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In the calculation of the acoustic performance of mufflers, the walls of mufflers are usually treated rigidly
without considering the acoustic-structural coupling, but the results so calculated differ significantly from the
actual situation. Based on the basic equations, the article derives the finite element equations of the muf-
fler system while considering the acoustic-structural coupling effect and theoretically analyses the connection
between the acoustic-structural coupling system and the structural and acoustic modes. The structural and
acoustic modes of the muffler are calculated and the reasons for the mutation of the transmission loss curve
of the muffler when the acoustic-structural coupling is considered are analysed. The results show that the
acoustic-structural coupling is the result of the interaction between the structure and the air inside the expan-
sion chamber under acoustic excitation, which manifests mutations in the sound pressure inside the muffler in
some frequency bands. Then, using a single-chamber muffler as an example, the transmission loss is used to
characterise the performance of the muffler. The effects of different factors such as shell thickness, structure,
porous media material lining, and restraint method on the acoustic-structural coupling effect of the muffler are
analysed, and the structure of a double-chamber muffler is successfully optimised according to the conclusions.
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1. Introduction

In recent years, with the rapid development of in-
dustry and urbanisation, exhaust noise pollution has
become an environmental pollution source that greatly
affects people’s lives in terms of health. At present,
there are two main measures to control exhaust noise:
one is to control the noise source, starting from the
propagation mechanism of the noise source; the other
is to install an exhaust muffler at the outlet of the ex-
haust, which is simple and effective, so it has become
the most commonly used noise reduction method at
home and abroad (GUPTA et al., 2018; HUANG et al.,
2019; Ji, 2015)

In practice, the sound waves inside the muffler will
excite the wall and cause the wall to vibrate, and the vi-
bration will produce sound waves and at the same time
the sound waves will excite the wall to vibrate. The-
refore, the acoustic-structural coupling phenomenon

exists in all cases, only the effect on the performance
of the muffler is significant in some cases and negligible
in others. In general, the acoustic-structural coupling
phenomenon is more obvious for mufflers with larger
structural dimensions and smaller rigidity. In this case,
the acoustic-structural coupling effect of the muffler
should not be ignored when calculating the acoustic
performance of the muffler (FAN et al., 2014). Con-
sidering the influence of acoustic-structural coupling
in the calculation of muffler performance will make
the calculation results more reliable and accurate. Re-
search on the acoustic-structural coupling of mufflers
has great significance for improving the design concept
of mufflers and improving the reliability of the calcu-
lation of muffler acoustic characteristics.

Analytical methods of acoustic-structural coupling
include analytical and numerical methods. The use of
analytical methods to study the vibration and acoustic
radiation of elastic structures began in the 1950s. The



480 Archives of Acoustics — Volume 47, Number 4, 2022

analytical method is simple to use, has clear physical
concepts, can reveal the nature of structural vibration
and acoustic radiation, and is usually used to study
structures with simple and regular shapes, such as flat
plates, and spherical shells with axisymmetric proper-
ties, cylindrical shells, and others (CHEN et al., 2006).
The finite element method is the main method used
by researchers to investigate the coupling between vo-
cal cavity and structure. NEFSKE et al. (1982) pub-
lished several consecutive papers to study the interac-
tion between structure and acoustics and to analyse
the vibration and noise situation. GLADWELL (1999;
2001) derived the energy equation for the coupling,
considering the coupling effect for the first time, and
LyON (2005) proposed an acoustic-structural coupling
model, providing the basis for the later studies. YAO
et al. (2007) used the finite element method to cal-
culate the acoustic modes inside the cavity and the
vibration modes of the elastic plate along with their
coupling coefficients. The above was combined with
the boundary element method to calculate the sound
pressure response outside the cavity and the results
of this numerical simulation were compared with the
analytical results derived earlier. Also, the correctness
of the theoretical derivation was verified. Based on the
acoustic finite element method and acoustic-structural
coupling theory, TIAN et al. (2007) established a fi-
nite element model of the box structure and used
the finite element analysis software ANSYS to ana-
lyse the vibration and internal noise of the box struc-
ture for two cases with different thicknesses of wall
plates and different positions of reinforcement treat-
ment, and determined the influence law of the change
of some structural parameters on the internal noise of
the box. HAN et al. (2009) analysed the acoustic-solid
coupling of conical shell structures and compared them
with experimental results, which showed that consid-
ering the coupling was closer to the actual situation.
L1 (2011) established a coupling model of elastic plate-
shell-acoustic cavity structure, applied this model to
analyse the acoustic-solid coupling characteristics of
an elastic plate-cylindrical shell closed structure with
one end fixed and one end closed, and verified the
correctness of the model. BAI et al. (2011) studied
the effect of acoustic-structural coupling on the dy-
namic characteristics of thin-walled cylindrical struc-
tures. VIJAYASREE, MUNJAL (2012) and CHIU (2013)
used theoretical calculations and simulations to analy-
se the transmission loss of a complex muffler and veri-
fied the conclusions. BARUAH and CHATTERJEE (2018)
treated the muffler wall as elastic and carried out the
modal analysis of the two mufflers, perforated and non-
perforated, under static and dynamic loading, and the
results showed that the modal vibration shapes of
the two mufflers exhibited the same form of vibration
at natural frequencies. To accurately predict the acous-
tic performance of water mufflers, GONG et al. (2018)

used a two-dimensional axisymmetric model to ana-
lyse the internal sound field of the muffler using the
acoustic-structural coupling model and calculated its
transmission loss. YOKOYAMA (2021) has numerically
simulated the vibration modes of the violin body to
predict the characteristics of the vibration and sound
radiation of the violin and analysed the sound radia-
tion using the finite element method. The effects of the
density and longitudinal stiffness of the violin material
on its characteristic frequencies and sound radiation
were analysed using the structural-acoustic coupling
method. FU et al. (2021) used the automatic matched
layer (AML) technique to calculate the TL of the muf-
fler under various design parameters, and compared
and analyzed the influence law of several major pa-
rameters of the muffler on TL. It was found that the
performance of the muffler was most obviously influ-
enced by the length to diameter ratio, followed by the
long and the short axis ratio and sieve separator per-
foration rate. It provided a theoretical basis for the
design of the mufller parameters.

In summary, most of the previous studies on the
sound-structure coupling phenomenon have focused on
closed structures of specific volumes or indoor sound
fields. The acoustic-structural coupling phenomenon
is seldom considered in the calculation of the acous-
tic performance of mufflers, and few articles study the
influencing factors that affect the acoustic-structural
coupling of mufflers. Therefore, the research in this
paper provides a reference basis for the design and
structural optimisation of mufflers in the future and is
of great significance.

2. Basic theory
2.1. Theory of acoustic-structural coupling

The acoustic-structural coupling method is based
on the classical acoustic analysis method and solves
the acoustic fluctuation equations of the system un-
der certain boundary conditions. The main methods of
acoustic-structural coupling analysis include analyti-
cal and numerical methods. Among them, the ana-
lytical method is limited to simple acoustic-structural
coupling model solutions that cannot be applied to
practical engineering problems. With the rapid deve-
lopment of numerical computing technology, the nu-
merical method has been widely used in the analysis
of coupled acoustic-structural systems.

Figure 1 shows a schematic diagram of the acoustic-
structural coupling system. It consists of the structure
domain {2, the vocal cavity domain {2y, and the cou-
pled interface (2,¢. The boundary conditions of the do-
main include the displacement boundary condition I,
and the pressure boundary condition I'.

The interaction between the acoustic waves and the
structure occurs on the coupling interface between
the solid structure of the muffler and the vocal cavity,
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Fig. 1. Schematic diagram of the sound-structural
coupling system.

and the acoustic pressure and displacement of the
nodes on the coupling interface should be continuous,
then the controlling equation of the acoustic-structural
coupling boundary is as follows:

UgNg = UgNg, (1)

where u, is the displacement of the vocal cavity do-
main at the coupling boundary, u, is the displace-
ment of the structural domain at the coupling bounda-
ry, n, is the normal vector of the surface of the vo-
cal cavity at the coupling boundary, and ng, is the
normal vector of the surface of the structure, and
n, = -n,.

On the coupling interface of the acoustic-structural
coupling system, the stress o5 and sound pressure p on
the interface of the structure have continuity, which is
related as follows:

Us|n =D (2)

where 0|, is the normal projection of o4 along with
the interface of the structure.

When studying the coupling problem of sound and
structure, it is necessary to establish the coupling equa-
tions of sound and structure. The air forms a cavity in-
side the muffler. Based on the basic acoustics equa-
tions, the finite element equations for the fluid me-
dium inside the cavity are established:

J{P}+[Cu]{P} + [KJ{P} = {F.}, (3)

where [M,] is the fluid mass matrix, [C,] is the fluid
damping matrix, [K,] is the fluid stiffness matrix,
{P} is the sound pressure vector at the unit node, and
{F,} is the fluid load.

For elastic walls, the vibration of the muffler struc-
ture needs to be considered and its finite element equa-
tions are as follows:

J{O}+[CH{U + [KJ{UY = {F.}, (@)

where [M;] is the structural mass matrix, [C] is the
structural damping matrix, [ K] is the structural stiff-
ness matrix, {U} is the displacement of the structural
unit nodes, and {Fy} represents the external excitation
of the system.

When considering the coupling between the struc-
ture and the acoustic waves, the differential equations

of the system need to take into account the effect of the
coupling forces. The force of the acoustic pressure on
the structure and the force of the structural motion
on the vocal cavity are both set as additional external
loads, and the differential equations of the structural
and vocal cavity domains of the coupling system are
expressed, respectively, as follows:

J{U}+ [CH{UY + [KJ{UY = {Fo} + {Fus}, (5)
a] {P} {P} {P} - {F} {Fsa} ( )

Based on the continuity condition, assuming that
the nodes of the structural domain on the coupling
boundary correspond one-to-one to the nodes of the vo-
cal cavity domain, the force {F,s} applied to the cou-
pling interface by the acoustic domain, and the force
{Fsa} applied to the coupling interface by the structu-
ral domain can be expressed as follows:

F. = stTPnadF:PstTnaNadF, (7)
.st st

Fup = —praTﬁadfz—p fNaTnaNde i, (8)
st ‘st

where N, is the finite element shape function in the
vocal cavity domain, N is the finite element shape
function in the structural domain, and I" denotes the
coupling boundary.

The acoustic-structural coupling matrix is denoted
as [R] and expressed as Eq. (9):

R:fNSTnaNadst, 9)
st
Let us bring Eq. (9) into Egs (7) and (8) for sim-
plification:
F.s = RP, (10)
F,, = —pRTii. (11)

The finite element equations for the acoustic-struc-
tural coupling system are obtained by combining Eq. (5)

R
Lo llb)-a) o

Assuming that both the displacement and the
acoustic wave are harmonic functions, Eq. (12) can be
further expressed as follows:

K - w?M, + jwC, -R U ~ F,
pu’RT K, -w?M, +juC, |\ P| |F.|

(13)
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Equation (13) is a direct coupling method to solve
the sound pressure and displacement of the acoustic-
structural coupled system, but the coefficient matrix
on the left side of the equation is an unsymmetrical
matrix, which is computationally intensive and takes
a long time to solve. To solve this problem, the modal
superposition method is introduced, which forms the
system response by superimposing the structural and
acoustic modalities of the system:

{U} = {2} {X,}, (14)
{P} = {®a} {Xa}, (15)

where {@s} = {Ps1,Psa, ..., Psn} is the structural mo-
dal matrix in the absence of coupling, and {®@,} =
{Pa1,Pa2, s P } is the acoustic modal matrix in the
absence of coupling, { X} is the structural modal par-
ticipation factor, and { X, } is the acoustic modal parti-
cipation factor.

Let us bring Egs (14) and (15) into Egs (12) and (13):

R
S AT

ks —w?mg + jwes -r Xo| [ fs
pwer ka_w2ma+jwca Xa ) fll 7

(17)
where
{ms} = {st}T M;]{®s}, {es) = {@S}T Cs]{Ds},
{ks}:{és}T K8] {@S}, Fs]7

{Ca} = {éa}T Ca] {Qja}’

[
{fsh={2:}" [
[
{fo) = {2} [Fa),

{ka} = {a}" [Ka]{®a},

[
[
{ma} = {®a}" [Ma]{®a},
[
{r} = {8}" [R]{®a}.

2.2. Modal analysis theory

As an inherent property of a system, each order of
modal has its fixed frequency, vibration mode, damp-
ing, stiffness, and other parameters. There are two
methods commonly used for modal analysis. One is the
computational analytical method, which uses numeri-
cal analysis to obtain the eigenvalues and eigenvectors
by solving the differential equations of the system, and
the other is the experimental analytical method, which
uses the input and output signals of the experimen-
tal measurement points to obtain the frequency and
damping of the system, and then calculates the modal
parameters. This paper mainly uses the computational
analytical method to analyse the mode of the muffler.

The muffler structure system is a linear system with
multiple degrees of freedom, and its oscillatory differ-
ential equation is generally expressed as Eq. (4). The
external structural system of the muffler can be re-
garded as an undamped system, and under free vi-
bration, the parameters [Cs] and {Fs} are both zero,
then the undamped free vibration differential equation
of the muffler structure can be expressed as follows:

[M]{U} + [K]{U} =0. (18)

Assuming that the vibration of the system can be
decomposed as a superposition of a series of simple har-
monic vibrations, the solution of Eq. (18) can be ex-
pressed as follows:

U = pe't, (19)

where w is the angular frequency of the simple har-
monic vibration.

The characteristic equation of the muffler structure
is obtained by combining Eq. (18) and Eq. (19):

{pi} ([K]-w?[M,]) =0, (20)

where w; is the angular frequency, and (; is the eigen-
vector, i.e. the amplitude vector; s =1,2,3,...,n.

The n eigenvectors and eigenvalues of the muf-
fler structure can be obtained by calculating Eq. (20),
which is the vibration mode and amplitude of the muf-
fler structure.

The finite element matrix equation for the fluid in
the expansion chamber of a muffler is generally ex-
pressed as Eq. (3). Neglecting the fluid damping [C, ]
and the externally applied load {F,}, the differential
equation for the fluid inside the muffler can be ex-
pressed as follows:

[Ma]{P} + [K.]{P} = 0. (21)

The characteristic equation of Eq. (21) can be ex-
pressed as follows:

{p;} ([Ka] -w} [M,]) = 0. (22)

The n eigenvectors and eigenvalues of the fluid
medium inside the muffler can be obtained by calcu-
lating Eq. (22), which is the sound pressure mode and
amplitude inside the muffler.

3. Acoustic-structural coupling analysis
of the muffler

8.1. Modal analysis

To analyse the characteristics of the acoustic-
structural coupling of the muffler more intuitively and
clearly, a simple single-chamber exhaust muffler is se-
lected as the object of study in this section, and its
structural model and main parameters are shown in
Fig. 2 and Table 1.
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Fig. 2. Muffler structure diagram.

Table 1. Structural sizes of the muffler.

Parameter Size [mm]
L 50
Ly 400
Dy 40
Do 200

After establishing the structural model, the struc-
tural finite element analysis system and the acoustic
finite element analysis system of the muffler are es-
tablished. In the structural modal analysis, accord-
ing to the actual installation of the muffler, one end
of the inlet is set to be restrained, the outlet is set
to be free, and the thickness of the shell is set to
1 mm. The material used for the muffler is structural
steel whose density is 7850 kg/m?, Young’s modulus is

a) b)

200-10° Pa, and Poisson’s ratio is 0.30. The calculated
partial modal frequencies and cloud images are shown
in Table 2 and Fig. 3.

Table 2. Structural modal frequency value of the muffler.

Modal order Frequency [Hz|
1 6.412
38.713
146.31
165.82
199.51
467.34
520.41
548.86
614.58
741.35

O[N] W[ N

—_
[e=]

The muffler is filled with air, and the vocal cavity
made up of the air also has its independent modes. The
structural modal vibration is expressed as a change
in the displacement of the muffler structure, while
the acoustic mode of the vocal cavity is expressed as
a change in the sound pressure inside the muffler. The
partial acoustic mode frequencies of the muffler are
shown in Table 3, and the partial modal vibration
shapes are shown in Fig. 4.
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Fig. 3. Structural modal clouds of the muffler: a) first order, b) second order, c) third order, d) fourth order, e) fifth order,
f) sixth order.
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Fig. 4. Acoustic modal clouds of the muffler: a) first order, b) second order, c) third order, d) fourth order, e) fifth order,
f) sixth order.

Table 3. Acoustic modal frequency value of the muffler.

Modal order Frequency [Hz|
1 430.04
860.1
1006.9
1095.7
1290.2
1323.9
1634.9
1668.4
1722.8
1876.3

Q|0 |||t ix|W(N

—_
=]

In summary, the modal frequencies and modal
shapes of the structural and acoustic modes of the muf-
fler are obtained after simulation calculations. The
structural mode is an inherent and integral characte-
ristic of an elastic structure. Through modal analysis,
it is possible to clarify the frequency band in which the
structure is susceptible and the characteristics of its
main modal shapes in each order. The acoustic mode
is formed by the interference and reflection of incident
sound waves of different frequencies, which causes dif-
ferent sound pressure changes at different locations in
the chamber. The changes in internal sound pressure

caused by the sound wave transmission in the muffler
will produce acoustic excitation, which will cause de-
formation in the structure of the muffler and affect the
performance of the muffler in some frequency bands.

3.2. Calculation of transmission loss of muffler

Generally, when calculating the performance of a muf-
fler, the wall is regarded as rigid and the effect of wall
vibration is ignored, but this is not consistent with the
actual working conditions of the muffler. To further in-
vestigate the effect of acoustic-structural coupling on
muffler performance, the transmission loss when con-
sidering acoustic-structural coupling is calculated for
the single-chamber muffler in Fig. 2.

In the calculation, we set the chamber medium as
the air, the inlet and outlet boundaries were set as the
plane wave radiation, the inlet sound pressure was
set as 1 Pa, the sound velocity in the air equaled cg
(343 m/s), and the air density was po (1.225 kg/m?),
we set the solid structure material as the structural
steel, and the thickness was 1 mm.

In the calculation, the solid structure of the muffler
is set as a rigid wall and elastic wall in turn and the
sound power of the inlet and outlet are extracted, then
two transmission loss curves are calculated according
to Eq. (23), as shown in Fig. 5:
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TL = 10log(&), (23)

out

where TL denotes the transmission loss of the muffler,
Wi, denotes the sound power at the inlet, and Wy
denotes the sound power at the outlet.

In Fig. 5, the transmission loss curve considering
the acoustic-structural coupling is compared with the
transmission loss curve without considering the cou-
pling, and it can be seen that the overall muffler band
does not change due to the coupling, but there are mu-
tations of amplitude at some frequency points. Com-
paring the results of the modal analysis, it is found
that the frequencies where the mutation occurs are
very close to the structural modal frequencies of the
muffler, which indicates that the mutation of the muf-
fler transmission loss curve is caused by the acoustic-
structural coupling that excites the structural modes of
the muffler. Table 4 shows the comparison between the
frequencies of the mutation points of the muffler trans-
mission loss curve and the frequencies of the structural
modes.
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Fig. 5. Comparison of transmission loss curves.

Table 4. Comparison of curve mutation point frequencies
and structural modal frequencies.

Structural modal
frequencies [Hz|

Frequency of curve
mutation points [Hz]

740 741.35
830 828.44
2030 2028.6

The curve that describes the coupling has two mu-
tations in the 700-900 Hz band, with the amplitude
of the transmission loss curve changing abruptly from
19.9 dB to 38.1 dB at 740 Hz, an increase of about
91.4%. In the 820-830 Hz band, there is a large fluc-
tuation in the curve, with a transmission loss diffe-
rence of about 12.2 dB from the valley to the peak. The
largest mutation in the curve occurs at 2030 Hz, where
the transmission loss decreases by 56.7 dB, a drop of

about 82.8%. In the full frequency band, the average
transmission loss with coupling is 13.05 dB, which is
0.91 dB less than the average transmission loss without
coupling, a reduction of about 6.5%. In summary, al-
though the overall average transmission loss of the muf-
fler is not greatly reduced, the abrupt rise or fall of the
noise reduction at some frequency points will still seri-
ously affect the stability of the performance of the muf-
fler. At the same time, the abrupt reduction of trans-
mission loss in some frequency bands will cause prob-
lems such as squealing, which will affect the overall
acoustic performance of the muffler.

4. Influencing factors of the acoustic-structural
coupling

From the analysis in the previous section, it is clear
that the muffler transmission loss curve will mutate
when considering acoustic-structural coupling. In this
section, the effect of different parameters such as shell
thickness, structure, porous media material lining, and
restraint method on the acoustic-structural coupling of
the muffler are analysed and studied.

4.1. Shell thickness

Three different shell thicknesses of 1 mm, 1.5 mm,
and 2mm are set for mufflers of the same mate-
rial (structural steel) to compare the effect of muffler
acoustic-structural coupling for different shell thick-
nesses. As the shell thickness of the muffler changes, so
does the structural modal. A comparison of the struc-
tural modal order frequencies for the three shell thick-
ness mufflers is shown in Fig. 6.

1 mm
1200 —— 1.5 mm
—4+—2 mm
1000
N
£, 800
>
2
g 600 -
ISy
o
= 400
200
0 T T T T T
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Modal order
Fig. 6. Structural modal frequencies for mufflers of different
thicknesses.

While comparing the structural modal frequencies
of three different shell thickness mufflers, it was found
that as the shell thickness of the muffler increases, the
value of the structural modal frequency of the same
order gradually increases. It indicates that as the shell
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thickness of the muffler decreases, the structural mode
becomes denser and is more likely to cause resonance.
Based on the above modal analysis, the transmission
loss calculation considering structure-acoustic coupling
is carried out for mufflers with different shell thick-
nesses, and the calculation results are shown in Fig. 7.
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Fig. 7. Transmission loss curves for mufflers of different
thicknesses.

In Fig. 7, there are three mutations in the trans-
mission loss curve of the 1 mm shell thickness muffier,
and two mutations in the transmission loss curve for
each of the 1.5 mm and 2 mm shell thickness mufflers.
The relationship between the frequencies of mutations
in these curves and the structural modal frequencies of
the corresponding mufflers is shown in Table 5.

Table 5. Curve mutation point frequencies and structural
modal frequencies of mufflers with different shell thick-

nesses.
. Frequency of curve
Shell thickness . . Structural modal
[mm] mutation points frequencies [Hz|
[Hz]
740 741.35
1 830 828.44
2030 2028.6
L5 1070 1081.2
1200 1197.9
9 1390 1407.2
1570 1580.1

According to Fig. 7 and Table 5, it can be seen
that for mufflers with different shell thicknesses, due
to the different inherent frequencies, the resonant fre-
quencies under the same excitation are also different,
which is reflected in the different numbers and frequen-
cies of resonance peaks on the transmission loss curve.
The transmission loss curve of mufflers with 1 mm
shell thickness first undergoes mutation, the number of
mutation points is the largest in the whole frequency

band, and the change in amplitude at the time of muta-
tion is also the largest. At the same time, the frequency
of the first mutation of the transmission loss curve in-
creases with the increase of the shell thickness, and
the amplitude of the mutation decreases, which is con-
sistent with the trend of the change of the structural
modal frequency with the shell thickness in Fig. 6. It
indicates that under the same structural and restraint
conditions, the thinner the wall thickness of the muf-
fler, the smaller the stiffness, the more likely it is to be
excited to vibrate under the same acoustic energy, and
the more likely its transmission loss curve will show
mutations. As the thickness of the muffler shell in-
creases, the stiffness of the structure becomes greater,
the ability of the structure to resist deformation be-
comes stronger and the effect of acoustic-structural
coupling becomes weaker.

4.2. Insert-pipe

Insert-pipe is one of the common structures used in
the design of mufflers and has a good effect on improv-
ing the performance of mufflers. There are two types
of insert-pipe structures: double insert-pipe structure
and single insert-pipe structure. According to Sec. 3,
the transmission loss curves of single-chamber muf-
flers with different insert-pipe structures considering
the sound-structure coupling are calculated, as shown
in Fig. 8.

—=— No insert-pipe
—— Single insert-pipe

—— Double insert-pipe

B D
S (=)
1 1

Transmission loss [dB]
3]
(=)

Frequency [Hz]

Fig. 8. Transmission loss curves of mufflers with different
insert-pipe structures.

Figure 8 indicates that the performance of mufflers
with different insert-pipe structures varies conside-
rably. In general, the average transmission loss of the
double insert-pipe muffler is 20.51 dB, which is better
than that of the single insert-pipe muffler (17.56 dB)
and the no-insert-pipe muffler (13.05 dB). In the 700
1000 Hz band, the curves of both single and no-insert-
pipe mufflers mutate twice, while the curves of the
double insert-pipe muffler do not mutate in this band.
In the band 1700-2100 Hz, the performance of the sin-
gle insert-pipe muffler is better than that of the double
insert-pipe muffler. In summary, although the insert-



B. Zhao, H. Li — Analysis of the Influencing Factors of the Acoustic Performance. .. 487

pipe structure can improve the overall performance of
the muffler, the acoustic-structural coupling will cause
mutations in the transmission loss curve of the muffler,
which will result in the performance of the muffler and
in some frequency bands being damaged. Therefore,
when designing an insert-pipe muffler, the structure of
the insert-pipe should be selected according to the dis-
tribution of the main noise frequencies of the target
equipment.

4.8. Lining of the porous media material

The acoustic-structural coupling action occurs be-
tween the acoustic waves and the solid structure at the
coupling interface. A layer of porous dielectric mate-
rial with a flow resistivity of 1424.2 kg/(m3-s) is laid
on the interface surface. The transmission loss curves
of a single-chamber muffler with a 1 mm and 2 mm
porous media material layer are calculated, as shown
in Fig. 9.

No lining
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Fig. 9. Transmission loss curves of mufflers with different
linings.

In Fig. 9, the transmission loss curve of the muffler
with a layer of porous dielectric material is smoother
than the curve without the lining. After the porous
media material is applied, the mutation of the original
curve (no lining) at 740 Hz and 2030 Hz disappears,
the curve is smoother overall, and the performance of
the muffler is improved.

4.4. Restraint methods

Considering the installation situation of the muf-
fler, three categories are classified for different installa-
tion methods of the muffler. Class a is restraining the
inlet orifice of the muffler, as shown in Fig. 10a; class b
is restraining both the inlet and outlet of the muffler,
as shown in Fig. 10b; and class ¢ adds a set of re-
straints in the middle position of the chamber based
on class b, as shown in Fig. 10c. The transmission losses
of the muffler under different restraint conditions are
calculated, and the relationship between the restraint
method of the muffler and the acoustic-structural cou-
pling is analysed.

a) b) ¢)

Fig. 10. Installation categories of the muffler:
a) class a, b) class b, c) class c.

The transmission loss curves of the muffler with dif-
ferent restraints are shown in Fig. 11. In general,
the more restraints there are, the fewer the mutation
points of the muffler transmission loss curve in the
whole frequency band, the smaller the change in am-
plitude at the mutation, the smoother the curve, and
the better the performance. After restraining the inlet
and outlet ends simultaneously, the mutation at 830 Hz
in the original curve (class a) disappears. The trans-
mission loss in the frequency band around 2000 Hz of
the muffler increases slightly with each additional set
of restraints. In summary, an appropriate increase in
restraint when installing a muffler will further limit
the vibration of the muffler structure and inhibit mu-
tations in certain frequencies. However, it is not the
case that the more restrictions there are, the better
the suppression effect. The type of restraint should be
chosen on a case-by-case basis.
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Fig. 11. Transmission loss curves of mufflers with different
restraint methods.

5. Improvement of muffler performance
considering acoustic-structural coupling

In the previous section, the influencing factors of
acoustic-structural coupling have been analysed from
four aspects. In this section, a double-chamber muffler
matched with a dry vacuum pump is taken as the ob-
ject of study, its performance is optimised according
to the conclusions obtained in the previous section,
and the basic structure and main parameters of this
muffler are shown in Fig. 12 and Table 6.

According to the initial conditions in Sec. 3, the
inlet of the muffler is restrained, the outlet is set to
be free, and the material is set as structural steel. The
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Fig. 12. Structure diagrams of the designed muffler.

Table 6. Parameter values of the muffler.

Parameter Value [mm)]
Total length 232
Lengths of each chamber 86-106
Length of each pipe 63-75—-46
Diameter of chambers 102
Expansion ratio 5.66
Shell thickness 1.5

solid structure of the muffler is set in turn to be a rigid
wall and elastic wall, and the transmission loss curves
are calculated as shown in Fig. 13.
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Fig. 13. Transmission loss curves of the double-chamber
muffler.

In Fig. 13, the transmission loss curve of the
double-chamber muffler mutates at 520 Hz, 940 Hz,
and 1000 Hz when considering the effect of acoustic-
structural coupling, while the transmission loss of the
muffler decreases significantly in the 1000-1500 Hz fre-
quency band. The average transmission loss in the full
frequency range is reduced by 1.6 dB (about 6%), with

a) b)

5
+ 4
3

the reduction of 20.2dB (about 31%) occurring at
1320 Hz. Therefore, it is necessary to calculate and op-
timise the acoustic-structural coupling for the double-
chamber muffler.

The structural modal analysis is carried out for the
double-chamber muffler under the same initial condi-
tions and the structural modal frequencies of the muf-
fler within 2000 Hz are obtained, as shown in Table 7.

Table 7. Structural modal frequency value of the muffler.

Modal order | Frequency [Hz]
1 23.537

127.16
518.22
619.47
795.4
934.29

1008.3

N | O | O W N

The three frequencies where the curves in Fig. 13
mutate are all structural natural modal frequencies of
the muffler, so in the process of optimizing the double-
chamber muffler, consideration should first be given
to how to avoid these modal frequencies being ex-
cited. Figure 14 shows the modal vibration shape of
the double-chamber muffler at these natural modal fre-
quencies.

In Fig. 14, the three modal vibration shapes of the
double-chamber muffler are mainly excited at the cen-
tral diaphragm and the outlet end baffle. Following
the conclusions in Subsec. 4.4, keeping other condi-
tions constant, the installation method of the double-
chamber muffler is changed to restrain both the inlet
and outlet ends, and the transmission loss curve of the
muffler after increasing the restraint is calculated, as
shown in Fig. 15.

As seen in Fig. 15, the mutation in the transmis-
sion loss curve at 520 Hz disappears after adding the
restraint, indicating that the restraint at the outlet in-
hibits the outlet end baffle from being excited.

To further improve the performance of the double-
chamber muffler, the structure of the double-chamber
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Fig. 14. Structural modal clouds of the double-chamber muffler: a) 518.22 Hz, b) 934.29 Hz, ¢) 1008.3 Hz.
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Fig. 15. Transmission loss curves of the double-chamber
muffler with different restraint methods.

muffler is optimised following the conclusions obtained
in Sec. 4. As seen in Fig. 14, the end cover and diaph-
ragm of the double-chamber muffler are the parts that
are susceptible to excitation, so the thickness of the
end cover and diaphragm is increased from 1.5 mm to
3 mm, and then 2 mm of porous media material is laid
on the inner surface of the chamber. The transmission
loss curve of the optimised muffler is calculated and
shown in Fig. 16.
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Fig. 16. Transmission loss curves of the optimised muffler.

As seen in Fig. 16, the transmission loss curve of
the optimised muffler is smoother than that of the ori-
ginal muffler, and the number of mutations in the curve
is significantly reduced. The average transmission loss
of the muffler in the full frequency range is improved
by 1.1 dB (about 4%), with the most significant im-
provement in the frequency range 950-1350 Hz, where
the average transmission loss is increased by 6.5 dB
(about 17%). Therefore, it can be concluded that the
optimisation based on the conclusions in Sec. 4 is in-
deed effective in improving the acoustic performance
of the muffler.

6. Conclusion

In this paper, based on previous research, the in-
fluence of muffler wall vibration is further consid-

ered comprehensively to improve the reliability of muf-
fler acoustic performance calculation. The acoustic-
structural coupling is negligible under general circum-
stances, but if the size of the muffler is larger or the
stiffness is smaller, the excitation of the muffler wall
by acoustic waves will become more and more obvi-
ous, and then the acoustic-structural coupling can no
longer be neglected. The article takes a single-chamber
muffler as the object of study, explores the acoustic
performance of the muffler under the consideration
of acoustic-structural coupling, analyses the influence
of different parameters on the acoustic-structural cou-
pling, and finally optimises a double-chamber muffler
according to the conclusions. The main conclusions of
this paper are as follows:

1) Acoustic-structural coupling is the result of the in-
teraction between the muffler structure and the
air in the expansion chambers under acoustic ex-
citation, which is manifested as mutations in the
transmission loss curve. The mutation caused by
coupling is influenced by a certain order of acous-
tic mode or a certain order of structural mode. At
the frequency of the mutation, the sound pressure
and the amplitude of the structure inside the muf-
fler will increase (or decrease) significantly com-
pared to the adjacent points, affecting the stabil-
ity of the performance of the muffler.

2) Transmission loss is used to characterise the per-
formance of the muffler, and the effect of acoustic-
structural coupling on the performance of the muf-
fler is studied and analysed. The effects of different
parameters such as muffler shell thickness, insert-
pipe structure, porous media material lining, and
restraint method on the acoustic-structural cou-
pling effect of the muffler are analysed. The re-
sults show that increasing the shell thickness of
the muffler, adopting the double insert-pipe, lay-
ing porous media material on the coupling inter-
face, and increasing the restraint of the muffler
can reduce the effect of acoustic-structural cou-
pling and improve the performance of the muffier.

3) The conclusions in the single-chamber muffler
were extended to the double-chamber muffler, and
the transmission loss calculation and modal analy-
sis are carried out for a double-chamber muffler
taking into account the acoustic-structural cou-
pling, and the weak parts of the double-cham-
ber muffler are identified through the modal vibra-
tion shape, and the structure is optimised accord-
ing to the conclusions from the single-chamber
muffler. The results show that the acoustic per-
formance of the optimised double-chamber muffler
has improved significantly, with the average trans-
mission loss of the muffler increasing by about 4%
in the full frequency range, including an increase
of about 17% in the 950-1350 Hz.
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