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ABSTRACT

With the growing global environmental awareness, the development of renewable and green materials has gained
increased worldwide interest to substitute conventional materials and are favorable for sustainable economic
development. This paper proposed a novel eco-friendly sound absorbing structure (NSAS) liner for noise reduc-
tion in elevator shafts. The base layer integrated with the shaft walls is a damping gypsum mortarboard, and a
rock wool board and a perforated cement mortarboard are used to compose the NSAS. Based on the acoustic
impedance theory of porous materials and perforated panels, the sound absorption theory of the NSAS was pro-
posed; the parameter effects of the rock wool board (flow resistivity, porosity, structure factor) and perforated
panel (perforated rates, thickness, density, perforated diameter) on NSAS absorption were discussed theoretically
for absorption improvement, and experiments were also conducted. Numerical results showed that the perfora-
tion rate, the thickness of the perforated plate, and the porosity, flow resistance, and volume density of the rock
wool board played a key issue in the absorption performances of the NSAS. Experiments verified the accuracy of
the proposed theoretical model. Wideband sound absorption performance of the NSAS at frequencies between
500-1600 Hz was achieved in both numerical analysis and experiments, and the sound absorption coefficient
was improved to 0.72 around 1000 Hz after parameter adjustments. The NSAS proposed in this paper can also
be made of other renewable materials with preferable structure strength and still has the potential to broaden the
absorption bandwidth. It can provide a reference for controlling the elevator shaft noise.
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1 Introduction

To relieve the threat of wastes in modern urban, using renewable materials has been considered an
effective strategy to reduce the quantity of accumulative plastic wastes. For instance, biodegradable
materials [1], renewable biobased materials [2], renewable polymeric materials [3], biomass-derived
renewable carbon material [4,5] are widely utilized to substitute conventional materials and are favorable
for sustainable economic development. Multiscale architected porous materials, for example, can offer
optimized energy conversion and storage opportunities due to their controllable porosity, high surface
area to-volume ratio, large pore volume, and topological tunability of their underlying architecture [6].
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Porous materials can also be utilized for sound absorption in noise control engineering. Due to the sound
absorption mechanism, porous materials can be made of a variety of renewable materials, such as metal,
as long as the porous material has internal and external connected pores. In many practical applications, a
porous layer usually need to be covered by a perforated facing (i.e., a hard perforated panel) to protect
the porous material and improve the surface stiffness of the structure. The so-called perforated panel is
another type of sound absorbing structure, which is composed of the surface perforated panel and the
backed air cavity. The perforated panel can also be made of any renewable materials with preferable
structure strength, such as metal, biodegradable plastic, and renewable polymeric materials.

Elevator shaft noise is one of the main pollution sources in the residential environment. Since some of
the living rooms and bedrooms are adjacent to the elevator shaft, noise and vibration occur during elevator
operations and propagate into the indoor environment, negatively impacting people’s life and health [7,8].
For this reason, it is important to solve the problem of effectively controlling the noise of elevator shafts
in buildings. In recent years, with increasing demand for sound environment quality, numerous efficient
sound absorption and vibration reduction techniques have been proposed [9-12]. Sound-absorbing
materials and structures are widely used in noise control [13—15]. As a sound-absorbing material with
low density and environmental protection, rock wool board material has been applied to the compound
structure of building envelope, partition wall, and engineering sound absorption and noise reduction [16].
Because the rock wool has countless micro holes composed of air, particle vibration velocity varies with
time and space in sound propagation. The velocity gradient causes the viscous force and internal friction
between neighboring particles interacting with each other, which hinder the motion of the particles. Thus,
sound energy is continuously converted into heat energy. In addition, the temperature gradient is caused
by the temperature and the different densities of the particles in the sound-propagating medium. Heat
transfer occurs between adjacent particles, and the sound energy is constantly transformed into heat
energy. When sound-absorbing materials are combined with other materials, the sound-absorbing
performance of this kind of composite sound-absorbing structure can be improved [17—-19], especially at
low frequencies [20-22]. In addition, in order to improve the vibration resistance of the composite sound
absorption structure, a damping layer in the NSAS can effectively enhance the mechanical properties and
damping characteristics of the structure [23,24].

Using Helmholtz resonators is also a basic method to increase the absorption coefficient of absorbers
[25-28]. Liu et al. [29] proposed a gradually perforated porous material backed by a Helmholtz resonant
cavity. The gradually perforated porous material was divided into a series of thin layers, and the acoustic
properties of each layer were modeled by the double porosity theory. To achieve the surface acoustic
impedance of the absorber, the backed Helmholtz resonant cavity and the connection between these thin
layers were modeled by applying the transfer matrix method. Results showed that the gradually
perforated hole substantially improved the impedance match between the material and air to enhance
broadband sound absorption. Meanwhile, the backed Helmholtz resonant cavity brought a low-frequency
sound absorption peak to augment sound absorption. The proposed absorber led to an excellent
combination of low-frequency and broadband sound absorption. Li et al. [30,31] proposed a novel type
of thin and lightweight sound absorber composed of melamine foam and a hollow perforated spherical
structure with extended tubes to enhance low-frequency sound absorption performance. Compared with
the native melamine foam, the proposed absorber could greatly improve the low-frequency sound
absorption while retaining the mid-to high-frequency sound absorption, and the thickness of the proposed
absorber was less than 1/28 of the wavelength.

Compositing with perforated panels and porous materials is another method of improving the absorption
performance of absorbers. Peng [32] proposed an acoustical unit composed of a rigid-porous material layer
with a perforated surface and predicted the sound absorption of pure tones under normal incidence at high
sound pressure levels. The sound absorptive performance of the three typical configurations of the acoustical
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unit was tested under different incident sound pressure levels. Results showed that the interference effect was
related to the air gap width between the perforated panel and the porous layer. The air gap width changed the
linear and nonlinear acoustic impedance of the unit and, consequently, the sound absorptive properties. Li
et al. [21,33] proposed a compound sound absorber consisting of perforated plates with extended tubes.
And different types of absorbers with various combinations with three parallel-arranged plates with
extended tubes, a porous sound-absorbing material layer, and a micro-perforated panel were proposed.
The proposed combinations showed superior sound absorption performance exceeding three octaves in
the targeted frequency range. Other researchers [34—36] have also studied the absorption performance of
perforated plates supported by porous materials and found that the composite structure has a wider
bandwidth of sound absorption performance.

Using Composite absorbers with multilayer structures with different materials can significantly improve
absorption performance. Kim et al. [37] proposed a double-resonance porous sound absorption structure,
which could obtain the best sound absorption performance by adjusting the design parameters and
improved the sound absorption performance of the middle and low-frequency band. The design method
provided a certain research basis for the design of the sound absorption performance of the middle and
low-frequency porous sound absorption structure. VaSina et al. [38—42] found that the change of the
parameters on the sound absorption performance is large. The study provided a certain basis for the
design of composite sound absorption products and a reference for the optimization of design parameters
of porous sound absorption structures. Improving the sound absorption performance of elevator shafts to
reduce noise interference to the environment is an important research field. Ahsanfar et al. [43] studied
the sound absorption performance of a hierarchical cellular structure of the absorption device used in
elevator shafts.

As stated above, to improve the sound environment quality in the indoor environment, different methods
(applications of Helmholtz resonator, changing the structure of the compound absorbers, a variety of different
sound-absorbing material, the combination of parameter adjustment) have been proposed to improve the
sound absorption performance of absorbers, and theoretical analysis and experiments have been carried
out. However, there is still a lack of relevant application work in elevator shaft noise control. Few pieces
of research have been conducted on the application of reduction of noise and vibration generated by
elevator operation.

This paper proposes a novel sound absorbing structure (NSAS) liner for noise control in elevator shafts,
composed of a perforated plate, a rock wool board and a damping layer. The theoretical model of NSAS
sound absorption coefficient is proposed and verified by experiments. Based on the model, the effects of
porous board (flow resistance, porosity, and shape factor) and perforated plate (perforation rate, thickness,
aperture and density) on NSAS sound absorption coefficient under normal incidence and summarized.
Additionally, two samples of NSAS were proposed based on the theoretical model.

2 Theory

2.1 Geometry of the NSAS

As shown in Fig. 1a, the NSAS consists of a perforated panel, a sound absorption board, and a damping
sound insulation layer. The bottom and surface of the sound absorption board are bonded with cement mortar
and damping gypsum mortar respectively, by mechanical smearing technology. The perforated surface of the
NSAS has been strengthened with alkali-resistant mesh cloth or glass fiber cement. In Fig. 1b, the NSAS is
located inside and outside of the concrete of the elevator shaft, and is connected by concrete slurries and
embedded anchors. The NSAS forms an integrated system with the concrete. The installation process
would be optimized and is superior to traditional ways by using the NSAS, improving the safety and
convenience of the construction and the sound absorption performance of the elevator shaft.
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Figure 1: (a) A diagram of the novel sound absorbing structure for noise reduction; (b) the application of the
novel sound absorbing structure liner in elevator shafts

2.2 Theory Model

Viscosity, internal friction, and heat conduction effects lead to the sound absorption of porous materials.
When the sound waves, there is a velocity gradient in the particle vibration, and viscosity or internal friction
between adjacent particles hinders particle movement and converts the sound energy into heat energy.
Additionally, due to the different densities of the media particles in the process of sound wave
propagation, the temperature of the media is also different, resulting in a temperature gradient and heat
conduction between adjacent particles, and sound energy converts into heat energy. Parameters affecting
the absorption performance of porous materials include flow resistivity, porous rates, pore shape factor,
and panel thickness. According to the sound-absorbing theory proposed by Attenborough [44], the
specific impedance characteristics of porous materials without a backed air cavity can be expressed as:

Zn = Zycoth (jk,d) (H
(AT 40, \ (2nf

“= (55 ) () @
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In Egs. (1)—(3), Zy is the specific characteristic impedance of the porous material with or without backed
air cavity (no airflow); Z, and k, represent the characteristic of specific impedance and the propagation
constant inside the porous material, respectively; j is the imaginary unit; Parameter a is defined by
a =4/3 = [(y = 1)/y]N,,, where N, is the Prandtl number and can be 0.71 at room temperature; ¢, d, £,
and T are the speed of sound in air, thickness of the porous panel, porosity, and tortuosity inside the
media, respectively; f'is the frequency in Hz; p, and y denote the density and the ratio of specific heats of

air, separately; o, denotes the effective flow resistivity, and is defined as follows [45]:
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o, = 48,S,0/9 “4)

In Eq. (4), Sp is the pore shape factor; o is the flow resistivity of the media with a unit of cgs (1 cgs = 1k
Pasm ).

When a perforated plate covers the surface of porous material, extra absorption is achieved at low
frequencies due to the absorption mechanism of perforated panels and the backed air cavity, and the so-
called NSAS is formed. Perforated plates and the air cavity behind the plates can form a resonance sound
absorption structure, which can be regarded as multiple paralleled-arranged Helmholtz resonators. When
the frequency of the incident sound is consistent with the resonance frequency of the structure, intense
vibration and friction will be generated at perforated necks to strengthen the sound absorption and form
the sound absorption peak. Parameters affecting the perforated plate’s absorption performance include
plate thickness, aperture, perforation rates, and plate density. When the backed air cavity is filled with
porous materials, the resonance peak moves to higher frequencies, improving the sound absorption
coefficient. When a perforated plate covers the porous liner, the characteristic impedance of the NSAS
surface can be expressed as [46]:

100
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It should be noted that the Eq. (5) is established on the basis of electro-acoustic analogies. It is a useful
method for the solution of many tasks in acoustics by describing the relationship between acoustic elements
with electrical circuit and thus obtaining the characteristics of the acoustic system.

And the normal incidence sound absorption coefficient of the NSAS can be defined as:
4R€(ZNP)
o =
(Re(Znp) + 1)* + Im(Zp)’

(7

In Eq. (5), Znp is the surface characteristic impedance of NSAS, and /,, w, P, R, represent the effective
length of each perforated hole, angular frequency, perforated rates, acoustic resistance of each perforated
hole, respectively; Parameters 4, M and m are the sizes of each perforated hole, the Mach number of
airflow through perforated holes, and mass per unit area of the perforated plate, respectively. In Eq. (6),
a, I, and # denote perforated diameter, length of a perforated hole, and shear viscosity coefficient of air;
k = 2xf/c is the wave number.

3 Numerical Discussions

3.1 Effects of NSAS Parameters on Sound Absorption Performance

Numerous parameters affect the sound absorption performance of the NSAS, including flow resistivity,
porosity, and pore shape factor of the porous material as well as perforation rates, perforated diameter, panel
thickness, and density of the perforated panel. This section discusses the effects of the above parameters on
the sound absorption performance of the NSAS based on the analytical theory proposed in Section 2. The
parameter range of the NSAS used in the numerical discussions is shown in Table 1.
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Table 1: Parameter settings in the numerical discussions on the effects of parameters on absorption coefficients
of the composite structure

Parameters of porous material Parameters of perforated panel
Flow Porous Pore shape Thickness Perforated Thickness Diameter of Density/
resistivity/  rates factor rates/% perforated holes/mm kg/m’
cgs
50-600 0.9 2 13 4 6 8 450
400 0.001- 2 13 4 8 450
0.9
400 0.9 1-9 13 4 6 8 450
400 0.9 2 10-50 4 6 8 450
400 0.9 2 13 4-34 6 8 450
400 0.9 2 13 4 1-9 8 450
400 0.9 2 13 4 6 0.6-8 450
400 0.9 2 13 6 6 8 450-
1050

The effects of parameters of porous material on the sound absorption coefficient of the NSAS are
studied, and the overall thickness of the NSAS is set as 28 mm. As for the flow resistivity (from 50 to
600 cgs) shown in Fig. 2a, the absorption coefficient increases significantly with the increase of flow
resistivity, and the absorption peak is located at 540 Hz. For the porosity (from 0.001 to 0.9), as shown in
Fig. 2b, with the increase of porosity, the absorption coefficient decreases, and the absorption peak moves
to lower frequencies. For the pore shape factor (from 1 to 9), as shown in Fig. 2c, with the increase of
shape factor, the sound absorption coefficient increases significantly, and the absorption peak moves to
higher frequencies. As for the thickness of the sound absorbing material (10-50 mm), the composite
structure’s sound absorption coefficient increases with the thickness of porous material layer. The effects
are particularly significant at low frequencies, while limited at high frequencies. However, limited effects
can also be observed by theoretical analysis, when large thickness of the composite, such as more than
200 mm, is adopted.

The effect of perforated panel parameters on the sound absorption performance of the NSAS is
conducted, and the overall thickness of the NSAS is set as 28 mm. For the perforated rate (from 4% to
34%), as shown in Fig. 3a, the absorption coefficient increases significantly with the increase of
perforation rate, and the absorption peak shifts to higher frequencies. For the panel thickness (from 1 to
9 mm), as shown in Fig. 3b, with the increase of thickness, the absorption coefficient decreases and the
absorption peak moves to lower frequencies. As for the perforation diameter (from 0.6 to 8 mm), as
shown in Fig. 3c, the absorption coefficient increases slightly, and the absorption peak moves to higher
frequencies. For the perforated panel density (from 450 to 1050 kg/m?), as shown in Fig. 3d, with the
increase of density, the sound absorption coefficient decreases slightly, and the absorption peak shifts
slightly to lower frequencies.
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Figure 2: Sound absorption coefficients of the NSAS with different porous parameters of (a) flow resistivity,
(b) porousrate, (c) shapefactor, (d) thickness

3.2 Summaries on Parameter Effects

The effects of parameters on sound absorption performance of the NSAS are summarized in Table 2
based on the analytical results in Section 3.1. It can be seen that the parameters of porous material, as
well as the perforated rate and thickness of the perforated panel, has an significant effect on absorption
performance of NSAS, while the density of the perforated panel shows slight effects. The preferable
absorption coefficient can be thus obtained by determining the suitable values of each parameter of the
NSAS. In addition, noise peak frequency in the elevator shaft can be determined by measurements, which
is the corresponding frequency where the absorption peak of the composite structure is located. Finally,
the absorption peak of the composite structure can be accurately designed and optimized based on the
analytical model in Section 2.2, and the findings in Section 3.1 conclude this work.
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Figure 3: Sound absorption coefficients of the NSAS with different perforated panel parameters of (a)
perforated rate, (b) thickness, (c) perforated diameter, and (d) density

Table 2: Summaries of the effects of the NSAS parameters on sound absorption coefficient

Parameters

The influence on sound absorption coefficient

Porous
material layer

Flow resistivity
Porosity

Pore shape factor

Appropriate values of flow resistivity are suggested to be used for good
absorption performance

Absorption performance gets weaker when dense materials with low
porosity are utilized

When the value of flow resistivity is very small, periodic changes of the
absorption coefficient can be seen at mid-high frequencies with the
increase of the pore shape factor

Slight impact at low frequencies

(Continued)
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Table 2 (continued)

Parameters The influence on sound absorption coefficient

Rock wool The sound absorption coefficient of the composite structure increases

boardthickness  with the increase of the thickness of porous material layer, especially
at low frequencies, while the effect at high frequencies is limited
However, limited effects can also be observed by theoretical analysis
when large thickness of the composite, such as more than 200 mm, is

adopted
Perforated Panel thickness  Absorption performance improves at low frequencies and slight impact
panel at high frequencies with the increase of panel thickness

Perforated rates  Absorption coefficient improves and absorption peak moves towards
higher frequencies with the increase of the perforated rate

Perforated Absorption performance improves when a smaller perforated diameter
diameter is applied
Density Absorption coefficient decreases slightly and absorption peak moves

towards lower frequencies with the increase in density

4 Experiments

Experiments are conducted to measure the normal incident absorption coefficient of the NSAS on the
basis of the two-microphone transfer function method according to the standard ISO 10534-2 [47]. The
impedance tube with a rectangular cross section is shown in Fig. 4a. Hard acrylic with a cross section
size of 100 mm x 100 mm and a thickness of 15 mm constitutes the experimental frame. The front tube
of the standing wave tube is connected with the sound source, and one end of the back tube is the closed
end of the specimen. The first cut-on frequency in this duct is about 1700 Hz, with the effective
measurement range from 50 to 1600 Hz. A photo of the experimental equipment is shown in Fig. 4b.
Two 1/2-inch G.R.A.S Type 40AP microphones are mounted on the duct wall flush with the interior
surface of the wall to measure the acoustic pressures inside the duct. The distance between the two
microphones is 5 mm. A 3.5-inch HiVi-M3S Type loudspeaker is installed at the end of the duct and
driven by a B&K 2716 Type amplifier. The sample under test is mounted on the other end of the duct.
The sound signal is generated and processed by the B&K PULSE 3560D system. The NSAS sample
should not be excessively compressed, nor should it be installed too tightly so that the sample is extruded
and deformed. The gaps around the sample are blocked by plasticine to make the sample installation
more stable. Parameters of the two NSAS cases used in experiments are given in Table 3.

Sound absorption coefficients of two NSAS cases are presented in Fig. 5 by theoretical prediction and
experiment. The corresponding parameters are given in Table 3. It can be seen that the measured results
showed good agreement with the predicted results, indicating the reliability of the analytical model of the
NSAS in predicting the sound absorption coefficient. A sharp absorption peak with a frequency of
500 Hz and an absorption coefficient of 0.6 can be seen in case 1, with the effective absorption range
(absorption coefficient larger than 0.5) between 400-650 Hz. The improved absorption performance
showed that the value of the absorption peak reached 0.7 with a wide absorption bandwidth and the
effective frequency range of 400-1600 Hz, indicating the efficiency of absorption performance
improvement of case 2 according to the parameter effects in Table 3. Results also showed that reducing
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the thickness of the perforated panel or increasing the thickness of the basic layer could broaden absorption
bandwidth and enhance absorption coefficient. In addition, case 2 has a set of parameters that are more
conducive to improving the sound absorption coefficient of NSAS based on the above parameter
discussion. Through the simulation and experimental comparison between case 2 and case 1, it can be
found that the sound absorption parameters of case 2 effectively improve the sound absorption
performance of NSAS, and it is a relatively optimal parameter combination.
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Figure 4: (a) A schematic diagram of the experiment in impedance tube; (b) a photograph of the experiment

Table 3: Parameters of the NSAS cases

Parameters of perforated panel Parameters of porous material
Thickness  Perforated Diameter of Density/ Flow Pore Porous Thickness/
of rates/% perforated holes/ kg/m®  resistivity/ shape rates ~ mm
perforated mm cgs factor
panel/mm
Case 1 6 4 8 450 400 2 0.9 13

Case 2 2 25 8 450 550 3.011 0.7 17
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5 Conclusions

This study proposed a composite sound-absorbing structure composed of a perforated panel and porous
material layer, which could be applied to the inner wall of the elevator shaft for noise reduction. Due to the
sound absorption mechanism, this kind of sound absorbing structure can be made up of any renewable
materials with preferable structure strength, which not only facilitates sustainable economic development
but also provides sustainable life for our next generation. Specifically, the sound absorption structure in
this paper is composed of a rock wool board as porous material layer and a cement mortar perforated
board. The analytical model on the composite structure’s normal incidence sound absorption coefficient
was proposed and validated. This study generated the following conclusions are summarized as follows:

As for the perforated plate, the perforation rate had the greatest impact on the sound absorption
performance, followed by thickness, aperture and density of the plate.

As for the porous material, the flow resistance had the greatest impact on the sound absorption
performance, followed by the porosity and structure factor.

By increasing the thickness, decreasing the perforation rates of the perforated plate, or increasing the
porosity of the porous material, the absorption performance of the NSAS at low frequencies could be
improved.

The normal incident sound absorption coefficients of the improved NSAS can reach 0.72 around
1000 Hz. By changing the parameters, the sound absorption bandwidth could be widened.

For actual engineering applications, noise peak frequency in the elevator shaft can be determined by
measurements, which is the corresponding frequency where the absorption peak of the composite
structure is located. Finally, the absorption peak of the composite structure can be accurately designed
and improved on the basis of the numerical finding in this paper.
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