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Abstract. In order to study the effect of airflow on the acoustic attenuation performance of
reactive muffler, firstly, the formulas of wavenumber, transfer matrix method and three point
method were deduced in the case of uniform flow. Then, the differences between transfer matrix
method and three point method were compared based on the results of finite element method
(FEM), for the no-flow, uniform flow and non-uniform flow three different cases. The results
showed that both the transfer matrix method and three point method can accurately calculate the
transmission loss (TL) of muffler under no-flow and uniform flow conditions. But, for the
non-uniform flow case, both the results calculated by the two methods above have deviations on
account of the complexity of flow field and the limitations of calculation methods. In addition,
negative values even appear in the low frequency range. Finally, comparative study about the
effect of uniform flow and non-uniform flow on the acoustic attenuation performance of muffler
was made. Results showed that the difference of the effect of uniform flow and non-uniform flow
on the acoustic attenuation performances is little when the airflow regenerated noise is ignored
and the existence of airflow has little effect on the acoustic attenuation performance of reactive
muffler. Therefore, the effect of airflow on the acoustic attenuation performance can be neglected
during the initial phase of muffler design.

Keywords: muffler, airflow velocity, TL, transfer matrix method, three point method.
1. Introduction

Mufflers are widely used in mechanical systems and obviously affect the comprehensive
property of mechanical systems [1-4]. Its acoustic attenuation performance has been researched
by many scholars. Early studies are mostly based on the assumption that the medium inside the
muffler is static ideal gas [5-9]. But, this assumption is not consistent with the actual situation. In
fact, mufflers are often used to attenuate the noise from fluid machines, the existence of high
velocity airflow may affect the propagation and attenuation of sound wave. Therefore, some
scholars discussed the acoustic attenuation performance of muffler under the non-static gas
condition. The flow field was assumed to be uniform, that is, the fluid motion of every part has
same effect on the propagation and attenuation of sound wave, and the wave equation was deduced
in this case. Then, the effect of uniform flow on the acoustic attenuation performance of muffler
was explored by experiment, theoretical analysis and numerical simulation [10-17]. Though the
assumption above simplified the flow field inside the muffler and the research, the effect of
practical flow field on the propagation and attenuation of sound wave has not been truly reflected.
Actually, flow field inside the muffler is very complex and the effects of airflow at all places are
not consistent. Thus, the prediction method of acoustic attenuation performance for the muffler
with non-uniform flow was discussed. Consequently, the results become closer to the
truth [18-21].

The above researches have obtained a lot of achievements and provided references for the
muffler design. Whereas, in the case of uniform flow, negative values appear on the TL curves in
Refs. [16-18] on the condition that the airflow regenerated noise is not considered, which is not
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consistent with the truth. Furthermore, most of the references adopt transfer matrix method to
calculate the TL values of muffler with flow, but two different boundary conditions must be set
and need double-calculation, which is complex and time-consuming. What is more, the
assumptions of uniform flow and non-uniform flow both have their advantages and disadvantages,
but not much attention has been given to the differences between the two.

The present work aims at discussing the problems above. The remainder of this paper develops
as follows: first, in Section 2, the calculation formulas of wavenumber, transfer matrix method
and three point method were deduced under uniform flow condition. Thereafter, in Section 3, the
differences between transfer matrix method and three point method were compared. Next, in
Section 4, the effects of uniform flow and non-uniform flow on the acoustic attenuation
performance of reactive muffler were studied by FEM. Finally, Section 5 concludes the paper.

2. Theory
2.1. Wavenumber under uniform flow condition

Along the x direction, the wave equation, which contains velocity gradient and temperature
gradient, can be written as [22]:

0? 02 02 ouov Judw
Vip —— <p +2U p+Uzaxp)+2p0( —+——)

at? ot o dydx 0z dx 1
B (Opo dp  9po 6p)
dy dy 0z 0z ’

where u, v, w are the components of fluctuation velocity, U is the velocity of uniform flow, c,
and p, are the sound velocity and air density, respectively. p is the sound pressure, t is the time,
x,y, z are the three directions of coordinate axis, respectively.

When the flow field is uniform and isothermal, du/dy = du/dz = dp,/dy = dp,/0z = 0,
and the wave equation can be rewritten as:

0%p 0°’p 0°’p
2y =
VP <0t2 ot ox 6x2> 0 )

The expression of sound pressure along the x positive direction is:

p(x,y,2,t) = (A,e/%Y + Bye™T*vY ) (Aze k7% 4+ Bye ika?)e)(@i=kax), 3)

where ky, k,,, k, are the wavenumbers along x, y, z directions, respectively; A,, B, are the
incident wave and reflected wave along the y direction, respectively; A, B; are the incident wave
and reflected wave along the z direction, respectively.

Submitting Eq. (3) into Eq. (2) yields:

1
ky = m(—m + sz - (1 —Mm2)(k3 + kzz)) @

where, ky = w/c, is the wavenumber in the case of no-flow, w is the angular frequency,
M = U /c, is the Mach number, k' is the wavenumber of the uniform flow. When the sound waves
propagate along x direction in the form of plane wave, k, = 0, k, = 0, k,, = k' Then, the axial
wavenumbers k,, and k,_ can be written as: k., =k/(1+M), k,_=—-k/(1 -M), “=>
represents direction.
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2.2. Transfer matrix method

Fig. 1(a) shows the sketch map of TL measurement. In the case of uniform flow, the sound
pressures of the four measuring points can be expressed as:

—j-Ko Koy L) Ko,
p, = PyeTEM 4 Ppe/T-M"1, p, = Pye /T+M'2 + Pgel1-1"2, )

ko _i ko, jko _iko
D3 = Poe/T+M3 4+ Ppe™/T-M"3, p, = Pe!T+M™* + Ppe™/T-M*,

where, p,, p, are the complex sound pressures of point 1 and point 2, respectively. ps3, p, are the
complex sound pressures of point 3 and point 4, respectively. P4, Py are the incident sound
pressure and reflected sound pressure of cross-section i;-i,, respectively; P, Pp are the incident
sound pressure and reflected sound pressure of cross-section 0;-0,, respectively; [;, I, are the
distances between point 1, point 2 and the cross-section i;-i,, respectively; 3, [, are the distances
between point 3, point 4 and the cross-section 0;-0,, respectively.

By solving the Eq. (5), P4, Pg, P; and Pp can be written as:

.k . k .k . k
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Pa=—%m v PB = "kom )
olioz(hz 2l 2jsin< kol122) S e CESE LV 2jsin( kollzz)
1-M 1-M 6
_]'k_Ol —jﬂl jk_ol ]'Al ( )
(p3 —pse 1M 34) e J1-mM+ (p4e T+M 34 — p3) e/1T+M™4
Pe = KoM » b= koM ’
7 m(sat2l) kolsq ) T (sat2ly) o ( kolsy )
-M . 1-M . V7o
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where 1, is the distance between measuring point 1 and measuring point 2; I, is the distance
between measuring point 3 and measuring point 4.
The transfer matrix of muffler can be expressed as:

Pi _ A B Po

[Vi] e D] [Vo] O]
where P;, V; are the sound pressure and particle velocity of cross-section i;-i,, respectively; P,, V,
are the sound pressure and particle velocity of cross-section 0,-0,, respectively. A, B, C and D
represent the four-pole parameters.

Assuming the sound waves in inlet and outlet pipes propagate in the form of plane wave, the
sound pressures and particle velocities of cross-sections i;-i, and 0,-0, are given by:

P;=P,+ Py, P,=Pc+Pp, Vi=%, l/},zPCp_icPD. ®)
In order to obtain the four-pole parameters, two boundary conditions must be set.
Boundary condition 1:

Py; = APy, + BVy,, Vi = CPy, + DV, ©)
Boundary condition 2:

Pyi = AP,y + BVy, Vi = CPyo + DV, (10)

The four-pole parameters derived from Egs. (9)-(10) can be written as:
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Fig. 1. Geometry of mufflers
Submitting Eq. (8) into Eq. (11) yields:

_ (Pra+ Pig)(Pyc — Pop) — (Poa + Pop) (P — Pip)

 (Pic + Pip)(Pyc — Pop) — (Pac + Pyp)(Pic — Pip)’
_ (Pya+ Pig)(Pyc + Pyp) — (Pog + Pop)(Pyc + Pyp)

= .pcC,
(Plc_PlD)(PZC+P2D)_(PZC_PZD)(P1€+P1D) p (12)
_(PlA_PlB)(PZC_PZD)_(PZA_PZB)(Plc_PlD) 1

B (P10+P1D)(P2C_P2D)_(PZC+P2D)(P10_P1D).E'
_ (Pya = Pig)(Pyc + Pyp) — (Pog — Pop)(Pic + Pyp)

B (PlC_PlD)(PZC+P2D)_(PZC_PZD)(P1C+P1D)’

where P;4, P;c and P;g, P;p are the incident sound pressures and reflected sound pressures of
inlet and outlet pipes under boundary condition 1; P,4, P, and P,g, P, are the incident sound
pressures and reflected sound pressures of inlet and outlet pipes under boundary condition 2.

The TL calculated by four-pole parameters can be written as:

1 B
TL = 20log,, {E ‘A + l; + pcC + D|} (13)

Submitting Eq. (12) into Eq. (13) gives:
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PlDPZA_PZDplA

TL = 201 .
810 |p, Py — PicPyp

(14)

2.3. Three point method

Assuming the sound waves in inlet and outlet pipes propagate in the form of plane wave and
the outlet pipe has an anechoic termination, that is the reflected wave P, = 0. Then, the sound
wave in the outlet pipe only contains incident wave, that is p; = P.; the sound wave in the inlet
pipe contains incident wave as well as reflected wave. Hence, the sound pressures at point 1 and
point 2 can be written as [23]:

PyeJko/A+Mly 4 poelko/A=-Ml — 1 |
pAe—jko/(1+M)lz + pBefko/(l—M)lz =p,. (15
P, can be obtained by solving Eq. (15):
Kk K
(ple]ﬁllz _ pz) e}ﬁll
Py = (16)

. koM kil )
a2z +2l) | 5. . 0t12
e’'1-M 2jsin <1 — MZ)

The TL is defined as the difference between the incoming sound power level and the outgoing
sound power level, therefore, the TL calculated by three point method can be expressed as:

TL = 10lg

Py? A;
Ay 101g2, a7
p3 ng

where A; and A, are the cross-sectional areas of the inlet and outlet pipes, respectively. If

A; = A,, the formula of three point method can be rewritten as:

2

P2 (Ple"lﬁ_oM’“ - pz) 1ot
TL = 10lg|-=| = 10lg|—Y I (18)
D3 p3elm(112+211) - 2jsin (1 E 3/2[2>

3. Comparison of transfer matrix method and three point method

Under the no-flow, uniform flow and non-uniform flow three different conditions, the
computational accuracy of transfer matrix method and three point method was compared. In
addition, the uniform flow is modeled by applying a zero potential value to the nodes of outlet
surface and a constant flow velocity on the inlet surface to provide a fixed flow rate through the
model during the acoustic field calculation, so the turbulence was not considered. However, the
non-uniform flow is modeled by mapping the flow field data calculated by CFD software Fluent®
to the nodes of acoustical mesh. In this case, the k-& two-equation turbulence model was chosen,
so the turbulence was considered.

Fig. 2(a) and Fig. 2(b) are the FEM models of flow field calculation and acoustic field
calculation, respectively. Both the two FEM models adopt hexahedron mesh and the mesh sizes
of the two FEM models are 4 mm and 8§ mm, respectively. In addition, the material is the air at
normal pressure and temperature for all the calculations. For the flow field calculation, the inlet is
set as velocity boundary condition, the outlet is set as pressure outlet and the pressure is zero
relative to atmospheric pressure, the wall is smooth. For the acoustic field calculation, the inlet is
set as unit vibration velocity, the outlet is set as anechoic termination for the three point method
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and the acoustic impedance of outlet is set as two different values for the transfer matrix method.
In order to calculate the TL, firstly, the sound pressures of measuring points should be obtained

by FEM. Then, bringing the sound pressures into the formulas of three point method and transfer

matrix method to calculate the TL. And the flowchart of TL calculation is shown in Fig. 3.

Fig. 2. FEM models

in Fluent®

1
Mapping the flow field data to
the nodes of acoustical mesh Il_.\r B \

i 1
One boundary condition and Two different boundary conditions
single-cal culation in Virtual 1ab® ||and double-cal culation in Virtual lab®
(three point method) (transfer matrix method)

|
Pl.? 23

TL calculated by TL calculated by
three point method transfer matrix method

Fig. 3. Flowchart of TL calculation

|
I
I
|
Flow field calculation I
I
I
I
i
I

Fig. 4(a) and 4(b) shows the TL curves of coaxial expansion muffler under no-flow and
uniform flow of v = 90 m/s conditions, respectively. And the geometry of coaxial expansion
muffler is shown in Fig. 1(b). It can be observed that the TL curves overlap completely for the
two calculation methods no matter the airflow velocity is zero or uniform flow of 90 m/s, which
explains that both the two methods above can accurately calculate the TL values of muffler under
no-flow and uniform flow conditions. In addition, it should be noted that negative values appear
on the TL curves of mufflers with uniform flow in Refs. [16-18] on the condition that airflow
regenerated noise is ignored, which is not consistent with the theory. However, it can be seen that
no negative values appear on the TL curves calculated by the transfer matrix method and three
point method in this paper, as shown in Fig. 4(b), which fully shows that the calculation error of
TL is eliminated and the computational accuracy of TL is improved in the case of uniform flow
assumption.

In Fig. 4(c), the TL curves calculated by transfer matrix method and three point method were
compared for the non-uniform flow case. Similar with the above cases, two curves almost coincide
exactly, but negative values appear in the frequency region of 0-50 Hz.

In order to explore the reasons of the phenomenon mentioned above, the TL curves of the
coaxial expansion muffler under uniform flow and non-uniform flow conditions were made a
further comparison.

As shown in Fig. 5, no matter the results are calculated by transfer matrix method or three
point method, differences between the uniform flow results and non-uniform flow results are
always existing. Compared with the uniform flow results, non-uniform results significantly
decrease at the peaks except the phenomenon mentioned above.
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Fig. 5. Transmission loss comparison

For the above differences, the main reason is the limitation of algorithm, for example, for the
transfer matrix method, P;, P, and V;, V, in the Eq. (7) are the average sound pressures and average
particle velocities of cross-sections i;-i, and 0,-0,, respectively. For the plane wave, the sound
pressures and particle velocities of arbitrary two points in a same cross-section are the equal. So,
the value of any point in the cross-section can be seen as the average value and selected to calculate
the values of P,, Py, P and Pj. At last, the results of P; V; and P,, V, equal to the average values
of cross-sections i;-i, and 0;-0,, respectively. Therefore, the TL values calculated by transfer
matrix method are accurate for the plane wave case. In Fig. 6(a), (b), (d), (¢), the sound pressure
contours at 5 Hz and 4000 Hz are presented for the coaxial expansion muffler under no-flow and
uniform flow conditions, respectively. It can be observed that the sound waves propagate in the
form of plane wave in the inlet and outlet pipes, actually, in the whole analysis frequency region,
the sound waves in the inlet and outlet pipes always propagate in the shape of plane wave. Hence,
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the transfer matrix method in this paper can be used to predict the TL values of muffler under no-
flow and uniform flow conditions.
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Fig. 6. Sound pressure contours
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Fig. 7. Velocity contours

However, for the non-uniform flow case, the sound waves in the inlet and outlet pipes are not
strict plane wave, as shown in Fig. 6(c) and (f), which can be explained by the velocity contours
in Fig. 7. It is observed that the airflow velocities in the inlet and outlet pipes are uniform and
equal under uniform flow condition, so the effects of airflow at all places on the sound waves
propagation are consistent and the sound waves propagate in the form of plane wave in the inlet
and outlet pipes. But, for the non-uniform flow case, because the wall boundary condition was
considered in the flow field calculation and the velocity fluctuation caused by the abrupt change
of cross-section is large, the airflow velocities in the inlet and outlet pipes are not uniform and
equal. Consequently, the sound waves in the inlet and outlet pipes are not strict plane wave.

Furthermore, the M in Eq. (5) is the specific value of U and c,. As mentioned above, the
airflow in the inlet and outlet pipes are not uniform for the non-uniform flow case, that is, the
Mach numbers in all parts of the pipes are not entirely equal. Therefore, the TL values calculated
by the M which still equals to the specific value of U and ¢, are not accurate.

Because of the existence of above reasons, the TL values calculated by transfer matrix method
generate errors for the non-uniform flow case, negative values even appear in the low frequency.
Similarly, three point method has the same problems, so they will not be mentioned in this article.

In conclusion, both the transfer matrix method and three point method can accurately calculate
the TL of muffler under no-flow and uniform flow conditions. Just for the non-uniform flow case,
the errors of TL values still exist on account of the complexity of airflow and the limitation of
algorithm. Synthetically consider the advantages and disadvantages of the two methods above,
three point method was used for the following calculations for purpose of reducing the calculation
and saving the computing time.
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4. Effects of airflow

In order to study the effects of uniform flow and non-uniform flow on the acoustic attenuation
performance of muffler, taking the expansion chamber muffler and reversing chamber muffler
two kinds of simple reactive muffler and a complex car muffler as examples, comparative study
was made when the airflow regenerated noise is ignored.

4.1. Simple reactive muffler

Fig. 8(a) shows the TL curves of non-coaxial expansion muffler under different airflow
velocities conditions, and its geometry is shown in Fig. 1(c). It is observed that the TL curve
almost has no change as the increase of airflow velocity for the muffler with uniform flow. While,
for the non-uniform flow case, even though the TL curves nearly overlap completely in the
frequency range of 0-1800 Hz and the difference of TL curves is small in the frequency range of
3400-4000 Hz, the change is still very obvious in the frequency range of 1800-3400 Hz, especially
in the frequency ranges of 2600-2800 Hz and 3000-3400 Hz. The main reason is that the inlet and
outlet pipes are not coaxial, the high-speed airflow ejected from inlet pipe strikes the opposite wall
and forms strong reflow. Then the reflow air mixes with the low speed air in the muffler and forms
strong turbulence which leads to large velocity fluctuation [24]. As a result, the propagation of
sound wave were affected more largely.

60 60
s —n—1=0
. . Uniform flow T Non-uniform flow
o] =] —e—yv=45m/s | —v—v=45m/s
40 S 40}
:; é’ o v=90 m/s | v=90 m/s
= = 50 100 1
9 - I n
2 20 2 k { i
2 g ] L
E [ ; g (1| /\ f \i £} "\/‘\,g f e
2 | flem ol J . g \ / NATA 'Y
= Uniform flow Non-uniform flow 2 J = - o = ———
—e—1=45m/s —v—1=45m/s
20 ngp g L v=30 m/§ ! 1 20 1 L L N 1 s L 1
0 800 1600 2400 3200 4000 0 800 1600 2400 3200 4000
Frequency/Hz Frequency/Hz
a) Non-coaxial expansion muffler b) Reversing chamber muffler

Fig. 8. Transmission loss curves

Because the higher order modes were suppressed effectively, the acoustic attenuation
performance of muffler (f; = 0, B, = 0.063D) had a significant enhancement in the medium-high
frequency range [25]. Whereas, the effect of airflow has not been considered in Ref. [25]. It can
be seen from the above analysis, the existence of airflow did not destroy the good acoustic
attenuation performance of this type of muffler on the condition that the airflow regenerated noise
is ignored, no matter the airflow is uniform or non-uniform.

In Fig. 8(b), the TL curves of reversing chamber muffler under different airflow velocities
conditions are presented, and the geometry of the reversing chamber muffler is shown in Fig. 1(d).
Similar with the expansion muffler, the airflow has little effect on the acoustic attenuation
performance of reversing chamber muffler and the difference between uniform flow and

non-uniform flow is little too.
4.2. Complex car muffler
In order to make the conclusion more universal, further study about the effect of airflow on

the acoustic attenuation performance of complex car muffler was made. The geometry of the car
muffler is shown in Fig. 9.
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Fig. 10 presents the TL curves of the complex car muffler under different airflow velocities
conditions. Similar conclusions have also been obtained, the acoustic attenuation performance of
the complex car muffler was slightly affected by the airflow. The existence of airflow has not
destroyed the good acoustic attenuation performance of the car muffler. Furthermore, it can be
observed that the average TL of the car muffler gradually decreases with the increase of airflow
velocity, but the reduction is tiny, as indicated in Table 1. When the inlet airflow velocity is 90 m/s,
the TL values of the car muffler only reduce 0.56 dB and 2.48 dB for the uniform flow and
non-uniform flow cases, respectively. In addition, the change rate of TL decreases as airflow
velocity increases.

Intlel pipe Uunil: mm
K 1
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(=}
_ | =
Sheesiemtart Kb srpecommmmssrs e leragns } B
10
: : . 8278 |
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Fig. 10. Transmission loss curves of the complex car muffler

Table 1. Transmission loss variation of a car muffler with different airflow velocities

. Average transmission loss/dB | Average transmission loss/dB
Flow velocity . .
(uniform flow) (non-uniform flow)

0 38.75 38.75
30 m/s 38.35 37.59
45 m/s 38.36 37.22
60 m/s 38.28 36.93
75 m/s 38.20 36.51
90 m/s 38.19 36.27

Note: The inlet airflow velocity is 90 m/s

5. Conclusions

Both the transfer matrix method and three point method can accurately calculate the TL values
of muffler under no-flow and uniform flow conditions. While, for the non-uniform flow case, both
the results calculated by the two methods above exist errors, negative values even appear in the
low frequency, because of the complexity of airflow and the limitation of calculation method.

The difference of the effect of uniform flow and non-uniform flow on the acoustic attenuation
performances is little when the airflow regenerated noise is ignored. Furthermore, both the
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acoustic attenuation performances of simple reactive muffler and complex car muffler are affected
slightly by the airflow in the case of M < 0.3. When the inlet airflow velocity is 90 m/s, the TL
values of the complex car muffler only reduce 0.56 dB and 2.48 dB for the uniform flow and
non-uniform flow cases, respectively. In addition, the change rate of TL decreases as the airflow
velocity increases. Therefore, the effect of airflow on the acoustic attenuation performance can be
ignored during the initial phase of muffler design when the airflow regenerated noise is ignored.

Acknowledgements

This work was supported by Chongqing Significant Application and Development Planning
Project (No. cstc2015yykfc60003) and National Natural Science Foundation of China (51275540,
51275542).

References

[1] Yasuda T., Wu C. Q., Nakagawa N., Nagamura K. Predictions and experimental studies of the tail
pipe noise of an automotive muffler using a one dimensional CFD model. Applied Acoustics, Vol. 71,
Issue 8, 2010, p. 701-707.

[2] Yasuda T., Wu C. Q., Nakagawa N., Nagamura K. Studies on an automobile muffler with the
acoustic characteristic of low-pass filter and Helmholtz resonator. Applied Acoustics, Vol. 74, Issue 1,
2013, p. 49-57.

[3] OhS., Wang S., Cho S. Development of energy efficiency design map based on acoustic resonance
frequency of suction muffler in compressor. Applied Energy, Vol. 150, 2015, p. 233-244.

[4] Nagarjuna K., Sreenivas K. Noise reduction in a reciprocating compressor by optimizing the suction
muffler. International Journal of Engineering Trends and Technology, Vol. 16, Issue 6, 2014, p. 276-282.

[S] Banerjee S., Jacobi A. M. Transmission loss analysis of single-inlet/double-outlet (SIDO) and
double-inlet/single-outlet (DISO) circular chamber mufflers by using Green’s function method.
Applied Acoustics, Vol. 74, Issue 12, 2013, p. 1499-1510.

[6] Venkatesham B., Tiwari M., Munjal M. L. Transmission loss analysis of rectangular expansion
chamber with arbitrary location of inlet/outlet by means of Green’s functions. Journal of Sound and
Vibration, Vol. 323, Issues 3-5, 2009, p. 1032-1044.

[71 Mimani A., Munjal M. L. 3-D acoustic analysis of elliptical chamber mufflers having an end-inlet
and a side-outlet: an impedance matrix approach. Wave Motion, Vol. 49, Issue 2, 2012, p. 271-295.

[8] Chaitanya P., Munjal M. L. Effect of wall thickness on the end corrections of the extended inlet and
outlet of a double-tuned expansion chamber. Applied Acoustics, Vol. 72, Issue 1, 2011, p. 65-70.

[9] Kar T., Munjal M. L. Generalized analysis of a muffler with any number of interacting ducts. Journal
of Sound and Vibration, Vol. 285, Issue 3, 2005, p. 585-596.

[10] Fang Z., Ji Z. L. Numerical mode matching approach for acoustic attenuation predictions of
double-chamber perforated tube dissipative silencers with mean flow. Journal of Computational
Acoustics, Vol. 22, Issue 2, 2014, p. 1-15.

[11] Chaitanya P., Munjal M. L. Experimental validation of the 1-D acoustical model for conical
concentric tube resonators with moving medium. Noise Control Engineering Journal, Vol. 59, Issue 2,
2011, p. 158-164.

[12] Kirby R. Analytic mode matching for a circular dissipative silencer containing mean flow and a
perforated pipe. The Journal of the Acoustical Society of America, Vol. 122, Issue 6, 2007,
p. 3471-3482.

[13] Munjal M. L. Plane wave analysis of side inlet/outlet chamber mufflers with mean flow. Applied
Acoustics, Vol. 52, Issue 2, 1997, p. 165-175.

[14] Singh N. K., Rubini P. A. Large eddy simulation of acoustic pulse propagation and turbulent flow
interaction in expansion muffler. Applied Acoustics, Vol. 98, 2015, p. 6-19.

[15] Lee S. H., Ih J. G. Effect of non-uniform perforation in the long concentric resonator on transmission
loss and back pressure. Journal of Sound and Vibration, Vol. 311, Issues 1-2, 2008, p. 280-296.

[16] Ji Z. L., Ma Q., Zhang Z. H. Application of boundary element method to prediction acoustic
performance of expansion chamber mufflers with mean flow. Journal of Sound and Vibration,
Vol. 173, Issue 1, 1994, p. 57-71.

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. FEB 2016, VOL. 18, ISSUE 1. ISSN 1392-8716 647



[17]

(18]
[19]

[20]

[21]

[22]

[23]

[24]

[25]

648

1918. EFFECTS OF AIRFLOW ON THE ACOUSTIC ATTENUATION PERFORMANCE OF REACTIVE MUFFLER.
ZHIGANG CHU, FANG KUANG, RUNCHENG KANG, XIAOXIN GAO

Chiang D. M., Chen W. H. Transmission loss analysis of expansion chamber mufflers with mean
flow. Journal of the Chinese Society of Mechanical Engineers, Vol. 28, Issue 1, 2007, p. 3-11,
(in Chinese).

Singh R., Katra T. Development of an impulse technique for measurement of muffler characteristics.
Journal of Sound and Vibration, Vol. 56, Issue 2, 1978, p. 279-298.

Lee L., Wu T. W., Zhang P. A dual-reciprocity method for acoustic radiation in a subsonic
non-uniform. Engineering Analysis with Boundary Elements, Vol. 13, Issue 4, 1994, p. 365-370.

Ji Z. L., Zhang Z. H., Ma Q. A boundary element scheme for evaluation of four-pole parameters of
ducts and mufflers with low Mach number non-uniform flow. Journal of Sound and Vibration,
Vol. 185, Issue 1, 1995, p. 107-117.

Wang X. R, Ji Z. L. Boundary element analysis of four-pole parameters and transmission loss of
silencer with flow. Chinese Journal of Computational Physics, Vol. 24, Issue 6, 2007, p. 717-724,
(in Chinese).

Qiao W. Y. Aircraft Engine Pneumatic Acoustics. Original Edition, Beijing University of Aeronautics
and Astronautics Press, Beijing, 2010, (in Chinese).

Wu T. W., Wan G. C. Muffler performance studies using a direct mixed-body boundary element
method and a three-point method for evaluating transmission loss. Journal of Vibration and Acoustics,
Transactions of the ASME, Vol. 118, Issue 3, 1996, p. 479-484.

Chu Z. G.,Kuang F., Gao X. X., Kang R. C. Effects of outlet pipe transition circular arc on properties
of reactive muffler and its application. Transactions of the Chinese Society of Agricultural
Engineering, Vol. 31, Issue 6, 2015, p. 105-112, (in Chinese).

Chu Z. G., Lu X. H., Shen L. B., Gao X. X., Zhang J. Y. Effects of acoustic modes in chamber on
acoustic attenuation characteristics of reactive silencing elements. Chinese Internal Combustion
Engine Engineering, http://www.cnki.net/kcms/detail/31.1255.TK.20140818.0905.001.html, (in
Chinese).

Zhigang Chu received his Bachelor degree, Master degree and Doctor degree from
Chongqing University in 1999, 2002 and 2012, respectively. He is currently a Vice
Professor in Chongqing University. His main research interests are vehicle system
dynamics and control, vehicle vibration and noise control, computer aided testing theory
and technology.

Fang Kuang received her Bachelor degree in College of Mechanical and Electrical
Engineering from Hennan Agriculture University, Zhengzhou, China, in 2013. Now she is
studying for his mastership. Her current research is noise control.

Runcheng Kang received his Bachelor degree in College of Automotive Engineering from
Hunan University, Changsha, China, in 1990. Now he works at the National Automobile
Quality Supervision Test Center (Xiangyang).

Xiaoxin Gao received his Bachelor degree in College of Automotive Engineering from
Chongqing University, Chongqing, China, in 2014. Now he is studying for his mastership.
His current research is noise control.

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. FEB 2016, VOL. 18, ISSUE 1. ISSN 1392-8716




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [4000 4000]
  /PageSize [612.000 792.000]
>> setpagedevice


