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Aiming at the noise control of the HVDC converter station, a one-dimensional two-port
metamaterial muffler based on the acoustic slow-wave effect is designed and
manufactured. The metamaterial muffler achieves a broadband quasi-perfect
absorption of noise from 600 to 900 Hz while ensuring a certain ventilation capacity. In
addition, the internal equivalent sound velocity curve and the sound pressure and velocity
field of the muffler are used to reveal the mechanism of its broadband quasi-perfect sound
absorption. The performance of the muffler was verified by theoretical, numerical, and
experimental models. The work in this paper is of guiding significance for solving the noise
problem in HVDC converter stations.
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1 INTRODUCTION

In the power grid system, the high-voltage direct current (HVDC) converter station is a kind of
important power conversion equipment. Its primary function is to convert high-voltage
alternating current into direct current or vice versa. The HVDC converter station mainly
includes transformers, reactors, thyristors, AC and DC side filters, and cooling equipment. With
the improvement of people’s living standards, the noise problem in HVDC converter stations
has attracted more and more attention. According to previous research, the main noise in HVDC
converter station is in the low-medium frequency band which will cause serious harm to
personnel exposed to this environment (Li et al., 2016; Zhu et al., 2017; Wang et al., 2020). The
commonly used noise reduction methods are mainly through changing the structure of the main
equipment, traditional sound barriers, and active noise reduction technologies. The muffler is
also a widely used noise reduction tool. It can allow airflow to achieve the purpose of heat
dissipation and prevent the continued propagation of noise, which can better solve the noise and
heat dissipation problems of HVDC.

The sound absorption performance of traditional dissipative mufflers (like porous materials) is
closely related to their thickness, and their ventilation efficiency is not high. While reactive mufflers
(like expansion chambers) are often larger, although they have better ventilation efficiency (Morse
and Ingard, 1968; Munjal, 1987; Yang and Sheng, 2017). In recent years, the emergence of acoustic
metamaterials has made it possible to better solve the noise problem of HVDC. The structure of the
metamaterial mufflers is simple and light. Moreover, they can achieve quasi-perfect sound
absorption of low frequency and broadband under the sub-wavelength size compared with the
traditional mufflers. Also, they have better ventilation efficiency. Huang et al. proposed a drum
muffler with a membrane structure that uses a tensioned diaphragm to form sound reflection by
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coupling a flexible wall and sound waves (Huang, 2002). Wang
et al. proposed a composite elastic plate muffler by combining
sound-absorbing materials and elastic plates (Wang et al., 2007;
Wang and Huang, 2007). Li et al. designed a broadband double-
layer micro-perforated ventilation muffler, which can achieve a
sound absorption coefficient of more than 0.5 in the mid-
frequency range (850–1000 Hz) on the basis of 70% ventilation
efficiency (Li et al., 2018). Kumar et al. proposed a sound-
absorbing muffler with a perforated neck and cavity that can
be ventilated, achieving a sound absorption coefficient of 0.96
(1,000 Hz) at 45% of the opening area (Kumar et al., 2020).
Kumar and Lee designed a wide-band ventilated sound-absorbing
muffler using six folded channels (Kumar and Lee, 2020). Cheng
et al. proposed a Mie resonator formed by eight symmetrical
coiled cavities to achieve “slow sound velocity” noise reduction.
(Cheng et al., 2015). Raze et al. introduced the Fano resonance
concept into acoustics and proposed a spiral ventilation muffler
(Raze et al., 2019).

At present, in addition to traditional mufflers, membrane-
type mufflers and metamaterial mufflers are more researched.
However, membrane-type mufflers face problems in terms of
installation and durability. In contrast, metamaterial mufflers
mostly rely on sound absorption and sound reflection to
achieve narrow-band perfect absorption or broadband low-
absorption coefficient goals. Furthermore, most mufflers have
not studied the balance between acoustic and ventilation
performance, making these structures unusable in some
scenes requiring ventilation and heat dissipation. Therefore,
a muffler with a wide frequency band, high absorption
coefficient, and good ventilation efficiency is urgently
needed to solve the noise problem of HVDC.

In this work, aiming at the noise problem of HVDC, we design
a metamaterial muffler based on the acoustic slow-wave effect.
The muffler is composed of multiple arrays of Fabry–Pérot (F–P)

resonators, which can achieve broadband quasi-perfect
absorption of sound waves in the middle and low-frequency
bands and ensure a certain ventilation capacity. At the same time,
compared with the traditional two-side open mufflers, the
metamaterial muffler breaks the limitation of the sound
absorption coefficient of less than 0.5. It can better solve the
noise problem and heat dissipation problem of HVDC.

The remainder of this paper is structured as follows: Section 2
describes the metamaterial muffler design and the theory; Section
3 and Section 4 respectively verify the sound absorption
performance of the muffler and analyze the mechanism of
noise reduction; the study is concluded with final remarks in
Section 5.

2 STRUCTURE AND THEORY

Most of the existing mufflers can be used for theoretical analysis
of their acoustic response with a one-dimensional two-port
acoustic waveguide model (Merkel et al., 2015). This type of
systemmainly relies on the acoustic wave loss structure placed on
the edge of the air duct to dissipate the energy of the grazing
sound wave. This model can be simplified as a point-symmetric
scattering structure, and the sound absorption coefficients are all
less than 0.5. According to Merkel’s research, if we can adjust the
size to make the transmission coefficient and reflection coefficient
at the target frequency equal to 0.5, the sound absorption
coefficient can be set to 1. Considering that many dimensions
affect the transmission coefficient and reflection coefficient of the
Helmholtz resonator, the adjustment is more complicated, so we
chose the F-P resonator as the basic structure to design the
metamaterial muffler. Because the sound absorption
performance of the F-P resonator is only related to the side
length of the cross-section, and the resonance frequency is only

FIGURE 1 | (A) The external schematic diagram of the metamaterial muffler; (B) The interior schematic diagram of the metamaterial muffler.
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related to the length of the resonator, which is more convenient to
control (Xie and Wang, 2021).

Figure 1 shows the external and internal specific structures of
the designed metamaterial muffler. Figure 1A shows the external
dimensions of the muffler. The length W, width L, and height of
the muffler are all 100 mm. Figure 1B shows the internal details
of the muffler. The entire muffler is divided into ten units,
arranged in sequence along the x direction. The ventilation
holes are located in the center of the structure. Each unit is
composed of four identical coiled F-P tubes. The cross-sectional
side lengths of the F-P tube are p and qi. And the length is hi. The
thickness t of the partition between the unit is 1 mm. The
thickness a of the unit is p + 2t, and the side length of the
ventilation hole is wi. Here the subscript i represents the unit
number.

The size parameters of each unit are shown in Table 1.
In order to derive the theoretical model of the muffler, we

simplify Figure 1 as a 1/2 cross-sectional view of the x-y plane
of the muffler in Figure 2. To facilitate the visual display of the
height difference of the F-P tubes of each unit, we replace the
coiled pipes with long straight tubes. It can be seen that the
cross-sectional size and length of the four F-P tubes of the
same unit are the same. The length h of the F-P tubes of each
unit changes gradually, from 94 mm (i � 1) to 140 mm (i � 10)
uniformly.

Next, we use the transfer matrix method to derive the
theoretical model of the muffler. We define the sound pressure
of the sound wave as p, and the normalized sound velocity in the
horizontal direction as vx. Assuming that there are only plane
waves in the waveguide, according to the continuous boundary
conditions of sound pressure and velocity, we can get,

[ p
vx

]
x�0

� T[ p
vx

]
x�L

� [T11 T12

T21 T22
][ p

vx
]
x�L

,

where T is the system transfer matrix. T can be derived from the
transfer matrix of N central through holes of different sizes and
the F-P tubes coiled around. As shown in the following formula,

T � M[i]
Δd ∏i�10

i�1
M[i]

d M[i]
FPM

[i+1]
Δd ,

whereM[i]
d is the transfer matrix of the central through hole of the

i-th unit, M[i]
FP is the transfer matrix of the F-P tubes of the i -th

unit, M[i]
Δd is the modified transfer matrix item of the central

through hole of the i -th unit considering the radiation effect.
Due to the small cross-sectional area of the central through-

hole and the F-P tube, we should consider the visco-thermal
losses. So, we introduce the equivalent complex index. The
medium is air with mass density ρ0 � 1.213kg/m3, sound
speed c0 � 343 m/s, atmospheric pressure P0 � 101 325 Pa,
dynamic viscosity η � 1.79 × 10−5 kg/(m · s), specific heat ratio
c � 1.4, Prandtl number Pr � 0.7167. The equivalent complex
density ρ[i]d and equivalent bulk modulus κ[i]d of the central
through-hole air can be expressed as (Jimenez et al., 2017),

ρ[i]d � ρ0⎡⎣1 − tanh(ωi
2 Gρ)

ωi
2 Gρ

⎤⎦−1,
κ[i]d � k0⎡⎣1 − (γ − 1) tanh(ωi

2 Gκ)
ωi
2 Gκ

⎤⎦−1,
where Gρ � 

iωρ0/η
√

, Gκ � 
iωPrρ0/η

√
, the air bulk modulus κ0 �

cP0.
Next, we can get the transfer matrix of the central through hole

of the i -th unit M[i]
d ,

M[i]
d �

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
cos(k[i]d ai

2
) iZ[i]

d sin(k[i]d ai
2
)

i

Z[i]
d

sin(k[i]d ai
2
) cos(k[i]d ai

2
)

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦,
where k[i]d is the equivalent complex wave number of the central
through hole of the i -th unit, Z[i]

d �

κ[i]d ρ[i]d /S[i]d

√
is the

normalized equivalent impedance of the central through hole
of the i -th unit, S[i]d � w[i]

d × w[i]
d is the cross-sectional area of the

central through hole of the i -th unit.

TABLE 1 | Dimensions of each unit.

i p/mm qi/mm wi/mm hi/mm

1 8.0 8.0 70 94
2 8.0 8.0 70 99
3 8.0 8.5 65 104
4 8.0 8.5 65 109
5 8.0 8.5 60 114
6 8.0 9.0 60 119
7 8.0 9.0 50 124
8 8.0 9.5 50 129
9 8.0 10.0 50 134
10 8.0 10.0 35 140

FIGURE 2 | The 1/2 section view of the muffler x-y plane.
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According to the existing thermal viscosity expression, the
equivalent complex density ρ[i]d and equivalent bulk modulus
κ[i]d of the F-P tube of the i -th unit can be expressed as (Jimenez
et al., 2017),

ρ[i]FP � − ρ0p
2q2i

4G2
ρ∑m∈N∑n∈N[α2

mβ
2
n(α2

m + β2
n − G2

ρ)]−1,
κ[i]FP � κ0

γ + 4(γ−1)G2
k

p2q2i
∑m∈N∑n∈N[α2

mβ
2
n(α2

m + β2n − G2
k)]−1,

where αm � 2(m + 1/2)π/p, βn � 2(n + 1/2)π/qi.
Similarly, the transfer matrix of the F-P tube of the i -th unit

M[i]
FP is

M[i]
FP � ⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣ 1 0

1

Z[i]
FP

1
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦.

Because of the sudden area change between unit 10 and the
pipe, we also need to consider the error caused by the sound
wave radiating from the waveguide to the free space. The
equivalent length correction term can be expressed as
(Jimenez et al., 2017),

Δl[N]
d � σωN ∑N

m�1

sin2(mπσ)
(mπσ)3 ,

where σ � wi
W. Then, the radiation impedance Z[N]

Δd between the
central through hole of unit 10 and the free space can be
expressed as:

Z[N]
Δd � −iωΔl[N]

d ρ0σ/W
2.

Due to the different cross-sectional area sizes of the central
through holes between different units, there are discontinuities in
the area. So it is also necessary to introduce a correction term to
correct the radiation term of the sound wave. The radiation
correction length from unit 1 to unit 9 can be expressed as:

Δl[i]d � 0.82[1 − 1.35
ωi

ωi−1
+ 0.31( ωi

ωi−1
)3]ωi.

Therefore, we can get the radiation correction impedance of
each unitZ[i]

Δd, then, the central through-hole radiation correction
transfer matrix of the i -th unit M[i]

Δd can be obtained.

Z[i]
Δd � −iωΔl[i]d ρ0σ i/w

2
i ,

M[i]
Δd � [ 1 Z[i]

Δd

0 1
].

After obtaining M[i]
d , M[i]

FP and M[i]
Δd, it is easy to get the

system transfer matrix and then the system equivalent
wavenumber ke, equivalent impedance Ze, equivalent sound
velocity ce, sound energy transmission coefficient T, reflection
coefficient R and sound absorption coefficient A can be
calculated.

ke � a
L
cos(T11 + T22

2
)

Ze �

T11/T21

√
Z0

ce � Re[w
ke
]

T �
∣∣∣∣∣∣∣T11 + T12

Z0
+ (T21 + T22)Z0

∣∣∣∣∣∣∣2
R �

∣∣∣∣∣∣∣T11 + T12/Z0 − T21Z0 − T22

T11 + T12/Z0 + T21Z0 + T22

∣∣∣∣∣∣∣2
A � 1 − T − R,

where the free space air impedance Z0 � ρ0c0.

3 SIMULATION AND EXPERIMENT

To analyze the acoustic performance of the proposed
metamaterial muffler, a theoretical model, a numerical
simulation model, and experiments were used for verification.

The theoretical model was established in MATLAB. The
reflection coefficient and the sound energy transmission
coefficient can be expressed by the system transfer matrix, and
the sound absorption coefficient can then be expressed.

The numerical simulation model was established using the
commercial finite element software COMSOL Multiphysics 5.4.
The pressure acoustic module and the thermoacoustic module
were adopted. The finite element simulation model consists of the
upstream duct air domain, the metamaterial muffler air domain, and
the downstream duct air domain. The pressure acoustic modules
were used in the upstream duct air domain, downstream duct air
domain, and the middle through-hole of the metamaterial muffler.
The thermoacoustic module was used in the air domain of the coiled
F-P tube. The boundaries of the air domain were considered as
acoustic hard boundaries, and boundary-layer meshes with five
layers were applied on the walls of the F-P tube. The incident

FIGURE 3 | Experimental sample of the metamaterial muffler.
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sound wave was a plane wave with unit amplitude incident on the
vertical metamaterial muffler. When the sound waves propagate to
the muffler structure, part is reflected, part is absorbed and
dissipated in the F-P tube, and part is transmitted from the
muffler into the downstream duct. After expressing the
reflection coefficient and transmission coefficient, the sound
absorption coefficient of the muffler can be obtained. In
addition, since the thermoacoustic simulation has more degrees
of freedom and is limited by computer hardware conditions, the
coiled F-P tube is equivalent to a long straight F-P tube.

In the experimental study, the metamaterial muffler was installed
in a square impedance-tube system with a cross-sectional size is
100mm × 100mm. The upper limit frequency is 1700 Hz. We
installed themuffler between the upstream and downstream standing
wave tubes, and the end of the downstream standing wave tube was
filled with a sponge. The sound absorption coefficient was measured
by the standard transfer-function method. The experimental sample
of the metamaterial muffler is shown in Figure 3. The material of the
muffler is PLA resin, and its density, elastic modulus, and Poisson’s
ratio are 1,160 kg/m3, 2.37 GPa and 0.41 respectively. The speed of
sound waves propagating in it is 2230m/s. Since the acoustic
impedance of sound waves propagating in solid structures is
much greater than that in air, the muffler can be regarded as an
acoustic hard boundary. Even if its wall thickness is only 1mm, it is
sufficiently “hard” compared to air.

The sound absorption coefficient curves of the sample
obtained by the theoretical, numerical, and experimental
models are shown in Figure 4.

The red dotted line in the figure is the result obtained from the
theoretical model. The black solid line is the result obtained from the
numerical simulation model. The last blue circle line is the result
obtained from experimental measurements. The theoretical and
simulation results show that the sound absorption coefficient is
mostly maintained above 0.9 in the 600–900 Hz frequency band.
Moreover, the sound absorption coefficient curve has nine sound
absorption peaks. A valley value of the sound absorption coefficient
appears between two adjacent sound absorption peaks. However,
through a reasonable adjustment of the size between the muffler

units, the valley value is also basically higher than 0.8. Combined
with the experimental curves, the overall trend, amplitude, and
position of the critical frequency of the three curves are basically the
same, so it can be considered that the analytical solutions, simulation
values, and experimental values are basically consistent. There is a
certain difference between the experimental value of the sound
absorption coefficient in the individual frequency bands
(500–550 Hz, 700–750 Hz) and the simulated value, and the
maximum error value does not exceed 0.2.

The experimental error is mainly because the accuracy of 3D
printing is not high enough (±0.1mm). Moreover, the experimental
boundary conditions are difficult to ensure the same as the ideal
conditions in the simulation. In addition, because the side length of
the channel in the self-made impedance tube is fixed at 100mm, the
sample size is slightly smaller than 100mm, and there is a certain
amount of acoustic leakage. Based on the above factors, the sound
absorption coefficient curve of the muffler obtained by the
experiment is lower than the ideal state of silent leakage in the
theory and simulation.

After verifying the acoustic performance of the above
metamaterial muffler, we can use this structure to reduce noise
against the noise source of theHVDC converter station. Considering
that the main transformer and high-voltage reactor are the main
noise sources, we can use many designed metamaterial mufflers to
form a wall to surround them to reduce noise. Of course, we can also
apply it to other places where the noise is prominent.

4 ANALYSIS AND DISCUSSION

In order to further analyze the mechanism of the muffler, first draw
the internal equivalent sound velocity curve of the muffler, as shown
in Figure 5. In the 500–950Hz frequency band, the internal
equivalent sound velocity of the muffler is much smaller than the
free space sound velocity of 343m/s, and an equivalent “slow-wave” is
formed inside the muffler. This “slow-wave” is produced because the
center hole of the muffler can be equivalent to a slit. The slit is
surrounded by a plurality of F-P tube circumferential arrays, and the
propagation of sound waves in each slit is strongly dispersive. The
resonant frequency bandgap of the resonant structure continuously

FIGURE 4 | Comparison of theoretical, numerical, and experimental
sound absorption coefficient curves of the sample.

FIGURE 5 | Internal equivalent sound velocity curve of the muffler.
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accumulates and reaches a phase velocity close to zero above the
highest resonant frequency. In addition, due to the existence of the
slow-wave effect inside the muffler, the ratio of λ/L is significantly
reduced, which dramatically reduces the length of the F-P tube
required to reach the resonance frequency. Therefore, this muffler
exhibits the effect of a sub-wavelength resonator.

In order to more intuitively explore the causes of slow waves,
the pressure and velocity fields of the muffler are analyzed, and
the results are shown in Figure 6. The figure shows the pressure
velocity cloud diagram of the muffler when f � 656 Hz, that is,
when unit 7 reaches resonance. It can be seen that since the sound
waves of the inflow unit 7 and the outflow unit 8 are in anti-phase,
the two interfere in the central through-hole and cancel each
other. Most of the sound waves no longer propagate downstream,
resulting in a reduction in the equivalent phase velocity of the
sound waves. In the same way, at the resonance frequency of
other units, the resonance unit, and adjacent units will also
interfere with sound waves, resulting in a “slow-wave”
phenomenon in a relatively wide frequency band.

According to the currently designed structure, the unit with the
smallest side length of themiddle through-hole is unit 10, and its side
length is 35mm, so there is only 12.25% of the ventilation area. We
sacrificed the ventilation area to obtain a wider sound absorption
bandwidth and a higher sound absorption coefficient in the design. If
we abandon unit 10 (sacrifice a peak at the low frequency), the
minimum side length of the middle through-hole becomes 50mm.
The ventilation area becomes 25%. In addition, if the remaining space
of the muffler is better utilized and the shape of the middle through-
hole is optimized, the ventilation performance can be further
improved. In this article, we only ensure a certain ventilation
performance. The balance of acoustic performance and ventilation
performance will be one of our main tasks in the future.

5 CONCLUSION

In short, we propose and manufacture a metamaterial muffler
based on the slow-wave effect. Through ten specially designed
units, the muffler breaks through the limitation that the sound

absorption coefficient of the traditional two-side open muffler is
less than 0.5. Moreover, we realize the broadband quasi-perfect
absorption from 600 to 900 Hz while ensuring a certain
ventilation capacity. We use finite element simulation and
experiment to verify the noise reduction performance of the
muffler, and the theoretical, simulation, and experimental
results are in good agreement. In addition, through the
internal sound pressure and velocity cloud diagram of the
muffler, we found that the sound waves of the resonant unit
and the adjacent unit are in opposite phases at the resonance
frequency, causing the interference of the sound waves to cancel,
achieving the purpose of noise elimination. At the same time, this
also leads to a reduction in the equivalent phase velocity of the
acoustic wave, resulting in a “slow-wave” phenomenon in a
relatively wide frequency band.
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