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ABSTRACT

The frequency-domain linearized Navier-Stokes equations (LNSEs) are employed
to predict the acoustic attenuation performance of circular dual-chamber mufflers
with non-uniform flow. The steady flow in mufflers is calculated by computational
fluid dynamics (CFD) and then transferred to non-consistent acoustic mesh from
CFD mesh. Finally, the finite element method of LNSEs is adopted to predict
acoustic attenuation performance of muffler. This paper focuses on the effects of
various configurations on acoustic attenuation performance of mufflers in the
presence of flow, including (1) the number of inner tubes, (2) the length of inner
tubes, and (3) the non-coaxial tubes. The numerical predictions show that the flow
changes the acoustic attenuation performance of mufflers.
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1. INTRODUCTION

In order to reduce the noise inside the pipeline system, the muffler with multi-
chambers has been widely used as a common acoustic element. Among the multiple
chambers mufflers, the dual-chamber mufflers generally have the wider acoustic
attenuation dome and the fewer number of pass-bands in the curve of transmission
loss[1].

In order to predict the acoustic attenuation performance of dual-chamber
mufflers, researchers have presented different analytical and numerical methods, such as
transfer matrix method[2], mode matching technique[3,4], boundary element method[5-
7], finite element method[8], finite volume method[9]. Although the transfer matrix
method is efficient in calculation, it is only suitable in the plane wave frequency range.
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Therefore, the multi-dimensional analytic and numerical methods are required for the
accuracy prediction of acoustic attenuation performance at higher frequencies
considering the effect of high order modes. Selamet et al[4] employed a two
dimensional (2-D) axisymmetric analytical approach based on the mode-matching
technique to investigate the acoustic behavior of a circular dual-chamber muffler.
Ji[6]developed a three dimensional substructure boundary element technique to predict
the acoustic attenuation performance of multi-chamber mufflers. Liu et al[8] used the
finite element method to predict the the acoustic attenuation performance of circular
dual-chamber mufflers. Middelberg et al[9] applied the CFD software based on the
finite volume method to determine the acoustic response of expansion chamber mufflers.
The above-mentioned works[4,6,8,9] discussed the effect of various internal geometry,
including the number of chamber, the length of inner tubes, as well as the orientation of
inlet tube, on the acoustic attenuation performance of the mufflers. In the absence of
flow, it was found that these effects change the acoustic attenuation performance of the
mufflers drastically.

The researches on acoustic behaviors of multi-chamber mufflers with flow are
very limited. Ji et al[7] applied the boundary element method to predict the acoustic
performance of expansion chamber mufflers with uniform flow. For more complex
inner geometry, the assumption of uniform flow inside mufflers may be not reasonable
for the acoustic attenuation prediction. In order to consider the non-uniform flow inside
mufflers, Liu and Ji [10] employed the time-domain CFD method to predict the acoustic
attenuation performance of perforated tube mufflers. Their predictions agreed well with
the measurements. However, the huge computation cost makes that the 3-D time-
domain CFD method is not suitable for practical design of silencers. In recent years,
some researchers have linearized all of equations governing fluid flow to describe sound
propagation in the ducts with flow. Kierkegaard et al[11] found that this frequency-
domain linearized Navier-Stokes equations (LNSESs) approach is efficient and accurate.

The objective of the present study is then (1) to employ a numerical method
based on the frequency-domain linearized Navier-Stokes equations to predict the
acoustic attenuation performance of circular dual-chamber mufflers with non-uniform
flow; (2) to investigate the effects of various configuration, including the number of
inner tubes, the length of inner tubes and the non-coaxial tubes on acoustic attenuation
performance of the mufflers. The results of this study provide a deeper insight into
understanding the dual-chamber mufflers in the presence of non-uniform flow.

2. NUMERICAL APPROACH
In this paper, LNSEs are formulated in the frequency domain and the harmonic
variation is assumed. The method considers the dependent variable A(x,t) as the sum of

mean flow part A (x)and acoustic perturbation A (x)e’*. To linearize all of equations

governing fluid flow and neglect the higher order acoustic variables, the frequency
domain LNSEs can be written as
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where, the subscripts ‘0” and ‘1’ represent background mean flow part and acoustic
perturbation.

To implement the finite element method of LNSEs, a weak formulation is
created from the Equation 1-5 by multiplication with test function, respectively and
followed Dby integration over the domain. With stokes’ divergence theorem, the
integrated formulation reduces all second order derivatives to first order derivatives.
The boundary conditions of simulation can be found in the boundary integration term.

Figure 1 shows the overview of simulation conditions for predicting acoustic
behavior of mufflers. The subscripts ‘+” and ‘-’ represent the forward moving wave and
backward moving wave in the sound propagation. The superscripts ‘u’ and ‘d’ denote
the upstream and downstream of muffler, respectively. Only plane waves are assumed
to be present in the ends of upstream and downstream. Therefore the relation between
sound pressure and particle velocity is expressed by Equation 6. For the evaluation of
acoustic behavior of muffler, the transmission loss (TL) in Equation 7 is used.
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Figure 1. Overview of simulation conditions of muffler.

As an acoustic excitation, the mass source term M in LNSEs is applied over the
specific domain of upstream of muffler. In this paper, Gaussian pulse function is
employed to set the source distribution along the axis direction. The magnitude of the
function reaches its maximum in the middle position of the source domain and equals
zero at edges. Perfect matched layers (PMLs) are arranged at the upstream and
downstream of muffler, which is employed to absorb the reflected sound from ends. The
slip wall boundary conditions are employed as bellow

U -n=0 8
where, n is normal direction of walls.

3. RESULTS AND DISCUSSION

In this section, the seven configurations of dual-chamber mufflers in Figure 2
will be employed to investigate the effect of internal geometry and inlet orientation on
acoustic attenuation performance of mufflers. The chambers have a diameter of
D=152.9 mm and the length of Is;;= ls;= 141.2 mm. The inlet and outlet tubes have the
diameter of d=49.3 mm. The extended length of outlet tube into the right chamber is
1,=25 mm and the extended lengths of inner tubes into the chambers are 1;;=25 mm and
Io=59 mm, respectively. The rest structural dimensions of dual-chamber mufflers are
shown in Table 1. For the configurations C and D, the extended length of inlet tube into



the left chamber is [.=47.2 mm. For the configuration G, the extended lengths of shorter
inner tube are I.3=12.5 mm and 1,4=29.5 mm, respectively.

In this paper, some background mean variables in LNSEs is spatial-dependent,
such as uo, po, #. The rest background mean variables, such as Tyand po, are set as
homogeneous inside mufflers. The maximum size of the acoustic mesh of mufflers is
less than 4 mm. The background mean variables inside silencer are calculated first by
the commercial software ANSYS Fluent with k-¢ turbulence model and then transferred
from CFD mesh to non-consistent acoustic mesh. The LNSEs can be solved by using
the commercial software COMSOL Multiphysics to evaluate the acoustic attenuation
performance of mufflers.

In order to validate the accuracy of the LNSEs method, the numerical prediction
(blue curve) and the published measurement[4] of transmission loss for the
configuration A are shown in Figure 3. The comparison between these results exhibits a
good agreement. There are some high spikes in the transmission loss curve. According
to the theory of transfer matrix method, frequencies of the spikes correspond
approximately to the extended lengths of tubes into the chambers. Considering the
length and end-correction of extended tubes into the chambers, the resonance
frequencies near 1150 Hz and 2550 Hz are verified by the theory of quarter-wave
resonator. The resonance frequencies near 1600 Hz may correspond to the theory of
Helmholtz resonator. In order to validate the guess, the extended length is adjusted to 20
mm. The predicted result (green curve) in Figure 3 shows that the resonance frequency
is shifted to higher frequency. It is attributed that the volume of the Helmholtz resonator
decreases due to the reduction of extended length of outlet tube.

Figure 5 shows the transmission loss of the seven configurations of dual-
chamber mufflers with non-uniform flow. As the inlet Mach number is M=0.2, there is
obviously numerical error in the low frequency range, especially for those asymmetric
configurations B, F and G. Figure 4 shows the amplitude of sound pressure and
reflected sound pressure along the axis of outlet tube of the configuration B at the
frequencies of 100Hz, 1000Hz and 2000Hz. The reflected sound pressure is obtained by
using the plane wave decomposition with mean flow in the outlet tube. It is found that
the PML absorbs inefficiently the reflected sound in the low frequency range. This
causes the inaccurate calculation of transmission loss. However, the quick fluctuation of
curve does not affect the analysis of acoustic performance. Comparing the acoustic
attenuation performance of mufflers with end-inlet and side-inlet, the similar acoustic
behavior could be found.

Table 1. Structural dimensions of various configurations of dual-chamber mufflers.
(Units: mm)

Configurations

Dimension A B c D E = G
d; 49.3 34.8 49.3 34.8 28.5 49.3 34.8
) 0 42.5 0 42.5 42.5 42.5 42.5

I 59 59 47.2 47.2 59 59 59
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Figure 3. Transmission loss of the configuration A of dual-chamber mufflers without
flow:the extended lengths of outlet tube into the right chamber are 20 mm and 25 mm.
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Figure 4. Amplitude of sound pressure and reflected sound pressure along the axis of
outlet tube of the configuration B at the frequencies of 100Hz, 1000Hz and 2000Hz(inlet

Mach number M=0.2).

With the increase of flow velocity, the acoustic attenuation performance of most
configurations has changed. These effects are mainly manifested in the following three
aspects: (1) the shift of resonance frequencies, (2) the decrease of amplitude of TL at
resonance frequencies and the increase of amplitude of TL at some frequencies, (3) the
decrease of amplitude of TL in the low frequency range for the configurations A and E.
The first aspect is attributed to that (a) the end-corrections of extended tubes into the



chambers do not remain the same when the flow velocity changes, (b) the different
inner geometries of the configurations affect resonance frequencies in the range from
1230 Hz to 2430 Hz, which correspond to the theory of Helmholtz resonator. Because
the acoustic impedance may change compared to the case without flow, it may cause the
change of TL amplitude. The last aspect may be due to the obvious discrepancy of the
inner geometry between the configurations A/E and the rest. The configurations A/E
have the coaxial inlet, outlet and inner tubes.
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Figure 5. Transmission loss of various configurations of dual-chamber mufflers with
non-uniform flow

4. CONCLUSIONS

In the present study, the frequency-domain linearized Navier-Stokes equations
are employed to predict the acoustic attenuation performance of circular dual-chamber
mufflers with non-uniform flow. As the Mach number M=0.2, the numerical error is
visible compared to the cases of M=0 and 0.1. However, the quick fluctuation of curve
does not affect the analysis of acoustic performance.

The effects of inner geometry and flow velocity have been investigated. The
changes of inner geometry of the various configurations shift the resonance frequencies
of mufflers. The end-corrections of extended tubes into the chambers and the acoustic
impedance are affected by the flow velocity inside mufflers. The two aspects also
change the acoustic attenuation performance of mufflers. In the low frequency range,
the acoustic attenuation performance of the coaxial configurations is drastically affected
by the high Mach number flow.
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