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Based on the Large Eddy Simulation (LES), the problem of the performance of a muffler being weakened by
the airflow secondary noise in the expansion chamber was analyzed. Based on the different relative positions of
the inlet and outlet, a single-chamber muffler is divided into four structures and a numerical simulation model of
the flow field is developed. The LES was used to analyze the flow field and secondary noise in the expansion
chamber. First, the LES is used to calculate the unsteady flow in the expansion chamber to obtain the turbulent
intensity and the pressure pulsation distribution of the flow in the muffler chamber. Subsequently, a simulation
model of the acoustic field was built separately to obtain the secondary noise distribution of the flow in the muffler
by computing the flow field information. It is shown that the secondary noise properties in the muffler are related to
its geometrical configuration. The turbulence intensity of the flow field in the chamber can be reduced by changing
the airflow pattern in the chamber, to weaken the intensity of the airflow secondary noise. Finally, a structural
modification of the two-chamber muffler was performed based on the findings of the study, and the improved
muffler performance was evaluated through numerical simulations and field tests. Experimental results show that
the improved muffler has better acoustic properties and increases the noise reduction capacity by about 18 percent.
It further confirms that the intensity of secondary noise can be substantially suppressed by changing the internal
structure of the muffler, which opens up new ideas for the future design and modification of exhaust mufflers.

1. INTRODUCTION

In the 21st century, noise has become another major threat
to human public health. Installing exhaust mufflers is one of
the most widely used measures to effectively reduce exhaust
noise from machinery and equipment.1–3

The principle of the exhaust muffler is to reduce the sound
energy output by reflecting or interfering with sound waves
in the pipe and the resonant chamber. The calculation meth-
ods of the muffler performance mainly include the analytical
method and the numerical method. The analytical method has
high computational efficiency but is inaccurate enough when
faced with complex structures. The numerical methods can
be divided into frequency-domain simulation and time-domain
simulation. At present, the frequency-domain calculation has
been extensively used.

There are two calculation methods in the frequency domain,
the finite element method (FEM), and the boundary element
method (BEM). They are both based on the linearity hypothe-
sis to solve the acoustic equations to obtain the required param-
eters. In summary, the FEM and BEM currently calculate the
acoustic performance of mufflers by solving linearized wave
equations but are ineffective in solving various nonlinear pa-
rameters. The computational fluid dynamics (CFD) method
uses the Navier-Stokes equations as the main governing equa-
tions. It has significant advantages over the FEM and BEM in
dealing with non-ideal fluid media.4–7

British meteorologist, L. F. Richardson, used the finite dif-
ference method to solve the Laplace equation and analyzed the
work of the flow around the cylinder and the atmospheric flow,
which is considered to be the beginning of computational fluid

dynamics. With the rapid development of computer software
and hardware, the Large Eddy Simulation (LES) is generally
used in the prediction of turbulent noise due to its faster con-
vergence and higher computational accuracy.8

Radavich et al.9 established the flow and acoustic resonance
model at a low Mach number by the CFD and predicted the
flow conditions arising from the coupling. Gloerfelt et al.10

investigated the flow noise problem in a 3D rectangular cham-
ber caused by laminar and turbulent boundary layers using the
LES. Larchevêque et al.11 used the LES to experimentally
compare the 3D chamber flow at high Reynolds numbers and
the peak frequencies in the simulations were in good agree-
ment with the Rossiter empirical formula. Rubio et al.12 used
the LES to analyze the flow field in a 2D expansion chamber
and obtained resonance phenomena inside the chamber and in
the tailpipe under the effect of flow noise. The relationship be-
tween the vortex modalities in the expansion chamber and the
flow velocity and the chamber length was obtained.

In this paper, the study is on low Mach number gas flow at
room temperature. The airflow secondary noise in the muffler
is considered by the combination of the LES and aeroacoustics
theory. Firstly, the LES is used to calculate the unsteady time
domain of the flow field in the expansion chamber, then the
acoustic analogy method which is in the aeroacoustics theory
is used to calculate the noise source in the expansion chamber,
and finally, the FEM is used to simulate the acoustic calcula-
tion. The article investigates the influence of the relative po-
sition of the inlet and outlet pipes on the performance of muf-
flers, analyzes the generation mechanism of secondary noise in
the muffler, and then puts forward the method of suppressing
secondary noise by changing the geometric configuration. Fi-
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nally, the exhaust muffler matched with a dry vacuum pump is
modified, and the effectiveness of the suppression structure of
secondary noise is verified by both an acoustic simulation and
a field test.

2. BASIC THEORY

When there is airflow inside the muffler, the acoustic char-
acteristics of the chamber will change, and the chamber will
be transformed from a muffler to a “sounder” due to the vortex
of airflow.13 Muffler secondary noise, also known as regener-
ative noise, is an additional noise generated in the muffler due
to the flow of the medium, which is different from the equip-
ment noise in the pipe. In this paper, the influence of structural
changes on the performance of mufflers is analyzed and calcu-
lated by combining the LES and aeroacoustics theory.

2.1. Large Eddy Simulation Theory
The LES is a type of emerging algorithm whose computa-

tional accuracy is somewhere between the Direct Numerical
Simulation method and the Reynolds Average method. The
LES adopts the concept of spatial filtering, using the filter-
ing equations to process the Navier-Stokes equations in an un-
steady flow field to compute the 3D unsteady flow field. After
filtering, the flow field vortices can be divided into two parts:
the large and the small scale. The vortices whose scales are
smaller than the filtering bandwidth can be filtered out, and
only the flow field information of large-scale vortices can be
solved directly, which greatly reduces the computational effort
while ensuring accuracy.14

The filter function equation in the LES is expressed as
Eq. (1)15

G(x, x′) =

{
1/V, x′ ∈ V ;

0, x′ /∈ V ;
(1)

where x is the spatial coordinate on the large-scale space after
filtering, x′ is the spatial coordinate in the actual flow region
and V denotes the size of the geometric space occupied by the
control volume.

The Navier-Stokes equation and the continuity equation un-
der an unsteady flow field are treated with the filter equation,
which leads to Eqs. (2) and (3)

∂

∂t
(ρui) +

∂

∂xj
(ρuiuj) =

∂

∂xj

(
µ
∂ui

∂xj

)
− ∂p

∂xi
− ∂τij

∂xj
;

(2)
∂ρ

∂t
+

∂

∂xi
(ρui) = 0. (3)

Parameters with the horizontal line above are the quantities
of the filtered flow field; ui and uj are the velocity compo-
nents; ρ is the fluid density; µ is the fluid viscosity; and τij
represents the subgrid-scale stress (SGS), which is a physical
quantity characterizing the effect of small-scale vortices within
the flow field on the entire flow field and can be expressed as
Eq. (4)

τij = ρuiuj − ρuiuj . (4)

Since the subgrid-scale stress is an unknown parameter, it
is required to construct a subgrid-scale model in the process of

solving. The WALE (The Wall-Adapting Local Eddy Viscosity
Model) model is chosen to construct the subgrid-scale model
to solve the small-scale vortices in the unsteady flow field, and
the control equations are shown in Eq. (5)16

τij =
1

3
τkkδij − 2vtSij ; (5)

where δij is the Kronecker function; Sij denotes the defor-
mation rate tensor of the solvable scale and vt is the subgrid
vortex viscosity, represented by Eqs. (6) and (7) respectively

Sij =
1

2

(
∂ui

∂xj
+

∂uj

∂xi

)
; (6)

vt = (Cs∆)
2 |S|; (7)

where Cs is the Smagorinsky constant; ∆ is the filter scale; |S|
is the magnitude of the deformation rate tensor, calculated as

|S| =
√
2SijSij . (8)

2.2. Aeroacoustics Theory
Lighthill first put forward the acoustic analogy theory, which

greatly promoted the development of aeroacoustics. Lighthill
proved that the unsteady flow region in an unbounded fluid
medium is acoustically equivalent to a quadrupole sound
source. Based on Lighthill’s research, Curle deduced the for-
mula of aerodynamic noise caused by the interaction between
airflow and solid boundary. Curle confirmed that in addition to
the quadrupole sound source, the pulsating stress caused by the
solid wall boundary can also produce dipole sound radiation.
Among the objects studied in this paper, the static solid bound-
ary also has an impact on the sound field, so Curle’s theory is
used to solve it.17

The acoustic analogy theory control equation is shown in
Eq. (9)

∂2ρ′

∂t2
− c2∇2ρ′ =

∂2Tij

∂xi∂xj
; (9)

where c is the speed of sound; Tij is the Lighthill stress tensor,
which is expressed in Eq. (10)

Tij = ρvivj + pij − c2ρ′δij ; (10)

where ρ′ is the density fluctuation and δij is the Kronecker
function.

The solution to Eq. (9) when considering the effect of solid
boundaries is

ρ′(x, t) =
1

4πc2

[
∂2

∂xi∂xj

∫
V

Tij

|x− y|
dV (y)−

∂

∂xi

∫
S

nj(ρvivj + pij)

|x− y|
dS(y)

]
; (11)

where x and y denote the location of the observation point
and the sound source, respectively; nj denotes the normal
vector perpendicular to the solid boundary surface S. The
first term on the right-hand side of the equation represents the
quadrupole source caused by fluid motion, and the second term
represents the dipole source formed by the solid surface acting
on the fluid.
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2.3. Performance Evaluation Methods for
the Muffler

There are two main criteria for evaluating the acoustic per-
formance of mufflers: transmission loss (TL) and insertion loss
(IL). TL is a unique property of the muffler, independent of the
piping system and the noise source, and is defined as the differ-
ence between the inlet sound power level and the outlet sounds
power level of the muffler, expressed as Eq. (12). IL is not only
related to the muffler but also reflects the change in the acoustic
performance of the whole system (including the muffler, pipe,
and noise source) before and after the installation of the muf-
fler, rather than just the muffling performance of the muffler
itself. It is defined as the difference in sound pressure levels
at fixed measurement points before and after the installation of
the muffler and is expressed in the Eq. (13). In the paper, TL
is used to characterize muffler performance in muffler acoustic
simulation calculations, and IL is used to characterize muffler
performance in field noise tests.

TL = 10 log

(
Win

Wout

)
; (12)

where Win is the inlet sound power and Wout is the outlet sound
power,

IL = 20 log

(
p1
p2

)
; (13)

where p1 and p2 denote the sound pressure at a measurement
point before and after the installation of the muffler.

In addition, aerodynamic performance is another important
indicator for evaluating the performance of a muffler. The pres-
sure drop of the muffler is defined as the pressure loss resulting
from the airflow through the muffler, expressed as

∆P = PS1 − PS2; (14)

where PS1 is the average pressure at the inlet; PS2 is the aver-
age pressure at the outlet.

3. RESEARCH ON ACOUSTIC
CHARACTERISTICS OF THE
SINGLE-CHAMBER MUFFLER

3.1. Model Building
A single-chamber muffler is the basic acoustic unit of the

muffler and usually consists of an inlet pipe, an outlet pipe,
and a chamber. Mufflers with interposed pipes are currently
widely used. In this paper, the single-chamber muffler is di-
vided into four types (a), (b), (c), and (d), depending on its
inlet and outlet positions. Their structural diagram and sizes
are shown in Fig. 1 and Table 1, where the length of both the
inlet and outlet pipes extending beyond the shell of the muffler
is 20 mm.

As shown in Fig. 1, the inlet and outlet pipes of class a muf-
fler are in a straight line; the inlet and outlet pipes of the class b
muffler are parallel and located on both sides of the expansion
chamber; the inlet and outlet pipes of the class c muffler are
perpendicular to each other; the inlet and outlet pipes of the
class d muffler are parallel and located on the same side of the
expansion chamber.

(a) (b)

(c) (d)

Figure 1. Structure diagrams of different single-chamber mufflers.

Table 1. Structural sizes of single-chamber mufflers.

Parameter
Class a Class b Class c Class d
[mm] [mm] [mm] [mm]

Length of inlet pipe 120 120 120 120
Length of outlet pipe 70 70 70 70
Length of chamber 200 200 200 200
Diameter of pipes 40 40 40 40

Diameter of chamber 120 120 120 120

To accurately simulate the unsteady flow field in the expan-
sion chamber, the 3D model of the chamber is established us-
ing COMSOL software, and then the grid is divided. A hexa-
hedral structured grid is used in the flow field simulation model
to improve computational accuracy and convergence speed. In
the near-wall region, sudden expansion and contraction seg-
ments increase the grid density to accommodate rapid changes
in fluid velocity gradients to reduce calculation errors. The
acoustic simulation model does not require a high mesh qual-
ity, so the tetrahedral mesh is uniformly used.

As the 3D models of these mufflers are all symmetrical
based on longitudinal sections, 1/2 of the 3D model is chosen
as the object of study to reduce the computational effort. As
shown in Fig. 2, the 3D grid images of each of the four mufflers
are shown, where the left-hand side of each row shows the flow
field grid and the right-hand side shows the sound field grid.
The four muffler models are identical in terms of parameters
except for the location of the inlet and outlet pipes.

The unsteady flow field inside the expansion cavity is cal-
culated using the LES in fluid simulation; the unsteady flow
process is calculated iteratively using the Pressure Implicit
Split Operator (PISO) algorithm. The relevant parameters and
boundary conditions for the flow and sound field calculations
are shown in Table 2.

3.2. Analysis in the Flow Field
Based on the LES, the flow field analysis of a muffler using

COMSOL software requires the setting of parameters such as
inlet conditions, outlet conditions, and wall conditions. The
initial boundary conditions in this section are set as follows:
(1) the airflow velocity expression at the muffler inlet is set to
Ma ∗ c0 and the value of c0 is 343 m/s; (2) the relative pres-
sure at the muffler outlet is set to 0; (3) the inner wall of the
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(a1) (a2)

(b1) (b2)

(c1) (c2)

(d1) (d2)

Figure 2. Meshing diagrams of different single-chamber mufflers.

Table 2. Parameters of the simulation.

Parameter Fluid Simulation Acoustic Simulation
Grid type Structured mesh Tetrahedral mesh
Mesh size 1∼5 mm 3∼9 mm

Step 1/10000 s 10 Hz
Calculation range 0∼0.1 s 20∼2000 Hz
Working media Air Air
Inlet condition Air velocity: 10 m/s Areflexia

Outlet condition Pressure: 0 Pa Areflexia
Wall condition Rigid, adiabatic and non-slip Rigid

expansion chamber is set to be a non-slip adiabatic boundary;
(4) the longitudinal section of the muffler is set to be a sym-
metric boundary. The airflow velocity at the inlet is set to be
10.3 m/s (Ma = 0.03), and the unsteady flow in the expansion
chamber is simulated in the time domain. The flow velocity
clouds of the time domain simulation are shown in Fig. 3, and
the time shown in the figure are all 0.0111 s.

In Fig. 3, it can be seen that the incident airflow in all four
diagrams is injected into the chamber via the inlet of the muf-
fler and a strong shear layer is formed between the incident
airflow and the airflow inside the chamber. Most of the inci-
dent airflow in figure (a) flows directly into the outlet pipe in
the direction of injection, while the flow velocity of the others
in the chamber hardly fluctuates, and there is a maximum ve-

(a) (b)

(c) (d)

Figure 3. Cloud charts of the velocity in different single-chamber mufflers.

Figure 4. The pressure drop of single-chamber mufflers.

locity gradient between the incident airflow and the airflow in
the chamber. The incident airflow in figures (b), (c), and (d)
impacts the wall in the forward direction of the airflow after
entering the chamber and breaks up into vortices of different
sizes in the chamber first. The airflow is then disintegrated
into a series of vortices of different sizes and then flows out
through the outlet through a series of complex flow processes
in the chamber.

Aerodynamic performance is another important factor that
should be considered in the design of a muffler. According
to Eq. (14), when the inlet airflow velocity is 10.3 m/s, the
average static pressure difference between the inlet and outlet
of the muffler is calculated and the results are shown in Fig. 4.

A comparison of the pressure losses of single chamber muf-
flers of different construction under the same airflow velocity
conditions is shown in Fig. 4. From the specific data, it can
be seen that the pressure losses of class-b, class-c, and class-d
mufflers are relatively close to each other and are all signifi-
cantly higher than the pressure losses of class-a mufflers. This
conclusion is supported by the conclusions drawn in Fig. 3.
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(a) (b)

(c) (d)

Figure 5. Cloud charts of the vorticity in different single-chamber mufflers.

Vorticity is one of the most important physical quantities to
describe vortex motion. It is defined as the curl of the fluid ve-
locity vector and is usually used to describe the non-constant
flow process in the flow field. The vortex cloud inside the
chamber can be calculated from the previously obtained flow
velocity distribution in 3D space. The vortex cloud on the x-y
section of the muffler at the time of 0.0111 s is shown in Fig. 5.

Takashi18 obtained visual images of the airflow in the expan-
sion chamber of a muffler by using the smoke wire technique.
Although there are differences in size between the class-a muf-
fler and the muffler used in Takashi’s experiments, the struc-
tures are similar and the locations of the vortices in the expan-
sion chamber are all essentially the same. Both the simulation
results and the vortices observed in Takashi’s experiment are
concentrated in the middle section of the chamber, which vali-
dates the simulation results.

Comparing Fig. 5 and Fig. 3, it can be seen that changing the
inlet and outlet positions of the muffler can indeed change the
flow pattern of the air in the chamber, which in turn changes the
airflow velocity and vortex distribution in the chamber. This
provides the basis for the next step to reveal the generation
mechanism of the airflow secondary noise in the muffler.

3.3. Analysis in the Sound Field
In the traditional plane wave theory, the transmission loss

of the muffler is only related to the cross-sectional area and
length of the inlet and outlet pipe and cavity, but not to the
positions of the inlet and outlet pipes. In this section, the effect
of the positions of the muffler inlet and outlet on its acoustic
performance is investigated.19

The initial boundary conditions for the analysis of the muf-
fler acoustic performance using COMSOL software are set as
follows: (1) the airflow velocity expression of the muffler in-
let is set to Ma ∗ c0; (2) the type of inlet pressure acoustic
field is set to “plane wave” and the pressure amplitude is set
to 1 Pa; (3) the muffler outlet is set to a full sound absorption
without reflection boundary; (4) the inner wall of the expan-
sion chamber is set to a non-slip adiabatic boundary; (5) set

Figure 6. Transmission loss curves of different mufflers in ideal conditions.

the longitudinal section of the muffler as a symmetrical bound-
ary; (6) set the frequency domain of the pressure acoustic study
to 20 ∼ 2000 Hz with a step size of 20 Hz. Acoustic simula-
tion is carried out under the condition of no flow (Ma = 0).
The sound power at the inlet and outlet of the muffler are ex-
tracted respectively, and then calculated according to Eq. (12)
to obtain the transmission loss curves of four types of single-
chamber mufflers under no-flow conditions, as shown in Fig. 6
below.

As shown in Fig. 6, the trend of the four transmission loss
curves is consistent. Among them, the four curves are coinci-
dent within the range of 1000 Hz. Beyond 1000 Hz, the trans-
mission loss curve of the class b muffler is clearly at the lowest.
Although there are differences in individual frequency bands,
the transmission loss curves of the remaining three mufflers
can still be regarded as approximate. The average transmis-
sion losses of the four single-chamber mufflers are 19.59 dB,
14.69 dB, 20.59 dB, and 23.92 dB in order. This is consistent
with the conclusion drawn from conventional plane wave the-
ory and also indirectly proves the reliability of the simulation
results.

After calculating the internal flow field of the expansion
chamber using the LES, the Lighthill theory is applied to the
calculation of the flow noise source. The flow field informa-
tion such as velocity, temperature, pressure, and density are
extracted by the integral interpolation method and mapped to
the acoustic grid. The flow noise source is then solved on
the acoustic grid according to the aeroacoustic theory, and the
Fourier transform is carried out to obtain the results in the fre-
quency domain. The flow noise cloud with a frequency of
1300 Hz is shown in Fig. 7.

It is clear from Fig. 7 that the airflow noise sources in the ex-
pansion chamber are mainly distributed in the locations where
the swirls in the chamber are concentrated, i.e., where there is
a large velocity gradient and where the airflow hits the wall.
Comparing Fig. 7 with Fig. 3, it can be found that the distri-
bution of noise sources is closely related to the fluctuation of
the flow velocity in the expansion chamber, and the larger the
velocity gradient, the more likely it is to generate secondary
noise.

A monitoring point is established at the muffler outlet and
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(a) (b)

(c) (d)

Figure 7. Cloud charts of the sound field distribution in different single-
chamber mufflers.

Figure 8. Sound pressure level curves at the outlet of different mufflers.

the sound pressure value at this point is calculated and ex-
tracted. In Fig. 8, the sound pressure levels at the outlet of
the four mufflers are compared.

The physical quantities such as mean flow velocity, pres-
sure, and turbulent viscosity obtained from the fluid simula-
tion are used as background parameters. Setting Ma in the
airflow velocity expression to 0, 0.03, 0.05, and 0.1 in order,
the transmission loss curves of different single-chamber muf-
flers at different flow conditions are calculated according to
Eq. (12) respectively, as shown in Fig. 9.

The transmission loss curves for the four types of single-
chamber mufflers at the same airflow conditions when the inlet
air flow rate is 10 m/s, as shown in Fig. 10.

The following conclusions can be drawn from the analy-
sis of the above several figures: (1) In Fig. 8, the average
sound pressure levels at the outlet of the four types of single-
chamber mufflers, (a), (b), (c), and (d), are 56.32 dB, 57.73 dB,
53.43 dB, and 52.85 dB. The airflow secondary noise of the
class-d muffler is the smallest, and the transmission loss is the

Table 3. Structural sizes of mufflers.

Parameter Muffler-A [mm] Muffler-B [mm]
Length of inlet pipe 63 169
Length of outlet pipe 46 132

Length of intermediate pipe 75 79
Diameter of pipes 20 20

Lengths of each chamber 86–106 106–86
Diameter of chambers 102 102

least affected by the change of the airflow speed; (2) In Fig. 9,
the transmission loss of all mufflers is reduced by the influence
of the secondary noise of airflow, and the greater the airflow
speed, the greater the reduction; (3) In Fig. 10, mufflers of dif-
ferent structures are affected differently. Under the same flow
conditions, the amplitude of the transmission loss curve of the
class-b muffler is lower than that of other types, and its noise
reduction ability is the worst; (4) In Fig. 10, the amplitude of
the transmission loss curve of the class-d muffler is the highest,
and the average transmission losses of the four types of single-
chamber mufflers, (a), (b), (c), and (d), are 17.45 dB, 8.09 dB,
18.52 dB, and 22.01 dB respectively. In summary, under low
Mach number flow conditions, the inlet and outlet position of
the muffler has a great influence on its noise reduction ability.
The acoustic performance of class-d muffler is optimal, and
this structure should be preferred in the design of mufflers.

4. SUPPRESSION METHOD OF THE
AIRFLOW SECONDARY NOISE

4.1. Simulation Analysis
A certain type of dry vacuum pump has a matching double-

chamber exhaust muffler. Based on the conclusions drawn in
Section 3, the structure is modified while keeping the overall
dimensions of the muffler unchanged. The two single-chamber
mufflers of class a, which are connected in series, are replaced
by two single-chamber mufflers of class d, which are com-
bined. The improved muffler ensures that the inlet and outlet
directions remain unchanged. The 3D model and main param-
eters of mufflers are shown in Fig. 11 and Table 3.

According to the method in Section 3, the LES and the
flow noise source calculations are carried out for the muffler
in Fig. 11 when the inlet airflow velocity is 10 m/s. The flow
velocity cloud, the vortex cloud, and the flow noise cloud in-
side different mufflers are obtained as shown in Fig. 12.

It can be shown in Fig. 12 that the flow velocity distribu-
tion, vortex distribution, and flow noise source distribution in-
side the muffler have all changed significantly after the inter-
nal structure has been changed. The sound pressure values of
the observation points at the outlet are calculated and extracted
separately to obtain the sound pressure level curves at the muf-
fler outlet, as shown in Fig. 13.

The pressure field type of the inlet of the muffler is set to
“plane wave”, the pressure amplitude is set to 1 Pa, and the
outlet of the muffler is a full sound absorption without reflec-
tion boundary. When the inlet airflow velocity is 10 m/s, the
transmission losses of the two types of double-chamber muf-
flers are calculated with and without considering the airflow
secondary noise, as shown in Fig. 14.

In Fig. 14, the transmission losses are reduced for both
muffler-A and muffler-B when considering the airflow sec-
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(a) Class a (b) Class b

(c) Class c (d) Class d

Figure 9. Transmission loss curves of mufflers with and without flow conditions.

Figure 10. Transmission loss curves of different single-chamber mufflers.

ondary noise, with the average transmission loss over the full
frequency range reduced by 3.41 dB (about 8.5%) for muffler-
A and by 1.97 dB ( about 4.5%) for muffler-B.

The transmission loss curves of muffler-A and muffler-B are
compared for the same airflow conditions, as shown in Fig. 15.

(a) Muffler-A (b) Muffler-B

Figure 11. Structure diagrams of mufflers.

The following conclusions can be drawn from the analysis of
Figs. 13, 14, and 15: (1) the airflow secondary noise intensity
of muffler-B is lower than that of muffler-A; (2) the amplitude
of the transmission loss curve of muffler B in the middle and
low-frequency range (100 ∼ 1500 Hz) is substantially higher
than that of muffler-A, while the two transmission loss curves
in the other frequency ranges are close to each other. In the
whole frequency range, the transmission losses of muffler-A
and muffler-B are 36.4 dB and 43.2 dB respectively, with a
difference of 6.8 dB. In summary, the structure of the class d
single-chamber muffler can reduce the intensity of the airflow
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(a) The cloud chart of the velocity (0.0111 s)

(b) The cloud chart of the vorticity (0.0111 s)

(c) The sound field distribution cloud chart (1300 Hz)

Figure 12. Comparison of simulation results of different mufflers.

Figure 13. The sound pressure level curves at the muffler outlet.

secondary noise, and muffler-B has a significant improvement
over muffler-A in terms of noise reduction capability.

4.2. Sample Testing
According to the test specification ISO 11820:1996, an open

room of 200 m2 in a factory was selected as the test room. The
dry vacuum pump used for the test was in steady operation
with an exhaust volume of 14.4 m3/h. Samples of muffler-
A and muffler-B in Fig. 11 were made as test objects and the
other main test instruments are shown in Table 4. The measure-
ment points were arranged in the center of the room, using a

(a) Muffler-A

(b) Muffler-B

Figure 14. Transmission loss curves of the muffler.

Table 4. List of the main equipment for noise tests.

Equipment name Category Number
Data acquisition analyzer 3560-D 1

B&K data acquisition and analysis software Pulse v12.5 1
Microphone G.R.A.S. 26CA 1

Notebook computer Dell 1

bracket to place the microphone above the muffler exhaust port
at 45 degrees, more than 1 m from the exhaust port. To ensure
that the sound waves are in the same direction of incidence,
the position of the measurement points should remain constant
during the noise measurement, and the test site is shown in
Fig. 16.20

Samples of the two mufflers from Fig. 11 were manufac-
tured and fitted to the matching dry vacuum pump for noise
testing, as shown in Fig. 17.

The noise test is carried out according to the previous
method and the noise octave spectrums of the mufflers are ob-
tained, as shown in Fig. 18.

The noise test data in Fig. 18 is compared and analyzed. It
is found that the vacuum pump equipped with the muffler-B
shows a reduction in noise values in all frequency bands com-
pared to the muffler-A, with the improvement being particu-
larly noticeable in the low and medium frequency bands. This
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Figure 15. Comparison of transmission loss curves of mufflers.

Figure 16. The picture of the noise test site.

phenomenon is consistent with the conclusions drawn from the
simulation in Fig. 15. The noise reduction of the two muf-
flers obtained from the field test is 31.9 dB and 37.6 dB, re-
spectively, an improvement of 5.7 dB (about 18%). Therefore,
it can be concluded that the choice of class d single-chamber
muffler structure in the muffler design can improve the noise
reduction capacity of the muffler.

5. CONCLUSIONS

Based on previous studies, this paper further considers the
effect of the secondary noise on the airflow of the muffler, and

Figure 17. The picture of the muffler sample.

the goal is to improve its acoustic performance. Taking the
single-chamber muffler as the research object, the paper inves-
tigates the acoustic performance of the muffler under the con-
sideration of acoustic-flow coupling, analyzes the influence of
different structures on the airflow secondary noise of the muf-
fler, and finally modifies a double-chamber muffler according
to the conclusions. The conclusions of the present paper in-
clude the following.

(1) The paper used LES and the acoustic analogy analysis
method to calculate the unsteady flow of air and airflow
secondary noise in four types of single-chamber mufflers.
The LES was used to calculate the unsteady airflow in-
side the muffler, and the simulation results visualized the
unsteady eddy formation process caused by the velocity
gradient of the airflow inside the chamber. The main
source of the airflow secondary noise in the muffler was
the formation and shedding of the vortex inside the expan-
sion chamber. The airflow entered the expansion chamber
through the muffler inlet and created a vortex structure
under the action of viscous forces. The vortex gradually
increased in size as the airflow was pushed downstream
and then fell off.

(2) The effect of flow velocity on the airflow secondary noise
was significant and the greater the airflow velocity, the
greater the effect of the secondary noise on the perfor-
mance of the muffler. Under the same airflow conditions,
mufflers of different structures have different suppression
effects on the airflow secondary noise. In this paper, the
single-chamber muffler was divided into four structures
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(a) Noise spectrum of a vacuum pump without a muffler

(b) Noise spectrum of a vacuum pump with the muffler-A

(c) Noise spectrum of a vacuum pump with the muffler-B

Figure 18. The result of the noise test.

according to the relative positions of the inlet and outlet
pipes, and the sound source distribution of the airflow sec-
ondary noise was calculated by extracting the flow field
information, and the sound pressure value of the airflow
noise of the observation point at the outlet of the muffler
was obtained by combining the acoustic analogy method.
The acoustic characteristics of the four types of mufflers
were analyzed, and it was found that the use of the class-
d single-chamber muffler structure can result in a muffler
with better and more stable muffling capacity.

(3) The conclusions obtained in the single chamber muffler
were extended to the double chamber muffler and the
structure of a double-chamber exhaust muffler was modi-
fied by replacing the connecting structure with the struc-
ture of the class-d single-chamber muffler. Acoustic sim-
ulations and field noise tests demonstrate that the perfor-
mance of the improved muffler was improved. It was
shown that by changing the position of the muffler inlet
and outlet, the airflow in the muffler can be changed, sup-
pressing the formation of vortices in the chamber, and sig-

nificantly reducing the intensity of the airflow secondary
noise. The research in this paper has a certain significance
in reducing the secondary noise of the airflow and improv-
ing the muffler performance of the exhaust muffler.
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