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The one-dimensional (1-D) analytical approach is developed to predict and analyze the acoustic attenuation perfor-
mance of two-pass perforated hybrid mufflers in the presence of mean flow. The expressions of complex acoustic
wavenumber and impedance of long fiber glass wool are presented by using the impedance tube measurement and
curve fitting. The 1-D approaches as well as the fitting expressions are validated by comparing the predicted and
measured transmission loss of two-pass perforated hybrid mufflers with a different Mach number. Results illus-
trate that the 1-D predictions agree well with measurements below the plane wave cut-off frequency and deviate in
higher frequency range. The influences of geometric parameters including the lengths of extended tubes, perfora-
tions on the right bulkhead and the outlet tube, and mean flow on the acoustic attenuation behavior of the hybrid
mufflers are examined.

1. INTRODUCTION

Hybrid mufflers may provide high acoustic attenuation over
wide frequency range, and are extensively used to attenuate
the noise generated by internal combustion engines, blowers
and fans. Perforated components may enhance the acoustic
attenuation, reduce the pressure drop and protect the sound-
absorbing material from the air flow, hence they are widely
used in mufflers. The prediction of acoustic attenuation perfor-
mance of muffler containing perforated components has been
a topic of interest for many years.

Peat presented the numerical decoupling approach to extract
eigenvalues and eigenvector and obtained the transfer matrix
of the straight-through perforated tube muffler.1 Gogate and
Munjal presented transfer matrices of the two-pass and three-
pass perforated tube mufflers.2, 3 Selamet et al. applied the
transfer matrix method by using numerical decoupling to pre-
dict and analyze the acoustic attenuation performance of three-
pass mufflers with uniform perforated elements.4 Fan and Ji in-
vestigated the impact of perforations on inlet and outlet tubes
on the acoustic attenuation performance of three-pass perfo-
rated tube mufflers by the 1-D analytical approach, which was
validated by comparing the predicted and measured transmis-
sion loss.5 Dickey presented a 1-D time-domain approach
to predict the transmission loss of single and multiple pass
perforated tube mufflers; the approach was verified by com-
paring transmission loss predictions and measurements in the
absence of mean flow.6 Ramya and Munjal presented end-
correction expressions for the higher-order modes generated
at the perforated-chamber interface to analyze the acoustic be-
havior of the extended concentric tube resonator.7 The multi-
pass muffler configurations often have short end-chambers,
which serve as a resonator and provides attenuation peak in
the low-frequency range. The sound propagations in the short
chambers have been explicitly addressed by Mimani, Selamet
and Ji as well as Selamet and Denia and may be adopted for
mufflers with short end-chambers.8–10 For these typical muf-
flers, the 1-D predictions agree well with measurements in
the plane wave range. Beyond the plane wave cut-off fre-
quency the 1-D approaches are less suitable since the effects

of a multi-dimensional wave may not be negligible. In order
to predict the acoustic attenuation performance in the high fre-
quency range, three-dimensional (3-D) numerical methods like
finite element method (FEM) and boundary element method
(BEM) are needed. Ji and Fang developed the 1-D analytical
approach, FEM and BEM to predict the acoustic attenuation
characteristics of the three-pass perforated tube muffler with
end-resonator and indicated that results from FEM and BEM
agree well with each other in the whole frequency range of in-
terest, while the 1-D solutions show reasonable agreement with
3-D predictions below the plane wave cut-off frequency.11

In practical applications, the air flow imparts convective and
dissipative effects on sound propagation, which may impact
the acoustic attenuation behavior of mufflers. The convective
effects mainly impact the resonance and pass frequencies and
may be captured by the convective wave equation. The dis-
sipative effects of perforated sections may be considered by
adopting appropriate acoustic impedance expressions of per-
foration. Torregrosa et al. proposed a simple flow model to as-
sess the influences of mean flow and dissipation on the acoustic
performance of the classical two-duct Herschel-Quincke tube;
the model included the transfer matrix for the system and al-
gorithms for estimating Mach number.12 Kirby applied the
point collocation numerical technique to analyze the acous-
tic attenuation performance of dissipative silencers of arbi-
trary cross section in the presence of flow.13 Albelda et al.
presents a modal approach to evaluate the transversal modes
and wavenumbers for dissipative mufflers with mean flow. The
approach avoids iterative schemes associated with the nonlin-
ear characteristic equation.14 Kirby compared the analytic and
numerical mode matching methods for modeling automotive
dissipative silencers with mean flow, and the results demon-
strated that both approaches deliver fast and accurate predic-
tions.15 Elnady et al. proposed a new segmentation approach
based on two-port analysis techniques for the modeling of au-
tomotive mufflers with two flow ducts coupled through a per-
forate. The two-port simulation results show good agreement
with the measurements and the simulations using the classical
four-port elements.16 Recently, Lato and Mohany presented
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an experimental investigation of the attenuation mechanism
of a Herschel-Quincke device and its effectiveness in damp-
ing pressure pulsations when applied to a resonant piping sys-
tem.17

With the implementation of increasingly strict emission reg-
ulations, small-displacement vehicles become more and more
popular. The two-pass perforated hybrid mufflers are widely
used in the exhaust system of small-displacement automobiles,
however, no computational or experimental works have been
published in the public literature to determine the acoustic at-
tenuation characteristics of the hybrid mufflers. The 1-D an-
alytical approach has no preference regarding a PC’s perfor-
mance, may capture the acoustic response of mufflers quickly,
and becomes an effective tool for the acoustic analysis of muf-
flers especially in the stage of initial design of mufflers. The
motivation of this paper is to develop a 1-D analytical approach
to predict and analyze the acoustic attenuation performance of
the two-pass perforated hybrid mufflers.

Following the introduction, the 1-D analytical approach is
developed in Section 2. Section 3 presents appropriate acous-
tic impedance expressions for perforation in the presence of
mean flow. In Section 4, the fitting expressions of the com-
plex acoustic wave number and impedance of long fiber glass
wool with filling density 151.4 g/L are presented by the curve
fitting based on the averaged values of measurements. Trans-
mission loss of the hybrid mufflers is measured to validate the
1-D approach as well as fitting formulas of complex impedance
and wavenumber of the sound-absorbing material in Section 5.
Then the 1-D approach is employed to examine the effects of
geometric parameters and mean flow on the acoustic attenua-
tion performance of the hybrid mufflers in Section 6. Finally,
this work concludes with some final remarks.

2. THEORY

The two-pass perforated hybrid muffler is shown in Fig. 1.
The muffler is divided into three chambers by perforated bulk-
heads. The right chamber is filled with sound-absorbing mate-
rial, the inlet tube with perforated section in the left chamber
inserts into the middle chamber, and the outlet perforated tube
inserts into the left chamber. Flow velocity in the local region
of the left and middle chambers is high relatively; however,
it is difficult for the 1-D analytical approach to consider the
convection effects of complex non-uniform flow in chambers
on acoustic propagation. Hence, the convective effect in inlet
and outlet tubes is only taken into account. The dissipative ef-
fect of mean flow in perforated sections is only considered by
selecting appropriate acoustic impedance for perforation.

Following the works of Peat,1 the sound pressures and par-
ticle velocities at the two ends of the perforated section, for
example the ends (x2 = 0 and x2 = lp) of the perforated sec-
tion in the left chamber, are related as:

pt(0)
ρ0c0ut(0)
pe(0)

ρ0c0ue(0)

 = [R0]


pt(lp)

ρ0c0ut(lp)
pe(lp)

ρ0c0ue(lp)

 ; (1)

where p is the sound pressure, u is the particle velocity, ρ0 is
the density of air, c0 is the speed of sound in air, the mean flow
Mach number in perforated tube and acoustic impedance of the

(a) For the case of lc2 ≥ lp + lb

(b) For the case of lc2 < lp + lb

Figure 1. Two-pass perforated tube hybrid muffler.

perforated tube are included in matrix [R0], and the subscripts
t and e represent the perforated tube and empty chamber, re-
spectively.

Ignoring the air flow in the right chamber, the sound-
absorbing material is treated as an equivalent fluid with
complex-valued density and sound speed. According to
Eq. (1), the sound pressures and particle velocities at the two
ends of perforated tube in right chamber may be expressed as:

p1(0)
ρ0c0u1(0)
p2(0)

ρcccu2(0)

 =

[
[A11] [A12]
[A21] [A22]

]
p1(lp1)

ρ0c0u1(lp1)
p2(lp1)

ρcccu2(lp1)

 ; (2)

where ρc is the complex density of sound-absorbing material,
cc is the complex speed of sound in sound-absorbing material,
[Aij ] (i = 1, 2, j = 1, 2) are the 2 × 2 matrices, and the sub-
script 1 and 2 represent the outlet perforated tube and the right
chamber, respectively.

The rigid wall in the right chamber yields:

ρcccu2(lp1)/p2(lp1) = j tan(kclb1); (3)

where j =
√
−1 is the imaginary unit, kc is complex wavenum-

ber of sound-absorbing material. The overall transfer matrices
of the two muffler configurations are derived as below.

2.1. For the Case of lc2 ≥ lp + lb

The two-pass perforated hybrid muffler with lc2 ≥ lp+ lb is
shown in Fig. 1(a), the sound pressures and particle velocities
at the two ends of the perforated section in left chamber are
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related as:
p3(0)

ρ0c0u3(0)
p4(0)

ρ0c0u4(0)

 =

[
[B11] [B12]
[B21] [B22]

]
p3(lp)

ρ0c0u3(lp)
p4(lp)

ρ0c0u4(lp)

 ; (4)

where [Bij ] (i = 1, 2, j = 1, 2) are the 2× 2 matrices, and the
subscripts 3 and 4 represent the inlet perforated tube and the
left chamber, respectively.

By the transfer matrix method, the following expressions
may be obtained:

{
p3(lp)

ρ0c0u3(lp)

}
=

e−jM1k1l1

[
cos(k1l1) j sin(k1l1)
j sin(k1l1) cos(k1l1)

]{
p5

ρ0c0u5

}
=

[C]

{
p5

ρ0c0u5

}
; (5){

p7
ρ0c0u7

}
=

[
cos(k0l2) j sin(k0l2)
j sin(k0l2) cos(k0l2)

] [
1 ζr/zn
0 1/zn

]
×[

cos(kcl3) j sin(kcl3)
j sin(kcl3) cos(kcl3)

]{
p2(0)

ρcccu2(0)

}
=

[D]

{
p2(0)

ρcccu2(0)

}
; (6){

p4(0)
−ρ0c0u4(0)

}
=[

cos(k0l4) j sin(k0l4)
j sin(k0l4) cos(k0l4)

] [
1 0

j tan(k0l5)(S3−S1−S2)
S3−S1

S2

S3−S1

]
×

e−jM2k2l6

[
cos(k2l6) j sin(k2l6)
j sin(k2l6) cos(k2l6)

]{
p1(0)

ρ0c0u1(0)

}
; (7){

p6
ρ0c0u6

}
=

[
cos(k0l7) j sin(k0l7)
j sin(k0l7) cos(k0l7)

] [
1 ζl
0 1

]
×[

cos(k0l8) j sin(k0l8)
j sin(k0l8) cos(k0l8)

]{
p4(lp)

−ρ0c0u4(lp)

}
; (8)

where k0 is the wave number, k1 = k0/(1 − M2
1 ), k2 =

k0/(1 −M2
2 ), l1 = lb + tbl + lc1 + δc1, l2 = lc − lc1 − δc1,

l3 = la1, l4 = lc2 + δc2− lp− lb, l5 = la+ lp+ lb− lc2− δc2,
l6 = lc2+ δc2+ tbl+ lc+ tbr+ la1, l7 = lc1+ δc1, l8 = lb, δc1
and δc2 are the end corrections of extensions for the inlet tube
into the middle chamber and outlet tube into the left chamber,
respectively, which may be calculated using expression (17)
in the paper of Kang and Ji.18 tbl and tbr are the thickness
of the left and right bulkheads, ζl and ζr are specific acoustic
impedance ratio of perforations on the left and right bulkheads,
respectively. zn is the acoustic impedance ratio of sound ab-
sorbing material to air, S1, S2 and S3 are the cross-sectional
areas of inlet and outlet tubes as well as chamber, respectively.

Expressions in Eqs. (7)–(8) may be rewritten as:

{
p4(0)

ρ0c0u4(0)

}
= [E]

{
p1(0)

ρ0c0u1(0)

}
; (9){

p4(lp)
ρ0c0u4(lp)

}
= [F ]

{
p6

ρ0c0u6

}
. (10)

Substituting Eqs. (6) and (9) in Eq. (2) gets:
p4(0)

ρ0c0u4(0)
p7

ρ0c0u7

 =

[
[E][A11] [E][A12]
[D][A21] [D][A22]

]
p1(lp1)

ρ0c0u1(lp1)
p2(lp1)

ρcccu2(lp1)

 =

[G]


p1(lp1)

ρ0c0u1(lp1)
p2(lp1)

ρcccu2(lp1)

 . (11)

Substituting Eqs. (5) and (10) in Eq. (4) yields:
p3(0)

ρ0c0u3(0)
p4(0)

ρ0c0u4(0)

 =

[
[B11][C] [B12][F ]
[B21][C] [B22][F ]

]
p5

ρ0c0u5
p6

ρ0c0u6

 =

[H]


p5

ρ0c0u5
p6

ρ0c0u6

 . (12)

On the cross-section A-A in Fig. 1(a), the continuity condi-
tions of sound pressure and acoustic mass velocity at the inter-
section give:

p5 = p6 = p7;

ρ0c0u5S5 = ρ0c0u6S6 + ρ0c0u7S7; (13)

where S5 = S1, S6 = S3 − S1 − S2 and S7 = S3 − S2.
Substituting Eq. (13) in Eq. (12) obtains:

p3(0)
ρ0c0u3(0)
p4(0)

ρ0c0u4(0)

 = [I]

ρ0c0u6p7
ρ0c0u7

 =

[
[I1]
[I2]

]ρ0c0u6p7
ρ0c0u7

 ;

(14)
where Im1 = Hm2S6/S5+Hm4, Im2 = Hm1+Hm3, Im3 =
Hm2S7/S5, m = 1 ∼ 4.

Substituting Eq. (3) in Eq. (11) gets:
p4(0)

ρ0c0u4(0)
p7

ρ0c0u7

 = [J ]

 p1(lp1)
ρ0c0u1(lp1)
ρcccu2(lp1)

 ; (15)

where Jmn = Gmn (m = 1 ∼ 4, n = 1 ∼ 2), Jm3 =
Gm3 + j tan(kclbl)Gm4 (m = 1 ∼ 4).

Equations (14) and (15) both contain the terms p4(0) and
ρ0c0u4(0), may be rewritten as:ρ0c0u6p7

ρ0c0u7

 =

 a1 − b1a3/b3 a2 − b2a3/b3
J31 − b1J33/b3 J32 − b2J33/b3
J41 − b1J43/b3 J41 − b2J43/b3

{ p1(lp1)
ρ0c0u1(lp1)

}
=

[K]

{
p1(lp1)

ρ0c0u1(lp1)

}
; (16)

where an = (J1n − I32J3n − I33J4n)/I31, bn = I41an +
I42J3n + I43J4n − J2n, n = 1 ∼ 3.
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Substituting Eq. (14) in Eq. (16) yields the whole transfer
matrix of the muffler as:{

pi
ρ0c0ui

}
= e−jMakal1

[
cos(kala) j sin(kala)
j sin(kala) cos(kala)

]
[I1] [K]×

e−jM2k2lb1

[
cos(k2lb1) j sin(k2lb1)
j sin(k2lb1) cos(k2lb1)

]{
po

ρ0c0uo

}
=

[T ]

{
po

ρ0c0uo

}
; (17)

where ka = k0/(1−M2
a ), the subscripts i and o represent the

inlet and outlet of the muffler, respectively.

2.2. For the Case of lc2 < lp + lb
The two-pass perforated hybrid muffler with lc2 < lp + lb

is shown in Fig. 1(b), Eqs. (4)–(6) will be used in this section
based on the foregoing analysis. The following expressions
may be obtained by the transfer matrix method:{

p10
ρ0c0u10

}
=

e−jM2k2l6

[
cos(k2l1) j sin(k2l1)
j sin(k2l1) cos(k2l1)

]{
p1(0)

ρ0c0u1(0)

}
=

[E]

{
p1(0)

ρ0c0u1(0)

}
; (18){

p4(lp)
ρ0c0u4(lp)

}
=

[
cos(k0l2) j sin(k0l2)
j sin(k0l2) cos(k0l2)

]{
p8

ρ0c0u8

}
=

[F ]

{
p8

ρ0c0u8

}
; (19){

p6
ρ0c0u6

}
=

[
cos(k0l3) j sin(k0l3)
j sin(k0l3) cos(k0l3)

] [
1 ζl
0 1

]
×[

cos(k0l4) j sin(k0l4)
j sin(k0l4) cos(k0l4)

]{
p9

−ρ0c0u9

}
; (20)

where k2 = k0/(1−M2
2 ), l1 = lc2+σc2+ tbl+ lc+ tbr+ la1,

l2 = lb − lc2 − σc2, l3 = lc1 + σc1, l4 = lc2 + σc2.
Equation (20) may be rewritten as:{

p6
ρ0c0u6

}
= [G]

{
p9

−ρ0c0u9

}
. (21)

Substituting Eqs. (6) and (18) in Eq. (2) gets:
p10

ρ0c0u10
p7

ρ0c0u7

 =

[
[E][A11] [E][A12]
[D][A21] [D][A22]

]
p1(lp1)

ρ0c0u1(lp1)
p2(lp1)

ρcccu2(lp1)

 =

[H]


p1(lp1)

ρ0c0u1(lp1)
p2(lp1)

ρcccu2(lp1)

 . (22)

Substituting Eqs. (5) and (19) in Eq. (4) obtains:
p3(0)

ρ0c0u3(0)
p4(0)

ρ0c0u4(0)

 =

[
[B11][C] [B12][F ]
[B21][C] [B22][F ]

]
p5

ρ0c0u5
p8

ρ0c0u8

 =

[I]


p5

ρ0c0u5
p8

ρ0c0u8

 . (23)

The continuity conditions of sound pressure and acoustic
mass velocity at the intersections A and B shown in Fig. 1(b)
may be expressed as Eq. (13) and the following equations:

p8 = p9 = p10;

ρ0c0u8S8 = ρ0c0u9S9 + ρ0c0u10S10; (24)

where S8 = S3 − S1, S9 = S3 − S1 − S2 and S10 = S2.
Combining Eqs. (13), (21) and (24) yields:

p5
ρ0c0u5
p8

ρ0c0u8

 =


0 0 1 0(

G21−G22G11

G12

)
S6

S5
0 G22S6

G12S5

S7

S5

1 0 0 0
−G11S9

G12S8

S10

S8

S9

G12S8
0




p10
ρ0c0u10
p7

ρ0c0u7

 =

[J ]


p10

ρ0c0u10
p7

ρ0c0u7

 . (25)

Substituting Eqs. (22) and (25) in Eq. (23) gets:
p3(0)

ρ0c0u3(0)
p4(0)

ρ0c0u4(0)

 = [I] [J ] [H]


p1(lp1)

ρ0c0u1(lp1)
p2(lp1)

ρcccu2(lp1)

 =

[K]


p1(lp1)

ρ0c0u1(lp1)
p2(lp1)

ρcccu2(lp1)

 . (26)

The rigid wall in the left chamber gives:

ρ0c0u4(0)/p4(0) = j tan(k0la). (27)

Substituting Eqs. (3) and (27) in Eq. (26) gets the transfer
matrix between inlet and outlet of the hybrid muffler, which
may be expressed as:{

pi
ρ0c0ui

}
= e−jMakal1

[
cos(kala) j sin(kala)
j sin(kala) cos(kala)

]
[I1] [L]×

e−jM2k2lb1

[
cos(k2lb1) j sin(k2lb1)
j sin(k2lb1) cos(k2lb1)

]{
po

ρ0c0uo

}
=

[T ]

{
po

ρ0c0uo

}
; (28)

where Lmn =
Kmn − [Km3+jKm4 tan(kclbl)][K4n+jK3n tan(k0la)]

K43+jK44 tan(kclbl)+j tan(k0la)[K33+jK34 tan(kclbl)]

(m,n = 1 ∼ 2).
The transmission loss of the hybrid muffler may be deter-

mined by substituting the elements of matrix [T ] of Eq. (17) or
Eq. (28) in the following expression:

TL = 20 log10

(√
S1

S2

(1 +M1)

(1 +M2)

|T11 + T12 + T21 + T22|
2

)
;

(29)
whereM1 andM2 are the mean flow Mach number on the inlet
and outlet of the muffler, respectively, and Tij (i = 1 ∼ 2,
j = 1 ∼ 2) are the elements of the matrix [T ].
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3. ACOUSTIC PROPERTIES OF
PERFORATION

The acoustic characteristics of perforation are expressed by
using the acoustic impedance. Chen presented the expressions
for the specific acoustic impedance ratio of perforations with
the grazing flow:19

ζG =
√
8ρ0µω(1+

tw
dh

)+ρ0VGrG+j
[
ρ0ω(tw+αdh)+ρ0VGxG

]
ρ0c0φ

;

rG =



0.1319S3
t − 0.6638S2

t + 1.313 St ≤ 2.96;

1.554St − 5.708 2.96 < St ≤ 4.20;

−0.6625St + 3.578 4.2 < St ≤ 5.90;

0.647St − 4.162 5.90 < St ≤ 6.43;

0 St > 6.43;

xG =



0.1266S3
t − 1.105St St ≤ 2.7;

1.888St − 5.637 2.7 < St ≤ 3.51;

−1.05St + 4.662 3.51 < St ≤ 4.88;

0.4006St − 2.425 4.88 < St ≤ 6.05;

0 St > 6.05;

St = ωdh/(2Uc); Uc = 0.048VGRe
0.2; Re = ρ0VGdh/µ;

(30)

where ρ0 is density of air in orifices, c0 is the speed of sound
in air, µ is the dynamic viscosity of air, ω is the circular
frequency, tw is the wall thickness of perforated tube, dh is
the hole diameter, φ is the porosity of perforation, VG is the
average velocity for the grazing flow, rG and xG are non-
dimensional acoustic resistance and reactance of an orifice
contributed by grazing flow, respectively, St is the Strouhal
number and is related to dh for grazing flow, Uc is the convec-
tion velocity of vorticity, Re is Reynolds number. α is the end
correction coefficient expressed as:20

α = 0.85
(
1− 1.4092φ0.5 + 0.33818φ1.5 + 0.06793φ2.5 −

0.02287φ3 + 0.03015φ3.5 − 0.01641φ4
)
. (31)

For the perforated facing, one side is air and another side is
sound-absorbing material, for example the perforated section
in right chamber shown in Fig. 1, the acoustic impedance of
perforations is influenced by the acoustic property of porous
material. Inspired by Ingard and Bolt as well as Kirby and
Cummings,21, 22 Eq. (30) is modified to consider the effect of
sound-absorbing material acoustic properties on ζG and rewrit-
ten as:

ζG =
√
8ρ0µω(1+

tw
dh

)+ρ0VGrG+j
[
ρ0ω(tw+α

′dh)+ρ0VGxG
]

ρ0c0φ
;

(32)

where α′ = 0.5α(1+ρn) is the modified end correction coeffi-
cient for sound-absorbing material filling in one side of perfo-
rated sections, ρn is complex density ratio of sound-absorbing
material to air. Since rG and xG are contributed by the graz-
ing flow, Eq. (32) is also applied to determine the specific

acoustic impedance ratio for the right perforated bulkhead with
rG = xG = 0.

For the bias flow in perforated sections, like the left bulk-
head, the specific acoustic impedance ratio of perforations may
be expressed as:23

ζB =
ρ0VB(rB + jxB)

φ
;

rB = a× S4
t + b× S3

t + c; xB = d× St + e;

a =
116.6Re−0.7617

(φ+ 0.1946)(tw/dh + 0.1658)
;

b =
4.776× 10−5(Re− 1.544× 104)

(φ+ 0.2263)(tw/dh + 0.2559)
;

c = −3.096φ+ 2.406;{
d = 7.672×10−3

(tw/dh)2.817
+ 0.6704

e = 0
for St ≤ S′t;d = −2.869

φ0.244

[
1

tw/dh
− 7.402

](
Re0.1 − 2.08

)
e =

[
7.672×10−3

(tw/dh)2.817
+ 0.6704

]
S′t − d× S′t

for St > S′t;

S′t = 4.940
(
tw/dh + 8.997× 10−2

)(
Re0.1 − 1.854

)
;

St = ω tw/2VB ; Re = ρV0dh/µ; (33)

where VB is average velocity of airflow through the hole, rB
and xB is non-dimensional acoustic resistance and reactance
of an orifice with bias flow, respectively. St is the Strouhal
number and related to tw for bias flow. V0 is flow velocity of
the medium with Mach number 0.05 in orifices, which is used
to take into account effects of medium temperature on ζB .

Considering the fact that the grazing flow and the bias flow
occur simultaneously in the inlet perforated section. Accord-
ing to the works of Elnady, the acoustic impedance ratio of
perforation ζH for hybrid flow is expressed as:16

ζH = Re

[
jk0
φCd

(
tw

F (µ′)
+
δrefint

F (µ)

)]
+

1

φ

(
1− 2J1(k0dh)

k0dh

)
+

0.3MG

φ
+

1.15MB

φCd
+ j Im

[
jk0
φCd

(
tw

F (µ′)
+

0.5dhfint

F (µ)

)]
;

(34)

where Cd = 1/
√
k1 + k2/λ+ k3/λ2 is called as the ef-

fective discharge coefficient, k1 = 2.1, k2 = −0.332 and
k3 = −0.0566 are for the bias-outflow as well as k1 = 1.72,
k2 = 0.138 and k3 = 0.0127 are for the bias-inflow, λ is
the ratio of the bias flow velocity to the grazing flow speed.24

υ = µ/ρ0 is the kinematic viscosity, µ′ = 2.179µ, MG is
the grazing flow Mach number, and MB is the bias flow Mach
number inside holes. The rest of the parameters are defined as
follows:

K =

√
− jω

υ
; K ′ =

√
− jω

υ′
;

F (Kdh) = 1− 4J1(Kdh/2)

Kdh · J0(Kdh/2)
;

δre = 0.2dh + 200d2h + 16000d3h;

fint = 1− 1.47
√
φ+ 0.47

√
φ3;

fint is a correction factor for the orifice interaction effects.
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4. ACOUSTIC PROPERTIES OF SOUND-
ABSORBING MATERIAL

Long fiber glass wool with a high thermal and corrosion
resistance property is widely used in exhaust mufflers of ve-
hicles, and adopted in the present works as sound-absorbing
material. The two-load method is employed to measure the
complex specific acoustic impedance and wavenumber of the
material. It is necessary to separate each strand of long fiber
glass wool into filaments by using the strong turbulent gas
equipment. In the measurement, the material is fixed with a
metal support with the perforation porosity greater than 80%.
The test sample should not be too thin, otherwise the inho-
mogeneity of filling may be amplified. And it should not be
too thick, otherwise the high-frequency sound energy pass-
ing through the sample may be absorbed, which may affect
the measurement accuracy. The intensity of the sound source
should be large enough but should avoid the nonlinear effects
and set as 120 dB in the present works. Since Lee has mea-
sured the acoustic property of the glass fiber with filling densi-
ties 100 g/L and 200 g/L,25 this study chose a medium filling
density of 151.4 g/L, with an ambient temperature in measure-
ments of 293 K.

Fitting the data based on the average values of five measure-
ments yields the formulas expressed as:

kn = kc/k0 = 1 + 66.67f−0.7122 − j 51.39f−0.6582;

zn = zc/z0 = 1 + 11.75f−0.4957 − j 80.55f−0.8191; (35)

where f is frequency, kn and zn are complex wavenumber and
impedance ratio of sound-absorbing material to air. Figure 2 il-
lustrates that the fitting formulas match the measurements very
well.

5. TRANSMISSION LOSS MEASUREMENT
WITH MEAN FLOW

In order to validate the transfer matrices, the two-load
method is employed to determine the transmission loss of
the two-pass perforated hybrid mufflers in the presence of
mean flow, and then the results are compared with predic-
tions. The measurement set-up is shown in Fig. 3, which in-
cludes a blower system, a sound source box, impedance tubes,
four probe microphones, two different acoustic loads, a power
amplifier, a signal analyzer with multiple input-output chan-
nels and a computer. The computer pushes the specific sound
source signal to the multi-channel signal analyzer, which trans-
mits the signal to the sound source box through the power am-
plifier to drive loudspeakers. The PCB 377B26 probe micro-
phones with diameter only 1.25 mm are mounted on the wall to
detect the acoustic signal without disturbing the flow field and
the sound field in the impedance tubes. The multi-channel sig-
nal analyzer then collects the acoustic signal of the four probe
microphones and transmits them to the computer for spectrum
analysis. The blower system provides an approximate steady
fluid flux; two symmetrical coaxial loudspeakers are installed
in the sound source box to generate sound. Moreover, the two
acoustic loads should be different enough in the whole mea-
surement frequency range to avoid blocking the airflow. The
open end at the outlet is selected as one load, a hybrid muffler
is selected as another load in this study. The spacing between

(a) The complex wavenumber ratio

(b) The complex impedance ratio

Figure 2. Comparison of the results from measurements and fitting formulas.

Figure 3. Set-up for transmission loss measurement in the presence of flow.

microphones l is 0.045 m, the lower and upper limit frequen-
cies of the measurement set-up are about 75 Hz and 1900 Hz,
respectively, which satisfies the requirements of the measure-
ments.

It is worthy to note the influence of background noise from
the blower system and flow induced noise on measurements.
A specially designed acoustic enclosure with intake and ex-
haust mufflers is used to attenuate the noise generated by the
blower system. The flow regenerated noise inside the muffler
possesses enough sound intensity to reduce the signal to noise
ratio and affect the accuracy of experimental data. In addition,
the noise being random in nature makes it difficult to apply ran-
dom excitation which is usually used in the two-load method.
In the present work, the fast sweep-sine signal and the ensem-
ble averaging technique in the time domain are employed to
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(a) Geometric parameters

(b) Holes distribution on left bulkhead

(c) Holes distribution on right bulkhead

Figure 4. The geometric parameters of the two-pass perforated hybrid muf-
flers (unit: mm).

enhance the signal to noise ratio.26 Finally, the transfer func-
tions are exported for the transmission loss calculation. This
measurement scheme may take more time and needs to pro-
cess massive data in the time domain. For example, the sweep
frequency band is 20 Hz to 2020 Hz with sweep rate 400 and
repeats 300 times, the data volumes in time domain is up to
10 GB.

The geometric parameters and holes distribution on the
bulkheads of the two-pass perforated hybrid muffler are shown
in Fig. 4, where d1 = d2 = 29 mm for the inner diameters of
the inlet and outlet tubes with the wall thickness tw = 1.5 mm,
lc2 = 183 mm and lc2 = 30 mm for the case of lc2 ≥ lp + lb
and lc2 < lp+ lb, respectively. The perforation parameters are:
the perforated sections in left and right chambers with poros-
ity φin = φout = 6.69% (eight holes per circle, ten circles in
left chamber and seven circles in right chamber), the perfora-
tions on the left bulkhead with porosity φl = 3.98% (21 holes
on the upper and lower half planes, and 8 holes on the middle
axis, in total 50 holes distributing as evenly as possible) and
on the right bulkhead with porosity φr = 6.125% (32 holes on
the upper half plane, 39 holes on the lower half plane, and 11
holes on the middle axis, in total 82 holes), dh = 3.5 mm for

Table 1. The flow field information (velocity unit: m/s).

lc2 (mm) Ma M1 M2 VinB VinG Vout Vl
183 0.05 0.028 0.05 6.4 9.5 17.1 13.0
183 0.1 0.054 0.1 12.5 18.6 34.2 25.6
30 0.05 0.028 0.05 6.4 9.5 17.1 13.0
30 0.1 0.055 0.1 12.5 18.8 33.8 25.8

all holes diameter.
The right chamber filled with sound-absorbing material is

set as solid domain in CFD simulation due to ignoring the air
flow. The walls contacting on the porous material of the outlet
perforated tube and the right perforated bulkhead are treated as
rigid walls. Therefore, the flow regime includes the inlet perfo-
rated tube, left and middle chambers, left perforated bulkhead
and outlet tube. For a given Mach number on the inlet, the flow
field information may be captured by CFD simulations, which
are shown in Table 1, where Ma, M1 and M2 are Mach num-
bers as denoted in Fig. 1, VinB and VinG are the average bias
flow and grazing flow velocities in the inlet perforated section,
respectively, Vout is the average grazing flow velocity in the
outlet perforated section, Vl is the average bias flow velocity
on the left perforated bulkhead.

Comparisons of transmission loss from the measurements
and the 1-D analytical approach with a different Mach num-
ber of mean flow are shown in Figs. 5 and 6. For the case of
lc2 = 183 mm, the predictions show reasonable agreements
with experimental results up to 920 Hz, 880 Hz, 820 Hz for
Ma = 0, Ma = 0.05 and Ma = 0.1, respectively. For the
case of lc2 = 30 mm, the predictions agree reasonably well
with experimental data until 1100 Hz, 900 Hz and 850 Hz for
Ma = 0, Ma = 0.05 and Ma = 0.1, respectively. The devia-
tion beyond these frequencies may be attributed to the effect of
3-D wave inside the muffler. The valid upper frequency for 1-
D analytical approach decreases as the Mach number of mean
flow increases, the reason for this is that the plane wave cut-off
frequency decreases with the increasing of the mean flow ve-
locity. There are some spikes on the measurement curves for
Ma > 0, which may be attributed to the flow induced noise
inside the mufflers.

6. ANALYSIS

Figure 7 illustrates the effect of the length lc2 on the trans-
mission loss of the muffler in the absence of mean flow. It
may be seen that the length lc2 mainly impacts the acoustic
response of the muffler beyond 400 Hz and the resonance fre-
quency, and transmission loss around the spike decreases with
the increasing of the length lc2. The spike frequency shifts to
lower frequency as the increase of the length lc2, which may
be attributed to the combined effect of the perforated tube and
extension length.

Figure 8 exhibits the impact of porosities of the right bulk-
head on the acoustic attenuation characteristics of the muffler
with lc2 = 183 mm in absence of mean flow. It indicates that
acoustic resonant effects are generated for the right bulkhead
with low porosity. As φr increases, the transmission loss low-
ers at most frequencies and a flatter curve is observed.

The influence of the Mach number of mean flow on the
acoustic attenuation properties of the hybrid muffler with lc2 =
183 mm is shown in Fig. 9. The results indicate that transmis-
sion loss of the muffler is increased at most frequencies due
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(a) For Ma = 0

(b) For Ma = 0.05

(c) For Ma = 0.1

Figure 5. Comparison of transmission loss from measurements and predic-
tions for the case of lc2 = 183 mm.

to the increased dissipative effects of perforations with an in-
crease of mean flow velocity.

Figure 10 exhibits the effect of the porosities of the inlet
perforated tube on the acoustic attenuation characteristics of
the hybrid muffler with Ma = 0.1. The flow field informa-
tion for different porosities of the hybrid muffler is shown in
Table 2, where ∇p is the total pressure difference between the
inlet and outlet. The results indicate that the transmission loss
in the frequency range of 600 Hz to 800 Hz as well as the to-
tal pressure difference between the inlet and outlet increases as
the decrease of the porosity of the inlet perforated tube. In Ta-
ble 2, the bias velocities of the inlet perforated tube and the left
perforated bulkhead decrease with the increase of the porosity,
which reduces the acoustic attenuation performance of the hy-
brid muffler since dissipative effects in perforations with bias

(a) For Ma = 0

(b) For Ma = 0.05

(c) For Ma = 0.1

Figure 6. Comparison of transmission loss from measurements and predic-
tions for the case of lc2 = 30 mm.

flow decrease as the decreasing of the bias flow velocity. Fig-
ure 11 shows the total pressure contour of the hybrid muffler
with φin = 6.69%. The pressure drop mainly occurred in the
left perforated section and on the left perforated bulkhead gen-
erated by the bias flow and flow reversing.

7. CONCLUSIONS

The 1-D analytical approach was presented to predict and
analyze the acoustic attenuation performance of two-pass per-
forated hybrid mufflers with mean flow. When the convection
effects in tubes and dissipative effects in perforated sections
were considered, the transfer matrices of the hybrid mufflers
were derived. The acoustic property of the long fiber glass
wool with filling density 151.4 g/L was measured by the two-
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Figure 7. Effects of the length lc2 on the transmission loss of the muffler.

Figure 8. Influence of perforations on the right bulkhead on the acoustic re-
sponse of the muffler.

Figure 9. Influence of the Mach number on acoustic attenuation performance
of the muffler.

load method, and then the expressions of complex wavenum-
ber and impedance were obtained through curve fitting. The
algorithms as well as empirical formulas were validated by
comparing transmission loss from predictions and measure-
ments. The results indicated that the 1-D solutions agreed rea-
sonably well with measurements below the plane wave cut-off
frequency and deviated at higher frequencies.

The 1-D approach was then applied to examine the effects
of structural parameters and mean flow on the acoustic attenu-
ation performance of the hybrid mufflers. Results showed that
the length of the extended tube may affect the resonant fre-

Table 2. The flow field information for different porosities of the inlet perfo-
rated tube with Ma = 0.1 (velocity unit: m/s).

φin M1 M2 VinB VinG Vout Vl ∇p (Pa)
4% 0.062 0.1 17.0 21.3 34.2 29.3 1778

6.69% 0.054 0.1 12.6 18.6 34.2 25.6 1628
10% 0.050 0.1 9.2 17.2 34.2 23.6 1551

Figure 10. Influence of the porosities of the inlet perforated tube on acoustic
response of the muffler with Ma = 0.1.

Figure 11. Total pressure contour for the hybrid muffler for φin = 6.69%
with Ma = 0.1.

quency which shifted to the lower frequency with increased
length of the tube extension. Acoustic resonant effects were
generated for the right bulkhead with low porosity, the trans-
mission loss at most frequencies was decreased with the in-
creased right perforated bulkhead porosity. The acoustic at-
tenuation performance of the hybrid muffler at most frequen-
cies increased with the increased mean flow Mach number.
The decreased porosity of the inlet perforated tube increased
the transmission loss of the muffler in the frequency range of
600 Hz to 800 Hz as well as the total pressure difference be-
tween the inlet and outlet.
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