 135.67 dB and
135.45 dB, respectively. Therefore, micro-perforations can reduce the overall radiated sound
power level of the structure to some extent.
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Table 2. Material properties of aluminum.

Material Density (kg/m3) Elastic Modulus (GPa) Poisson’s Ratio

Aluminum 2700 70 0.30
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Figure 12 shows a comparison of the radiated sound power levels with and without
ribs in the structure. It can be seen that the structure with ribs has fewer structural
resonance peaks. This is because the ribs enhance the stiffness of the structure, reducing
structural vibrations. From the perspective of overall radiated sound power level, within the
1–1000 Hz frequency range, the overall radiated sound power levels of the micro-perforated
rib-stiffened shell and the ribless perforated shell are 135.59 dB and 135.45 dB, respectively.
The overall radiated sound power levels of the rib-stiffened shell and the ribless shell
are 135.77 dB and 135.67 dB, respectively. The sound power radiated by the structure
with ribs may be lower due to the fact that the energy is mainly transferred through the
ribs, whereas without ribs, the medium between the shells becomes the primary path for
radiated sound energy to pass through [26]. It is evident that making a rational design for
ribs is essential in reducing the radiated sound energy of the shell when arranging ribs to
enhance structural stiffness.
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In conclusion, micro-perforations can decrease the radiated sound power level at
structural natural frequencies, reduce the amount of peaks in the radiated sound power
level curve of the shell, and, to a certain extent, diminish the overall radiated sound power
level of the structure. In the meantime, ribbed structures enhance the shell’s stiffness,
shifting the natural frequencies to higher frequencies, and decreasing the peak values in
the radiated sound power level curve. Therefore, micro-perforated rib-stiffened cylindrical
shells offer a distinct advantage in mitigating the radiation of vibrational sound from
structural components.

4.2. The Influence of Micro-Perforation on the Vibration and Acoustic Radiation Performance of
Cylindrical Shells

With a lower radiated sound power level than the non-micro-perforated rib-stiffened
cylindrical shell in Section 4.1, the investigation in this section aims to unveil how micro-
perforation parameters, such as perforation rate and micro-hole diameter, affect the vibra-
tion and sound radiation performance of the micro-perforated rib-stiffened structure. The
basic geometric parameters and structural parameters maintain their consistency with the
ones in Section 4.1.

To examine the impact of micro-hole perforation rate on the vibration and sound
radiation properties of the micro-perforated rib-stiffened cylindrical shell structure, finite
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element simulation models were created. The models featured perforation rates of 0.05%,
0.01%, 0.15%, 0.2%, 1%, and 2%, while the other geometric and material parameters of
the structure remained unaltered. The vibration and sound radiation characteristics of
the micro-perforated laminated cylindrical shell were analyzed in an unconfined state
across a frequency range of 1–1000 Hz. Evaluation of the resulting sound power level
spectrum is presented in Figure 13. As shown in the figure, with a micro-hole diameter of
0.1 mm and other parameters unchanged, within the specified range of variation, as the
perforation rate increases, the peak of the structure’s sound radiation power level curve
significantly decreases. Additionally, the number of peaks in the 500–700 Hz range also
decreases, corresponding to a reduction in the structural acoustic resonance peaks. From
the perspective of the overall sound radiation power level, within the range of 1–1000 Hz,
the structure’s overall sound radiation power levels for inner shell perforation rates of
0.05%, 0.01%, 0.15%, 0.2%, 1%, and 2% are 135.69 dB, 135.59 dB, 135.51 dB, 135.45 dB,
134.90 dB, and 134.62 dB, respectively, with the structure’s overall sound radiation power
level decreasing as the perforation rate increases.
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Following the design of the previous experiment, finite element simulation models
with micro-hole diameters of 0.02 mm, 0.06 mm, 0.1 mm, 0.14 mm, and 0.5 mm were
constructed to investigate the influence of micro-pore diameter on the structural vibration
and acoustic radiation performance. The radiation acoustic power level frequency spectra
within the 1–1000 Hz frequency range were computed, as shown in Figure 14. It can
be seen from the figure that, with a perforation rate of 0.1% and other parameters held
constant within the indicated range, as the micro-hole diameter increases continuously, the
peak value of the structural radiation acoustic power level curve significantly decreases.
Moreover, there is a noticeable reduction in the peaks around 400 Hz and in the range
of 600–700 Hz. From an analysis of overall radiation acoustic power levels within the
1–1000 Hz frequency range, it was found that the structural acoustic power levels for inner
shell micro-hole diameters are as follows: 135.82 dB, 135.72 dB, 135.59 dB, 135.48 dB, and
134.18 dB. The overall structural radiation acoustic power level follows a downward trend
as micro-hole diameter increases.
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diameters.

Findings from the assessment of two variables imply that micro-perforated structures
can effectively diminish structural radiated sound power levels at specific frequencies and,
to a certain extent, decrease the overall radiated sound power levels from a structure. This
is due to the fact that when sound waves pass through micro-perforated structures, a part
of the sound energy is absorbed and transformed into heat instead of being reflected or
transmitted, which consequently leads to a reduction in total sound power. However, the
reduction in the overall radiated sound power level is not significantly notable due to the
limited scope of its effect. Micro-perforated structures have inherent acoustic resonance
frequencies, which are determined by the geometric dimensions of the small holes and
material characteristics. When sound waves reach or match the inherent resonance fre-
quencies, micro-perforated structures create a resonance effect. This phenomenon leads
to a noteworthy sound absorption within the porous material, resulting in reduced radia-
tion [27].

5. The Influence of Foam Laying on the Vibration and Acoustic Radiation Performance
of Micro-Perforated Sandwich Cylindrical Shells

Section 4 explored how the shell structure and micro-perforation parameters affect
the vibrational acoustic radiation performance of micro-perforated laminated cylindrical
shells. The study found that micro-perforations can decrease sound power levels near the
shell’s natural frequencies. However, it did not yield noteworthy outcomes in reducing
overall structural acoustic radiation. In this chapter, the surface of the structural shell will
be treated with sound-absorbing materials to decrease the outward radiation of acoustic
energy. The study will explore how variables such as foam material type, thickness, and
laying method affect the structure’s vibration and acoustic radiation performance.

This chapter examines a laminated shell structure with foam and micro-perforations,
composed of upper and lower wooden cover plates, a micro-perforated inner shell, an
outer shell, four ring ribs, and an outer shell surface sound-absorbing material layer, as
illustrated in Figure 15a. Additionally, a corresponding finite element simulation model is
established, as depicted in Figure 15b. The outer shell radius is R2 = 290 mm, while the
diameter of the micro-holes measures 0.5 mm. Meanwhile, the laminated cylindrical shell
is sealed at each end with wooden cover plates measuring hp = 20 mm in thickness. The
radius measurement is equivalent to the sum of the outer shell thickness and the foam layer
thickness, and all other geometric parameters correspond to those presented in Figure 9.
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The structural material parameters are as follows: the inner and outer shells, as well as the
annular ribs, are all made of aluminum. The upper and lower cover plates are constructed
from wood. Simultaneously, the material for the inner and outer acoustic fields is air. The
material parameters for wood can be found in Table 3, while the material parameters for
air and aluminum are listed in Tables 1 and 2, respectively.
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Table 3. Material properties of wood.

Material Density (kg/m3)
Elastic Modulus

(GPa) Poisson’s Ratio

Wood 800 2 0.4

5.1. The Influence of Foam Type on the Vibration and Acoustic Radiation Performance of
Cylindrical Shells

In this section, three types of porous sound-absorbing materials, namely polyurethane
foam, acoustic foam, and melamine foam, will be selected to investigate the impact of
different porous internal structures on the vibration and acoustic radiation performance of
micro-perforated laminated shells.

Porous material structures consist mainly of a complex network of interlacing foam
skeletons and internal pores that include closed, half-open, and open pores. Consequently,
studying sound propagation within porous materials at a microscopic scale presents a
challenge. The Johnson–Champoux–Allard (JCA) porous material model is an equivalent
fluid model utilized for simulating the propagation of sound waves in porous materials.
Five acoustic parameters, namely porosity, static flow resistivity, tortuosity factor, viscous
characteristic length, and thermal characteristic length, are employed to comprehensively
describe the internal sound field propagation in porous materials [28,29]. This enables
a thorough characterization of the acoustic behavior of such materials. Based on this
methodology, porous sound-absorbing materials are considered as a special fluid medium
for simulation purposes. The acoustic parameters for the three types of porous material
structures are presented in Table 4. Based on this, the vibration and acoustic radiation
performance of the micro-perforated laminated shell when 40 mm of different types of
foam is applied is calculated and solved in the frequency range, as shown in the radiation
acoustic power level frequency spectra in Figure 16. From the figure, it can be observed that
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within the 300–810 Hz frequency range, the application of sound-absorbing foam effectively
reduces the radiation acoustic power level, with polyurethane foam performing the best,
followed by melamine foam, and acoustic foam showing the poorest performance. Within
this frequency range, the overall trend of the structural radiation acoustic power level curve
is reduced with the application of foam. Specifically, the application of polyurethane foam,
acoustic foam, and melamine foam can reduce the structural radiation acoustic power level
by up to 11.14 dB, 2.52 dB, and 3.17 dB, respectively. In the 900–1000 Hz frequency range,
sound-absorbing foam once again demonstrates its effectiveness in reducing the structural
radiation acoustic power level, with polyurethane foam showing the most remarkable
performance.

Table 4. Parameters of different porous materials for sound-absorbing foam.

Types of
Materials Porosity

Static Flow
Resistivity
(Pa·s/m2)

Tortuosity Factor
Viscous

Characteristic
Length (mm)

Thermal
Characteristic
Length (mm)

Polyurethane foam 0.97 87,000 2.52 0.037 0.119
Acoustic foam 0.823 15,023 1.0 0.034 0.091

Melamine foam 0.973 13,000 1.05 0.064 0.207
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5.2. The Influence of Sound-Absorbing Foam Thickness on the Vibration and Acoustic Radiation
Performance of Cylindrical Shells

To investigate the effect of sound-absorbing foam thickness on the vibration and acous-
tic radiation performance of micro-perforated laminated cylindrical shell structures, while
keeping the structural geometry parameters and material parameters unchanged, finite
element simulation models were established by varying only the thickness of the sound-
absorbing foam to 20 mm, 30 mm, and 40 mm, respectively. The vibration and acoustic
radiation performance of the micro-perforated laminated cylindrical shell at different foam
thicknesses in the 1–1000 Hz range was explored, and the calculated radiation acoustic
power level frequency spectra are shown in Figure 17.

According to the graph, an increase in polyurethane foam thickness leads to a signif-
icant reduction in the structural radiation acoustic power level curve in the 380–810 Hz
frequency range. Structures with 20 mm, 30 mm, and 40 mm foam can reduce the level of
radiation acoustic power up to 3.66 dB, 7.3 dB, and 11.14 dB, respectively, when compared
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to the scenario without foam. Considering the overall radiation acoustic power level, in the
frequency range of 1–1000 Hz, structures with 20 mm, 30 mm, and 40 mm polyurethane
foam have radiation acoustic power levels of 126.76 dB, 126.33 dB, and 126.01 dB, corre-
spondingly. This implies that as the foam thickness increases, the overall radiation acoustic
power level decreases.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 19 of 23 
 

 

Figure 17. Structural radiated sound power level spectra for different foam thicknesses. 

5.3. The Influence of Sound-Absorbing Foam Coverage Rate on the Vibration and Acoustic  

Radiation Performance of Cylindrical Shells 

To investigate the impact of sound-absorbing foam coverage rate on the vibration 

and acoustic radiation performance of micro-perforated laminated cylindrical shell struc-

tures, while keeping the other geometric parameters and material parameters constant, 

finite element simulation models were established for the influence of 40 mm polyure-

thane foam within the frequency range. Models with foam coverage rates of 0%, 20%, 60%, 

and 100% were sequentially created, and the simulated structural radiation acoustic 

power level frequency spectra are shown in Figure 18. 

As observed from the graph, in the 1–300 Hz and 810–900 Hz frequency ranges, the 

structural radiation acoustic power level curves for different foam coverage rates are es-

sentially consistent, indicating that sound-absorbing foam has a lower effect in the low-

frequency range and does not significantly affect the structural outward radiation acoustic 

power. In the 300–810 Hz and 900–1000 Hz frequency ranges, as the foam coverage rate 

increases, the structural radiation acoustic power level curves noticeably decrease. This is 

due to the increase in the structure’s internal sound energy absorption associated with the 

increase in polyurethane foam coverage rate, thereby reducing the structural radiation 

acoustic power level. From an objective standpoint, the structures with 0%, 20%, 40%, 

60%, 80%, and 100% coverage of polyurethane foam were tested for overall radiation 

acoustic power levels within the 1–1000 Hz frequency range. Results showed respective 

dB levels of 127.2, 126.80, 126.43, 126.26, 126.04, and 126.01. These findings suggest that 

the micro-perforated laminated cylindrical shell exhibits optimal acoustic performance 

with full foam coverage. Compared to the scenario without foam, the structures’ overall 

radiation acoustic power levels decrease by 0.4 dB, 0.77 dB, 0.94 dB, 1.16 dB, and 1.19 dB. 

The reduction magnitude diminishes as the coverage rate increases. 

Figure 17. Structural radiated sound power level spectra for different foam thicknesses.

5.3. The Influence of Sound-Absorbing Foam Coverage Rate on the Vibration and Acoustic
Radiation Performance of Cylindrical Shells

To investigate the impact of sound-absorbing foam coverage rate on the vibration and
acoustic radiation performance of micro-perforated laminated cylindrical shell structures,
while keeping the other geometric parameters and material parameters constant, finite
element simulation models were established for the influence of 40 mm polyurethane foam
within the frequency range. Models with foam coverage rates of 0%, 20%, 60%, and 100%
were sequentially created, and the simulated structural radiation acoustic power level
frequency spectra are shown in Figure 18.
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As observed from the graph, in the 1–300 Hz and 810–900 Hz frequency ranges,
the structural radiation acoustic power level curves for different foam coverage rates are
essentially consistent, indicating that sound-absorbing foam has a lower effect in the low-
frequency range and does not significantly affect the structural outward radiation acoustic
power. In the 300–810 Hz and 900–1000 Hz frequency ranges, as the foam coverage rate
increases, the structural radiation acoustic power level curves noticeably decrease. This
is due to the increase in the structure’s internal sound energy absorption associated with
the increase in polyurethane foam coverage rate, thereby reducing the structural radiation
acoustic power level. From an objective standpoint, the structures with 0%, 20%, 40%,
60%, 80%, and 100% coverage of polyurethane foam were tested for overall radiation
acoustic power levels within the 1–1000 Hz frequency range. Results showed respective
dB levels of 127.2, 126.80, 126.43, 126.26, 126.04, and 126.01. These findings suggest that
the micro-perforated laminated cylindrical shell exhibits optimal acoustic performance
with full foam coverage. Compared to the scenario without foam, the structures’ overall
radiation acoustic power levels decrease by 0.4 dB, 0.77 dB, 0.94 dB, 1.16 dB, and 1.19 dB.
The reduction magnitude diminishes as the coverage rate increases.

5.4. The Influence of Sound-Absorbing Foam Placement on the Vibration and Acoustic Radiation
Performance of Cylindrical Shells

The results from Sections 5.3 and 5.4 demonstrate the enhanced vibration and acoustic
radiation performance of the structure with varying degrees of thickness and coverage
rate of polyurethane foam. Nevertheless, the magnitude of improvement in the structural
radiation acoustic power level decreases with an increase in foam coverage rate. To
further investigate the impact of foam placement on the vibration and acoustic radiation
performance of the structure, this section will examine the effect of the location of the
foam placement.

To examine the effect of sound-absorbing foam positioning on the vibrational and
acoustic radiation performance of micro-perforated laminated cylindrical shell structures,
while maintaining constant geometric and material parameters, the foam is divided into
five layers based on rib arrangements and numbered from top to bottom as 1–5. Four
foam placement methods have been chosen, as demonstrated in Figure 19. All foam
placements are polyurethane, and the disparities in the figure are for elucidating the
placement methods. Assuming a foam thickness of 20 mm and a coverage rate of 60%
inside the cylindrical shell cavity, this section examines the vibration and acoustic radiation
performance of the micro-perforated laminated cylindrical shell subjected to different foam
placement methods.
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We created finite element simulation models for four foam placement schemes with
a thickness of 20 mm, solving the vibration and acoustic radiation performance of the
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micro-perforated laminated cylindrical shell in the frequency range of 1–1000 Hz under
free conditions. The computed results are displayed in Figure 20.
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positions for 20 mm foam.

From the graph, it can be observed that the trends in structural radiation acoustic
power levels for the four placement schemes are essentially the same. Moreover, in the
400–800 Hz frequency range, the curve for Scheme 2 is the lowest, the curves for Scheme
1 and Scheme 3 coincide, while the curve for Scheme 4 is the highest. This is attributed
to the fact that the internal point force is located at the center of the inner shell, and the
point source is positioned at the center of the inner acoustic field. Therefore, centrally and
concentratedly distributed schemes are more effective in attenuating sound waves. Scheme
1 and Scheme 3 are symmetrically placed, and they have the same effect for symmetric
external loads. Scheme 4 is symmetrically dispersed, and in this scheme, some foam has
no effect on the middle region of sound waves, resulting in a higher structural radiation
acoustic power level. From the perspective of overall radiation acoustic power level, in
the 1–1000 Hz frequency range, the overall structural radiation acoustic power levels for
Schemes 1–4 are 126.9 dB, 126.81 dB, 126.9 dB, and 126.91 dB, respectively. The maximum
difference in overall radiation acoustic power level among the four schemes is only 0.1 dB.
Therefore, changing the placement location has a relatively small impact on the structural
radiation acoustic power level.

6. Conclusions

This study employs a finite element simulation analysis method and introduces micro-
perforation acoustic parameters into the acoustic–vibration coupling model of laminated
cylindrical shells. The accuracy of the finite element modeling method is verified through
comparisons with experimental results from the literature. Based on this, the study in-
vestigates the influence of structural parameters, micro-perforation characteristics, foam
materials, and foam installation methods on the vibration and acoustic radiation perfor-
mance of laminated cylindrical shell structures within the 1–1000 Hz frequency range. The
primary research work and findings of this paper are as follows:

1. Under the simultaneous excitation of point force and point source, perforations in the
inner shell effectively reduce the radiation acoustic power level at the characteristic
frequency of the shell and reduce the number of acoustic structural resonance peaks,
thereby lowering the structural radiation acoustic power level. Within the selected
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parameter range, as the micro-perforation rate and perforation diameter increase,
the overall structural radiation acoustic power level decreases significantly, and the
corresponding peaks decrease. However, due to its narrow operating range, the
reduction in the overall structural radiation acoustic power level is not significant;

2. In the frequency range of 1–1000 Hz, the position of sound-absorbing foam has
the most significant impact on the vibration and acoustic radiation performance of
the structure within the 300–810 Hz frequency range. Various types of foam can
lessen the acoustic power level caused by structural radiation, with polyurethane
being the optimal choice for reducing it up to 11.14 dB. Nonetheless, the foam’s
placement has no effect on the natural vibration frequencies of the structure. When
the foam thickness varies within the 80–810 Hz frequency range, the overall level of
acoustic power radiated by the structure declines as the foam thickness increases. The
performance reaches its maximum at a thickness of 40 mm, resulting in a decrease of
up to 11.14 dB;

3. In the 300–810 Hz and 900–1000 Hz frequency ranges, as the sound-absorbing foam
placement rate increases, the structural radiation acoustic power level gradually
decreases, and the reduction values gradually diminish. Compared to the situation
without the placement of sound-absorbing foam, the overall structural radiation
acoustic power level is reduced by 0.4 dB, 0.77 dB, 0.94 dB, 1.16 dB, and 1.19 dB
when 20%, 40%, 60%, 80%, and 100% foam is placed, respectively, indicating that the
acoustic performance of the micro-perforated laminated cylindrical shell is optimal
when fully equipped with foam;

4. In the frequency range of 1–1000 Hz and with no change in foam thickness, a 60%
placement rate has a minimal effect on the level of structural radiation acoustic power,
as the foam thickness is less than 6% of the cavity radius and only the placement
location was modified. This finding indicates that to achieve better noise reduction
results in practical applications, the relationship between foam thickness and acoustic
wavelength must be considered.
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