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SHAPE OPTIMIZATION OF TWO-CHAMBER
MUFFLERS HYBRIDIZED WITH MULTIPLE
PARALLEL DISSIPATIVE TUBES USING
SIMULATED ANNEALING METHOD

Ho-Chih Cheng and Min-Chie Chiu
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ABSTRACT

Mufflers hybridized with a single dissipative tube have been
extensively researched; however, there has been a palpable
lack of work directed toward mufflers conjugated with multi-
ple parallel dissipative tubes that disperse venting fluid and re-
duce secondary noise. That being so, an analysis of the Sound
Transmission Loss (STL) of two-chamber mufflers with mul-
tiple parallel dissipative tubes that are optimally designed to
perform within a limited space will be considered, here.

By using a decoupled numerical method, a four-pole system
matrix for evaluating acoustic performance (S7L) emerges.
During the optimization process, a simulated annealing (S4)
method, which is a robust scheme utilized to search for the
global optimum by imitating a physical annealing process, is
used. Before dealing with a broadband noise, the STL’s maxi-
mization relative to a one-tone noise (400 Hz) is offered to
confirm the S4 method’s reliability. Subsequently, the mathe-
matical model is checked for accuracy, and three types of
mufflers (mufflers A-C) hybridized with one, two, and four pa-
rallel dissipative tubes are assessed.

To bring into focus the acoustical interaction between the
dissipative tube (with wool filled within a set of perforated
tubes) and the non-dissipative tube (without wool within the
perforated tubes), two types of mufflers (one and four non-
dissipative tubes) have been surveyed. Results divulge that the
maximal STL is located at the desired tone, and the acoustical
performance of two-chamber mufflers conjugated with multi-
dissipative tubes decreases as a result of the decrement of the
acoustical function for acoustical elements (IT) and (III).

Consequently, optimally designed two-chamber mufflers with
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Department of Mechanical and Automation Engineering, Chung Chou Uni-
versity of Science and Technology, Taiwan, R.O.C.

multiple parallel dissipative tubes that avoid secondary noise
induced by high speed flow while simultaneously maximizing
acoustical performance within a constrained space are pref-
erable.

I. INTRODUCTION

Morse (1939) began research on mufflers that reduced high
frequency noise using a dissipative duct (a duct lined with
sound absorbing material). In 1975, Ko (1975) assessed the
sound transmission loss in acoustically lined flow ducts se-
parated by porous splitters. Intent on increasing acoustical
performance, the assessment of an internal perforated tube was
introduced and discussed by Sullivan and Crocker (1978).
Based on the coupled equations derived by Sullivan and
Crocker, a series of theories and numerical techniques in de-
coupling the acoustical problems were proposed (Sullivan,
1979; Jayaraman and Yam, 1981; Thawani and Jayaraman, 1983;
Munjal et al., 1987). Subsequently, Munjal (1987) and Peat
(1988) published the generalized and numerical decoupling
methods. Also, Cummings and Chang (1988) developed a mo-
dal method for analyzing a finite length dissipative flow duct
silencer with internal mean flow in the absorbent. Peat (1991),
addressing the volume modulus, used a transfer matrix for eva-
luating the acoustical performance of an absorption silencer
element. Then, Sathyanarayana and Munjal (2000) developed
a hybrid approach for the prediction of noise radiation emitted
from an engine exhaust system.

Subsequently, using a one-dimensional analytical method
and a three-dimensional boundary element method (BEM),
Selamet et al. (2001, 2003) assessed the acoustical attenuation
for perforated concentric absorbing silencers and hybrid si-
lencers. Then, Xu et al. (2004) investigated sound attenuation in
dissipative expansion chambers using the characteristic equa-
tion. Later, Kar and Munjal (2005) expanded the assessment
on a muffler hybridized by multiply interacting perforated
ducts using a generalized analysis. Sohei et al. (2006) deve-
loped a mathematic model for an elliptical muffler that was
equipped with a perforated pipe within a higher-order mode in
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Fig. 1. Noise elimination on a venting system within a limited space.

a zero speed flowing field. Consequently, Lee and Selamet
(2006) widened the BEM (Boundary Element Method) nu-
merical assessment on a resonator with or without a fiber filled
inner cavity. The above studies have provided various solu-
tions for solving the complicated acoustical field problem for
perforated mufflers. However, an assessment of a muffler’s
optimal design within a limited space was seldom addressed.
Therefore, Chiu (2011a, 2011b, 2012) has examined the shaped
optimization of a hybrid muffler hybridized with one dissipa-
tive tube within a constrained space.

Because research on mufflers conjugated with multiple
parallel dissipative tubes that disperse venting fluid and reduce
secondary noise has been overlooked, an analysis of the Sound
Transmission Loss (STL) of two-chamber mufflers with mul-
tiple parallel dissipative tubes optimally designed to perform
within a limited space is introduced.

Three types of two-chamber mufflers linked with multiple
dissipative tubes (muffler A: a two-chamber muffler with one
dissipative tube; muffler B: a two-chamber muffler with two
dissipative tubes; muffler C: a two-chamber muffler with four
dissipative tubes) are presented. It should also be noted that
numerical decoupling methods used to form a four-pole system
matrix are compatible with the simulated annealing method.

III. THEORETICAL BACKGROUND

Three types of two-chamber mufflers connected with mul-
tiple parallel dissipative tubes have been adopted for noise
elimination in the venting system shown in Fig. 1. Before the
acoustical fields of the mufflers were analyzed, the acoustical
elements had been identified. As shown in Fig. 2, four types
of muffler components, including four straight ducts, two
sudden expanded ducts, two sudden contracted ducts, and
multiple parallel dissipative ducts, are identified and marked
as I, I, III, and I'V. Additionally, the acoustical field within the
muffler is represented by ten points. The outline dimension of
the mufflers with multiple parallel dissipative ducts is shown
in Fig. 3. As derived in previous works (Chiu, 2010a; Chiu,
2010b; Chiu, 2011a; Chiu, 2011b; Chiu and Chang, 2011;
Chiu, 2012) and shown in appendices A-C, individual transfer

matrices with respect to straight ducts, dissipative ducts, and
sudden expanded/contracted ducts are described below.

1. Muffler A (A Two-Chamber Muffler Hybridized with
One Dissipative Tube)

As indicated in Fig. 2, for the acoustical element (I), the
four-pole matrix between nodes 1 and 2 is (Chiu, 2010a; Chiu,
2010b; Chiu, 2011a; Chiu, 2011b; Chiu and Chang, 2011;

TS1,,

Chiu, 2012)
TS1
b = f(L,D,M) 1.2 b 1)
PoColhy TSIZ,I TSlz,z P,Coly

For the acoustical element (1), the four-pole matrix between
nodes 2 and 3 is (Chiu, 2010a; Chiu, 2010b; Chiu, 2011a; Chiu,
2011b; Chiu and Chang, 2011; Chiu, 2012)

D, TSEl,, TSEl,, Ps @
PoColty - TSElZ,l TSEIZ,Z PoColUs
Similarly, the four-pole matrix between nodes 3 and 4 is
782,

152
o |F DM A EC)
P,C Uy 1S2,, TS2,, |\ p,c,u,

For the acoustical element (IIT), the four-pole matrix between
nodes 4 and 5 is (Chiu, 2010a; Chiu, 2010b; Chiu, 2011a; Chiu,
2011b; Chiu and Chang, 2011; Chiu, 2012)

D, 7scly, TSCl,, Ds @
PoCotty | ISCL,  TSCl,, || p,c,us

As shown in previous works (Chiu, 2010a; Chiu, 2010b;
Chiu, 2011a; Chiu, 2011b; Chiu and Chang, 2011; Chiu, 2012)
and derivation in Appendix A, for an acoustical element (IV),
the four-pole matrix between nodes 5 and 6 yields
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Fig. 2. Acoustical elements in three types of two-chamber mufflers hybridized with dissipative tubes (muffler A-muffler C).
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Fig. 3. The outline dimension of three kinds of two-chamber mufflers hybridized with dissipative tubes (muffler A-muffler C).
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Ps Pwl,, TPW1,, Ds )
pocou5 - TPW12,1 TPW12,2 pocau()

Likewise, the four-pole matrix between nodes 6 and 7 for a
sudden expanded duct is

Ds TSE2,

P,C,Ug - TSE2,

The four-pole matrix between nodes 7 and 8 in a straight
TS3,,

duct is
TS3
Pl n.namy) S R I C)
£,C, U7 TS32’1 TS3,, |\ p,c,ug

The four-pole matrix between nodes 8 and 9 for a sudden
contracted duct is

Dy 7sC 21,1

p.cug || TSC2,,

Moreover, the four-pole matrix between nodes 9 and 10 in a
TS4,,

straight duct is
TS4
Pl f.Day) 2 P
P,CoUy IS4,, TS42,2 P,Colg

The total transfer matrix assembled by multiplication is

TSE2, , 2 ©)
TSE2,, || p,c,u,

TSC21,2 Do ®)
TSC2,, || p,c,u,

p . X
(p Clu )=fl(L,,D,,M,)fz(L,,D‘,M,)f;(k,D,,Ml)ﬁ,(L,,D,,M,)fs(L,,D,,M,)
001
781, TS, [ 7SEl, TSE1,|[7S2,, 7s2,,7[7sCl,, TSCl,,
TS, TSl,, ||TSEL,, TSEl,, ||TS2,, TS2,, | 7SCl,, TSCl,,
TPWY, TPW1,][TSE2,, TSE2,,][7S3, TS3,,|[1SC2,, TSC2,,
TPW1,, TPW1,, ||TSE2,, TSE2,,| 1S3,, TS3,, | TSC2,, TSC2,,
754, TS4,, Pro
TS42,1 TS42,2 PoColhio
(10)
A simplified form is expressed in a matrix as
pl _ TI] Tiz plO
- * * (11)
pocoul T21 T22 pacoulo

2. Muffler B (A Two-Chamber Muffler Hybridized with
Two Dissipative Tubes)
Similarly, the acoustical four-pole matrix between nodes 1
and 2, nodes 2 and 3, nodes 3 and 4, nodes 7 and 8, nodes 8 and
9, and nodes 9 and 10 is the same as Egs. (1)-(3) and Egs.

(7-9).

u9  plo
o ul0

o I

Fig. 4. Equivalent acoustical field for muffler hybridized with dissipa-
tive tubes (muffler B and muffler C).

As derived in Appendix B, for two parallel dissipative tubes
connected to two chambers, the four-pole matrices between
nodes 5a and 6a and nodes 5b and 6b can be combined into an
equivalent matrix

ps | _
poca uS

where [TPW1,j] is the four-pole matrix for a single dissipative
tube.

The equivalent acoustical field of muffler B is shown in Fig.
4. Consequently, the total transfer matrix assembled by mul-
tiplication is

TPW1,, %TPWI,,Z{ Pe }

2-TPW1,, TPW1,,

P
[p clu J:f,(L,-,D,-,M,)fz(L,-,D,-,M,-)f_;(L,-,D,-,M,-)fAL,D‘,M,-)fs(L,,D,,MI)
00”1

[7s1, 7S, |[TSEV, TSEl,|[7S2,, 7S2,,][7SCL, TSCI,,
| 7S1,, TSy, || TSEL,, TSEL,, || TS2,, 7S2,, || TSCl,, TSCl,,
TPW1,, %TPWILZ {TSEzu TSEzu}{qu, Tssm}{rsczh1 TSC21_2}
2rew, TP, TSE2,, TSE2,,||TS3,, TS3,,| 7SC2,, TSC2,,
7TS41.1 754, P
_TS42.1 T84, , [\ p.c,thy
(13)
A simplified form is expressed in a matrix as
ek Aok
{ pl ]: Tn 7;2 ( plO ] (14)
kk ok
pocoul T21 Tzz pocoulo

3. Muffler C (A Two-Chamber Muffler Hybridized with
Four Dissipative Tubes)

The acoustical four-pole matrix between nodes 1 and 2,
nodes 2 and 3, nodes 3 and 4, nodes 7 and 8, nodes 8 and 9, and
nodes 9 and 10 is the same as Eqgs .(1)-(3) and Egs. (7)-(9).

As derived in Appendix C, for a two chamber muffler
connected with four parallel dissipative tubes, the four-pole
matrices between nodes 5a and 6a, 5b and 6b, 5¢ and 6¢, and
5d and 6d nodes can be combined into an equivalent matrix

Ps _
pocouﬁ

1
TPW1,, Z-TPWlLZ[ Pe

} 15)
pocoué

4-TPW1,,  TPW1,,
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where [TPW1,;] is the four-pole matrix for a single dissipative
tube.

The related equivalent acoustical field of muffler C is also
presented and shown in Fig. 4. Consequently, the total transfer
matrix assembled by multiplication is

p - -
[p J:f](L.-,D,-,M,-)MLnDnM‘>f;(L,,D,,M,)L(L.-,D,-,M,-)JE(L,,D,,MJ
001

[7s1, 7S\, |[7SEl, TSEL,][7s2,, 7s2,,][7TsCl, TSCl,
| 7SL,, TSL,, || TSEL,, TSEl,, ||TS2,, TS2,,||TSCL,, TSCl,,
TPW1,, %TPWILZ {TSEzu TSEzm}[TS}H TS3,V2}[TSC2H Tscz,_z}
arew, TP, TSE2,, TSE2,, ||7S3,, TS3,,||7SC2,, TSC2,,
7TS41,1 754, Pro
_TS42.| TS4,, [\ p.c,thy
(16)
A simplified form is expressed in a matrix as
Aok Sksfok
4\ _ 711 TIZ P 17
- ok kk ( )
pocaul T21 T22 pocoulo

4. Overall Sound Power Level

The sound transmission loss (S7L) of mufflers A-C are de-
fined as (Munjal, 1987)

STLI(Qaf’RTi:RTZaRT37RZt:RTS>RT67RT7)

T+ T+ T + T | s ) (18a)
3 +10log| —

=20log

10

STLZ(Q’faRnaRT‘ZaRTbRZURT5>RT6>RT7)

T**+T**+T**+T** 18b
=20log |“ e 3 - 22| +1010g(i] (18b)

10

STL3(Q9stTlsRTZ:RT3aRT49RTSaRTGaRT7)
2*1** okok

L +T, + Ty + Ty

2

18
=20log Sl] (18¢)

+10log| —
g(s

10

The silenced octave sound power level emitted from a
muffler’s outlet is

SWL, = SWLO(f,) - STL() (19)

where

(1) SWLOC(Y/,) is the original SWL at the inlet of a muffler (or

pipe outlet), and f; is the relative octave band frequency.
(2) STL(f;) is the muffler’s STL with respect to the relative

octave band frequency (f;).

(3) SWL,is the silenced SWL at the outlet of a muffler with
respect to the relative octave band frequency.

Finally, the overall SWLzsilenced by a muffler at the outlet is

a SWL/10
SWL,_ =10*log{> 10 }
i=1

[SWLO(f,)- LSWLO(f>)~-

- 10*10g{10STLK(fi)]/10 +105x (2)1/10 (20)

[SWLO(f3)- [SWLO(f,)-
+105TEx (B0 L 105TEx (2))/10

5. Objective Function

1) STL Maximization for a Tone (f) Noise

For muffler A (a two-chamber muffler hybridized with one
dissipative duct), the objective function in maximizing the
STL at a pure tone (f) is

OBJ,, = STL,(Q. f.RT,.RT,.RT,.RT,,RT,.RT,.RT;) (21a)

where

RT1=D2; RT2=D3/D2; RT3=D4;

21b)
RT4=L3; RT5=dH; RT6=7; RT7=0

The related ranges of the parameters are

Q=0.005 (m3/s); Lo =1.0(m); Do=0.4(m); L1=0.05(m);

L5=0.05(m); D1=0.2(m);

RT1:[0.1,0.25]; RT2:[0.3,0.7]; RT3:[0.1,0.5]; RT4:[0.3,0.5];

RT5:[0.00175,0.007]; RT6:[0.01,0.3]; RT7:[3000,20000]
(21c)

2) SWL Minimization for a Broadband Noise

To minimize the overall SWLr, the objective functions for
muffler A-C are

OBJ,, = SWL,_,(Q,RT,,RT,,RT,,RT,,RT,,RT,,RT,) (22a)
OB‘]ZZ :SWLT—Z(QsRTlaRTZ’RThRT49RTSDRT69RT7) (22b)

OBJ,, = SWL, (O,RT,,RT,,RT,,RT,,RT,,RT,,RT,) (22c)

IV. MODEL CHECK

Before performing the S4 optimal simulation on mufflers,
an accuracy check of the mathematical model on the acoustical
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Table 1. Unsilenced SWL of a fan inside a duct outlet.

F (Hz) 125 250 500 1k 2k  overall
SWL-dB (A) 85 98 108 116 100 112

40

{-- experimental data
—— theory

35

STL (dB)

0 500 1000 1500 2000 2500 3000 3500

Fig. 5. Performance of an acoustical element with a dissipative duct

without the mean flow [L = 0.2572 (m); d1 = 0.00049 (m); d2 =
0.001644 (m); 7 = 8.4%; dH = 0.00498 (m) ;density = 100 (kg/m3);
M = 0] [Experimental data is from Lee (2005)].

elements of a dissipative duct (IV) is performed using the ex-
perimental data from Lee (2005). As depicted in Fig. 5, the
peak of the theoretical curve is shifted a little to the right;
however, the trend of the profiles are similar. Overall, the theo-
retical and experimental data are roughly in agreement. There-
fore, the proposed fundamental mathematical model for the
dissipative tube could be acceptable. Consequently, the model
linked with the numerical method is applied to the shape op-
timization in the following section.

V. CASE STUDIES

The noise reduction of a venting system within a space-
constrained room is introduced and shown in Fig. 1. The sound
power level (SWL) inside the venting system’s outlet is shown
in Table 1 where the overall SWL reaches 112 dB. It is obvious
that the noise levels at the higher frequencies (500 Hz ~ 2000
Hz) are remarkably high (100~116 dB). To efficiently reduce
the venting noise emitted from the venting system, a hybrid
muffler having reactive acoustical elements and dissipative
acoustical elements is necessary. Here, three types of two-
chamber mufflers hybridized and connected with multiple
parallel dissipative tubes (mufflers A-C) that disperse venting

fluid and decrease the secondary flowing noise are considered.

To obtain the best acoustical performance within a fixed
space, numerical assessments linked to an SA optimizer are
applied. Before the minimization of a broadband noise is per-
formed, a reliability check of the S4 method by maximization
of the STL at a targeted tone (400 Hz) is performed. As shown
in Fig. 1, the available space for a muffler is 0.4 m in width, 0.4
m in height, and 1.0 m in length. The flow rate (Q) and thick-
ness of a perforated tube (¢) are preset at 0.005 (m*/s) and 0.001
(m), respectively. The corresponding OB.J functions, space con-
straints, and ranges of the design parameters are summarized
in Egs. (23) and (24).

VI. SIMULATED ANNEALING METHOD

For two decades now, there has been a concerted effort to
develop Evolutionary Algorithms (EAs) that efficiently search
for appropriate global solutions in engineering problems.
Currently, it has also been acknowledged that Simulated An-
nealing (S4) is one of the best stochastic search methods.
Furthermore, because of the needs of the classical gradient
methods EPFM, IPFM and FDM as an appropriate starting
point (design data) before optimization is performed, accuracy
is limited (Chang et al., 2005). However, before the S4 is per-
formed, the selection of starting data is obviated. And so, S4
becomes the adopted optimizer used in the muffler’s shape
optimization.

First introduced by Metropolis et al. (1953), Simulated
Annealing (S4) was developed further by Kirkpatrick et al.
(1983). Because annealing is the process of heating while simu-
Itaneously maintaining a metal at a stabilized temperature as it
cools, it allows particles to remain close to the minimal energy
state. Generating a random initial solution will start the algo-
rithm. Further, the scheme of S4 is a variation of the hill-
climbing algorithm where all downhill movements for im-
provement are accepted for the decrement of the system’s
energy. SA also permits movement resulting in inferior solu-
tions (uphill moves) that facilitate an escape from the local
optimum. (See Fig. 6 for the SA optimization flow diagram.)
Now, in order to emulate the S4’s evolution, a new random
solution (X”) is selected from the neighborhood of the current
solution (X). If it happens that there is a negative change in the
objective function, or energy, (AF <0), then the resulting
solution will be acknowledged as the new current solution
with the transition property (pb(X*))of 1. However, if there is
not a negative change (AF >0), the probability of transi-
tioning to the new state X' will be the function pb(AF /CT) .
As shown in Eq. (25), the new transition property (pb(X"))
varied from 0~1 will be calculated using the Boltzmann’s
factor (pb(X’) = exp(AF/CT) ) where C and T are the
Boltzmann constant and the current temperature.

LAF <0

ph(X") = (232)

—AF
exp(——),Af >0
p(CT) \f
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Fig. 6. The flow diagram of the SA optimization.

AF =F(X")-F(X) (23b)
To escape the local optimum, S4 also permits movements
that result in inferior solutions (uphill moves). Therefore, if the
transition property (pb(X’)) is greater than a random number of
rand (0,1), the new inferior solution which results in a higher
energy condition will be accepted; otherwise, it will be dis-
carded. Each successful substitution of the new current solution
will conduct to the decay of the current temperature as
Tnew =kk* Told (24)
where kk is the cooling rate.
The process is repeated until the predetermined number
(iter) of the outer loop is reached.

VII. RESULTS AND DISCUSSION

1. Results

The accuracy of the S4 optimization depends on two types
of SA parameters that include kk (cooling rate) and iter
(maximum iteration). To achieve good optimization, the fol-
lowing parameters are varied step by step:

kk(0.91, 0.93, 0.95, 0.97, 0.99); iter (25, 50, 100, 500, 1000).

Two results of optimization (one, pure tone noises used for
SA’s accuracy check; and the other, a broadband noise occur-
ring in a venting system) are described below.

1) Pure Tone Noise Optimization

Before dealing with a broadband noise, the S7L’s maximi-
zation with respect to a one-tone noise (400 Hz) is introduced

Table 2. Optimal STL for muffler A (equipped with one
perforated dissipative tube) at various SA4 pa-
rameters (targeted tone of 400 Hz).

SA pa- .

rameter Design parameters Results
iter kk RTI RT2 RT3 RT4 RIS RT6 RIT7 STjg(’”’
2510.910.1960 0.5561 0.3561 0.4281 0.005111 0.1957 13880 23.9

2510.930.1771 0.5055 0.3055 0.4028 0.004448 0.1590 11740 26.6

2510.950.1672 0.4793 0.2793 0.3897 0.004104 0.1400 10620 27.7

25 10.970.1509 0.4358 0.2358 0.3679 0.003533 0.1085 8773  29.0

25 0.990.1319 0.3850 0.1850 0.3425 0.002866 0.07163 6613  31.0

50 0.990.1188 0.3501 0.1501 0.3251 0.002408 0.04636 5131  33.8

100 0.990.1168 0.3449 0.1449 0.3225 0.002339 0.04255 4908  34.5

500 0.990.1153 0.3409 0.1409 0.3205 0.002287 0.03967 4739  35.0

10000.990.1102 0.3271 0.1271 0.3135 0.002106 0.02964 4152  37.3

70

STL (dB)

| —400 Hz
o1 [HN N N N N B
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Frequency (Hz)

Fig. 7. STL with respect to various kk [muffler A: iter = 25, target tone =
400 Hz].

for a reliability check on the S4 method. By using Egs. (23)
and (24), the maximization of the STL with respect to muffler
A (a two-chamber muffler hybridized with one dissipative
tube) at the specified pure tone (400 Hz) was performed first.
As indicated in Table 2, nine sets of SA parameters are tried in
the muffler’s optimization. Obviously, the optimal design data
can be obtained from the last set of SA parameters at (kk, iter) =
(0.99, 1000). Using the optimal design in a theoretical calcu-
lation, the optimal STL curves with respect to various S4 pa-
rameters (kk, iter) are plotted and depicted in Figs. 7 and 8. As
revealed in Figs. 7 and 8, the STL is precisely maximized at the
desired frequency (400 Hz). Consequently, the SA optimizer
is reliable in the optimization process.

2) Broadband Noise Optimization

Similarly, considering Egs. (24a-c) and using the same SA
parameters in the broadband optimization process, the mini-
mization of the SWLr.,, SWLr.,, and SWLr; with respect to
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Table 3. Comparison of the minimized SWLT of three kinds
of mufflers (mufflers A-C) [broadband noise].

Table 4. Comparison of the optimal STL for muffler A
and muffler D (targeted tone of 400 Hz).

Design parameters Results muffler Design parameters Results
Muftler

SWLr— STLaoon,

Type RT1 RT2 RT3 RT4 RT5 RT6 RT7 dB(A) Muffler RT1 RT2 RT3 RT4 RT5 RT6  RT7 B

Muffler A 0.1519 0.4385 0.2385 0.3692 0.003568 0.1104 8885 80.2 0.1102 0.3271 0.1271 0.3135 0.002106 0.02964 4152 443
Muffler B 0.1519 0.4385 0.2385 0.3692 0.003568 0.1104 8885 84.9 . . . B B . STLaoon,

Muffler RT1° RT2° RT3 RT4 RT5 RT6
Muffler C 0.1519 0.4385 0.2385 0.3692 0.003568 0.1104 8885 88.5 dB
0.1042 0.3112 0.1112 0.3056 0.001897 0.01810 47.8
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Fig. 8. STL with respect to various iter [muffler A: kk = 0.99, target tone =
400 Hz].
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Fig.9. Comparison of the optimal STLs of three kinds of mufflers

(mufflers A, B, and C) and the original SWL.

mufflers A-C was performed and shown in Table 3. As illus-
trated in Table 3, the resultant sound power levels with respect
to three types of mufflers have been reduced from 112 dB to
80.2 dB, 84.9 dB, and 88.5 dB. Using this optimal design in a
theoretical calculation, the optimal STL curves with respect to
various mufflers are plotted and compared with the original
SWL depicted in Fig. 9.

2. Discussion
In order to decrease the secondary flowing noise generated

Note:

Muffler A: RT1 = D2; RT2 = D3/D2; RT3 = D4; RT4 = L3; RT5 =
dH; RT6 = n; RT7 =&

Muffler D: RT1 = D2; RT2" = D3; RT3 = D4; RT4" = L3; RT5" =
dH; RT6 =

from the higher speed flow, new muffler designs with multiple
parallel dissipative tubes used to disperse the venting fluid are
presented. To achieve a sufficient optimization, the selection
of the appropriate SA parameter set is essential. As indicated
in Table 2, the best S4 set of muffler A at the targeted pure tone
noise of 400 Hz has been shown. The related STL curves with
respect to various SA parameters are plotted in Figs. 7 and 8.
Figs. 7 and 8 reveal the predicted maximal value of the STL is
located at the desired frequency.

In dealing with the broadband noise, the acoustical per-
formance among three types of two-chamber mufflers con-
nected with multiple parallel dissipative tubes (mufflers A, B,
and C) are shown in Table 3 and Fig. 9. As can be observed in
Table 3, the overall sound transmission losses with respect to
mufflers A-C are 31.8 dB, 27.1 dB, and 23.5 dB. Results
shown in Table 3 and Fig. 9 indicate that the two-chamber
muffler hybridized with fewer numbers of parallel dissipative
tubes is superior to the other mufflers equipped with more
dissipative tubes. It can be seen that for the mufflers equipped
with more parallel dissipative tubes, the acoustical perform-
ances of the acoustical element (II) between nodes 4 and 5 and
acoustical element (IIT) between nodes 6 and 7 will largely
decrease due to the decrement of the area’s ratio; therefore, the
overall noise reduction of the mufflers with more parallel
dissipative tubes will decrease.

To appreciate the acoustical effect of the dissipative tube
and the non-dissipative tube (with no wool within the set of
perforated tubes), two types of mufflers (mufflers D and E)
hybridized with one non-dissipative tube and four parallel
non-dissipative tubes shown in Fig 10 are investigated. Using
the same SA parameters for the pure tone (400 Hz) optimiza-
tion in muffler D and comparing the related acoustical per-
formance to that of muffler A, the resulting ST and acoustical
profiles are summarized in Table 4 and plotted in Fig. 11. As
indicated in Fig 11, the maximized S7Ls of mufflers A and D
are located at the desired frequency (400 Hz). Additionally,
the resonating effect of muffler D is better when compared to
muffler A. Similarly, using the same SA parameters for the
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%dH En
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Fig. 10. The outline dimension of multi-perforated-tube mufflers without sound absorbing wool (muffler D and muffler E).
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Fig. 11. Comparison of the optimal S7Ls of three kinds of mufflers (mufflers A and D) (optimization at pure tone of 400 Hz).

Table 5. Comparison of the optimal STL for muffler C
and muffler E (broadband noise).

muffler Design parameters Results
SWLy —
Muffler RT1 RT2 RT3 RT4 RTS RT6 RT7
dB(A)
0.1519 0.4385 0.2385 0.3692 0.003568 0.1104 8885 88.5
. - - . . - SWLt —
Muffler RT1 RT2 RT3 RT4 RT5 RT6
dB(A)
0.1042 0.3112 0.1112 0.3056 0.001897 0.0181 81.5

Note:

Muffler C: RT1 = D2; RT2 = D3/D2; RT3 = D4; RT4 = L3; RT5 =
dH; RT6 = n; RT7 =&

Muffler E: RT1" = D2; RT2"" = D3; RT3"" = D4; RT4"" = L3;RT5" =
dH; RT6" = 5

broadband noise elimination in muffler E (with four parallel
non-dissipative tubes) and comparing the related acoustical
performance to that of muffler C (with four parallel dissi-
pative tubes), the resulting SWL and STL profiles are sum-
marized in Table 5 and plotted in Fig. 12. As indicated in
Fig. 12, the resonating effect of muffler E is much better
when compared to muffler C. Consequently, because of the
resonating character of the noise reduction, the mufflers
(muffler D and muffle E) hybridized with multiple parallel
non-dissipative tubes (with no wool within the set of a per-
forated tube) are suitable in dealing with the multi- tone
noise wave. However, because mufflers A-C (hybridized
with multiple parallel dissipative tubes) have a wider STL
curve and with the STL performing better at the higher fre-
quencies, they are suitable for dealing with the middle and
higher broadband noise.
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Fig. 12. Comparison of the optimal STLs of three kinds of mufflers
(mufflers C and E) and the original SWL.

VIII. CONCLUSION

It has been shown that two-chamber mufflers hybridized
with multiple parallel dissipative tubes can be easily and effi-
ciently optimized within a limited space by using a decoupling
technique, a plane wave theory, a four-pole transfer matrix, and
a S4 optimizer. As indicated in Table 3 and Figs. 7 and 8, two
kinds of S4 parameters (kk and iter) play essential roles in the
solution’s accuracy during S4 optimization. Figs. 7 and 8 in-
dicate that the tuning ability established by adjusting design
parameters of muffler A is reliable.

Additionally, the appropriate acoustical performance curve
of the three types of two-chamber mufflers hybridized with
multiple parallel dissipative tubes (mufflers A-C) has been
assessed. As indicated in Table 3 and Fig. 9, the resultant SWiy
with respect to these mufflers is 80.2 dB, 84.9 dB, and 88.5 dB.
Obviously, the muffler hybridized with fewer number of par-
allel dissipative tubes is superior to the other mufflers equipped
with more parallel dissipative tubes. It can be seen that more
dissipative tubes installed between the two-chamber muffler
will disperse the venting fluid and reduce the secondary noise;
however, the acoustical performances of the acoustical element
(IT) between nodes 4 and 5 and the acoustical element (IIT) be-
tween nodes 6 and 7 will decrease even though the number of
parallel dissipative tubes for the muffler increases. Moreover,
as investigated in Section 7.2, because of the resonating character
of noise reduction, the mufflers (muffler D and E) having mul-
tiple parallel non-dissipative tubes (with no wool within the set
of a perforated tube) are excellent for dealing with a multiple
tone noise wave. On the other hand, the mufflers (mufflers A-C)
hybridized with multiple parallel dissipative tubes (with wool
within the set of perforated tubes) are suitable for dealing with
the middle and higher broadband noise.
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Fig. 13. Acoustical field of a perforated dissipative tube filled with sound

absorbing wool.

NOMENCLATURE

This paper is constructed on the basis of the following no-

tations:

TSCijZ
TSEijZ

TPVVU‘I

sound speed (ms™)

sound speed in a wool (ms™)

the diameter of a perforated hole on the i-th inner tube (m)
diameter of the i-th perforated tubes (m)

diameter of the outer tube (m)

cyclic frequency (Hz)

coefficients in function (T, = ff,e”")
maximum iteration
imaginary unit

@
wave number (= —)
c

o

the wave number for the wool

cooling rate in S4

total length of the muffler (m)

mean flow Mach number

objective function (dB)

acoustic pressure (Pa)

acoustic pressure at the i-th node (Pa)

transition probability

volume flow rate of venting gas (m’s™)

the design parameters of the muftlers

section area at the i-th node(m?)

sound transmission loss (dB)

unsilenced sound power level inside the muffler’s
inlet (dB)

overall sound power level inside the muffler’s output (dB)
the thickness of the inner perforated tube (m)
components of four-pole transfer matrices for an
acoustical mechanism with straight ducts

components of four-pole transfer matrices for an
acoustical mechanism with sudden contraction ducts
components of four-pole transfer matrices for an
acoustical mechanism with sudden expansion ducts
components of a four-pole transfer matrix for an
acoustical mechanism with a dissipative tube

current temperature (°C)
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components of a four-pole transfer system matrix

Ty: initial temperature (°C)

ui: acoustic particle velocity at the i-th node (ms™)

u: acoustical particle velocity passing through a perfo-
rated hole from the i-th node to the j-th node (ms™)

v mean flow velocity at the perforated tube (ms™)

P, air density (kg m™)

p: wool density (kg m™)

o acoustical density at the i-th node (kg m™)

& specific acoustical impedance of the i-th inner perfo-
rated tube

7 the porosity of the i-th inner perforated tube.

o: the acoustical flowing resistance for the wool (rayls/m)

B i-th eigen value of [M]44

: angular velocity (= 2xf)

[[M]4x4: the model matrix formed by four sets of eigen vectors

H4X1 Of [M]4x4.

APPENDIX A

Transfer Matrix of a Perforated Chamber Filled
with Sound Absorbing Wool

As indicated in Fig. 13, the perforated resonator is com-
posed of an inner perforated tube and an outer resonating
chamber. Based on Sullivan and Crocker’s derivation (1978),
the continuity equations and momentum equations with re-
spect to inner and outer tubes at nodes 5 and 5a are listed be-
low.

Inner Tube:

continuity equation:

% 8uS 4pa

+p,— =0 (A1)
Ox ox D ot
momentum equation:
0 0 op.
—+V—|u.+—=—2=0 A2
Po (at axj U ox (42)
Outer Tube:
continuity equation:
0 4D, 0
uSA_ : 3p2u+ pSA:O (A3)
ox D, -D; ot
momentum equation
0 0
pTsa P (A4)

ot ox

Assuming that the acoustic wave is a harmonic motion

p(x, 1) = P(x)-e™ (AS5)
under the isentropic processes in ducts, it yields
P(x)= p(x)-c, (A6)

Assuming that the perforation along the inner tube is uni-
form (d&/dx =0), the acoustic impedance of the perforation

(p,6,6) is

ps(x)— ps,(x)

PGS = a0

(AT)

where & is the specific acoustical impedance of the perforated
tube.

The empirical formulations developed by Sullivan (1978)
and Rao & Munjal (1984) for the perforates with and without
mean flow are adopted in this study.

For perforates with a stationary medium, we have

£ =10.006+ jk(t+0.75dH)]/n (A8a)
For perforates with grazing flow, we have
& =[0.514D;M /(L) + jO.95k(t+0.75dH)]/n (A8b)

where dH is the diameter of a perforated hole on the inner tube,
t is the thickness of an inner perforated tube, and 7 is the po-
rosity of the perforated tube.

Plugging Eqgs. (A5)-(A7) into Egs. (A1)-(A4) and elimi-
nating u; and u,,, we have

2
2 . d 2

(A9)
4 d
— M—+ jk — =0
D;_f{ e J :|(p5 pSA)
> - 4kD, p
—+k? tj—2—(ps- =0 Al0
|:dx2 :|p5A J (DZZ—D;)QZ,OO (ps pSA) ( )
where M:K
c

o

Alternatively, Eqs. (A9) and (A10) can be expressed as

ps +aaps +aa, ps +aayps, +aa,ps, =0 (Alla)

aasP's + a0 ps +p;A +aa7pl5A +aagps, =0 (Allb)
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where

[4kD, p
oo :—2] ;'D ;
(D5 = D5)ép,
ao, =0;
1;2 _ j4kD3/3 .

oa, = )
' (D; - D})ép,

k=—;
C

(Allc)

Let

. dp .
Pszd_sz)ﬁa Psq =
X

dp
> =Yy, Ps=Vs, D5y =Yy (Al2)
dx

According to Eqgs. (All) and (A12), the new matrix be-
tween {y’} and {y} is

» —aa, -aa, -aa, -aa,l||ly
y:2 _|eas —aa; —aag -ag |y, (Al3a)
Vs 1 0 0 0 V3
y; 0 1 0 0 Vs
which can be briefly expressed as
{V=IM]{»} (A13b)
Let
{v}=[m]{r} (Al4a)
which is
dps / dx Hl,l HI,Z H1,3 H1,4 r,
dps,, ! dx _ II,, H2,2 In,, I, T, (A14b)
Ps 1_[3,1 Hs,z H3,3 1_[3,4 I,
Ps4 1_14,1 H4,2 1_14,3 1_[4,4 F4

[I1], , is the model matrix formed by four sets of eigen

vectors TT,, of [M], .

C(?mbining Eq. (A14) with (A13) and then multiplying
[IT] by both sides yields

(] []{r} =[] M]m]{r} (Alsa)
Set
B 0 0 O
i {0 5 0
IR I V01 D EENE D
0 0 0 8
where f; is the eigen value of [M].
Eq. (A13) can be rewritten as
{r'}=[w){r} (A16)

Obviously, Eq. (A15) is a decoupled equation. The related
solution obtained is
T, = ffie" (A17)

Plugging Eq. (A17) into (A14b) and rearranging them, we
have

[ ps(x) i ‘
Ds o) [y e™ T,e™ Tl e ||
dps(x) _ H‘Hem l_14,zerzx H4,3ey3x H4,4em VB
dx Hl,lerlX Hl,zerzx Hl,seWr 1_11,4er4x /B
dps ,(x) HQ,lerlx Hz,zerzx H2,3ersx H2,4em Vi
L dx |
(A18)
Egs. (A2) and (A4) become
1 dp
puco 5 ==
k+MpB, dx
~n 1 dp,,
Cu;, =——= Al9
pcus, = (A19)
Plugging Eq. (A19) into (A18) yields
Ps(x) Al,l Al,z Al,3 A1,4 ]71
pSA(x) _ Az,l Azz A2,3 A2,4 ﬁfz (A20)
P,C,Us(x) A3,1 A, Ay A3,4 Vg
peus,(x) Ay Ay Ay Mg LI
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Substituting two cases of x = 0 and x = Lc into Eq. (A20)
yields

ps(0) ps(Le)
0 L
Ps4(0) :[®] Psa(Le) (A21a)
pUCOMS (0) IOUCOMS (LC)
pcus ,(0) pcus (L)
where
1
[0]=[AM]AL) ] (A21b)
The boundary conditions for the inner tube are
P s cot(kL,) atx=0 (A222)
—us,(0)
L. - ~
Psalle) L isseonin,) atx=Le  (A22b)
us (Lc)
Plugging Eq. (A22) into (A21) yields
|: ps(0) j|: PW,, TPW, |: Psa(Le) :| (A23a)
P,C,s(0) TPW,, TPW,, || p,c,us,(Lc)
The simplified alternative form is
bs | _ TPW,, TPW, Ps (A23b)
PoColhs TPW,, TPW,, || p,c,us

where

Ps = ps(0); us =us(0); ps = ps, (L) ; ug =us, (L)
(A23c¢)

APPENDIX B

Transfer Matrix of Two Parallel Dissipative Tubes

As indicated in Fig. 2 and Appendix A, the acoustical
four-pole matrix between node 5a and 6a for muffler B is

Ps, TPW11,1
poCOMSa - TPWIZ,I

Developing Eq. (B1) yields

TPW1,, M Pe.

(B1)
TPW1,, || p,c.tq,

Dsq =TPW1, - ps, +TPW1,, - p,c,uq, (B2a)

pocuuSu = TPWlZ,l : péa + TPWlZ,Z : poccuéu (B2b)

Similarly, the acoustical four-pole matrix between node 5b
and 6b is

Dsy _ TPWll,l TPWILZ P (B3)
P,C,Us, TPWIZ,1 TPW1,, || p,c,ug,
Developing Eq. (B3) yields
ps, =TPW1, - po, +TPW1,, - p,c.ug, (B4a)

PoCottsy =TPW 1y, - pg, + TPW 1, , - p,cug,  (B4b)

Combining Eq. (B2a) and Eq. (B4a) yields

DPsq T Psp = TPWll,l [ Peq +p6b]+TPW11,2 P,Cclug, 1]
(BS)

Likewise, combining Eq. (B2b) and Eq. (B4b) yields

P.Colus, +usy 1=TPW1,, -[pg, + Pey 1+ TPW1, , - p,c [ug, +ug,]
(B6)

where

Ps = Psq = Psp> Ps = Poa = Pep> Us = Us, +Usys Ug = U, +Ug,

(B7)

Plugging Eq. (B7) into Egs. (B5) and (B6) yields
2:-ps=2-TPW1,, ps +TPW1, , - p,c.uq (B8a)
p,cus =2-TPW1,, - p, +TPW1,, - p,cu,  (B8b)

Rearranging Eq. (B8) in a matrix form, the equivalent
four-pole matrix between nodes 5 and 6 shown in Fig. 4 is

1

{ Ds }: TPW1,, 5~TPW1L2[ Pe } (59)

PoColts 1 1 o.TPw1,,  TPW1,, |LPoCMs
APPENDIX C

Transfer Matrix of Four Parallel Dissipative Tubes

As indicated in Fig. 2, muffler C’s acoustical four-pole
matrix between node 5a and 6a is

Psq TPW1,,
pocouSa - TPWlZ,l

Developing Eq. (C1) yields

TPW1, , DPsa (1)
TPle,z P,ColUs,
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Psq =TPW1, ;- pe, + TPW1,, - p,c.ug, (C2a)

pocouSa = TPWlZ,l ! p6a + TPW12,2 .paccuﬁa (C2b)

Similarly, the acoustical four-pole matrices between node
5b and 6b, node 5c¢ and 6¢, and node 5d and 6d are

ps | _[TPWL, TP, pg, (C3a)

| p.Cus, | | TPWL, TPW1,, || p,c,us, |
opse [P TP P ] (C3b)

| P,C,Us, _TPWIZ,l TPW12,2_ | P,Coe, |
[ pa [P0, TP b ] (€39

PCisy | | TPW1,, TPW,, || p,c e |

Developing Egs. (C3a)-(C3c) yields

Dsp = TPWII‘1 “Den +TPW1,,2 - P,Clgp (C4a)
PoColts, =TPW1, - pg, +TPW1,, - p,cug  (C4b)
Ds. =TPW1,, - ps, +TPW1,, - p,c.ug, (C4c)
p,cus, =TPW1,, - p, +TPW1,, - p,cus.  (C4d)
DPsq =TPW1, - pey +TPW1,, - p,cug, (Cde)
PoCotisg =TPW1,, - po, +TPW1,, - p,cug,  (C4f)

Combining Eq. (C2a) and Eq. (C4a), (C4c), and (C4e)
yields

Psq + Psy + Psc + Psg = TPW1 [ Pg, + Py + Pse + Poay ] (©5)
+TPW1,, - p,c.luq, +utg, +ug, +utg,]

Likewise, combining Eq. (C2b) and Eq. (C4b), (C4d), and
(C4f) yields

PG lus, +us, +us, +us, 1=TPW1,, -[ps, + Pgy + Pse + Pou]
+TPW1, , - p,c fug, +ug, +uts, +ug,]

(Co)

where

Ps = Psa = Psp = Psc = Psa >
Ps = Psa = Psp = Psc = Pea >

Us =Us, T Us, T U +Us, 5

Ug = Ug, +Ug, +Ug, +Ug, (C7)

Plugging Eq. (C7) into Egs. (C5) and (C6) yields
4-ps=4-TPW1, - p, +TPW1,, - p,c.u, (C8a)
p,c,us =4-TPW1,, - po +TPW1,,-p,cus  (C8b)

Rearranging Eq. (C8) in a matrix form, the equivalent
four-pole matrix between nodes 5 and 6 shown in Fig. 4 is

1

{ Ds }z TPW1,, Z~TPW1LZ{ Pe } ©)

PoColls ]| 4.TPw1,,  TPW1,, |LPoCMs
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