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ABSTRACT 

Recently, research on new techniques of single-chamber 
plug silencers has been addressed.  However, the assessment 
of a multi-chamber plug muffler’s optimal shape design within 
a constrained space as well as a pressure-drop limit which are 
mostly concerned with the necessity of operation and system 
venting in practical engineering work was rarely tackled.  There- 
fore, this paper will not only analyze the sound transmission 
loss (STL) of a space-constrained multi-chamber plug muffler 
but also optimize the best design shape under a specified pres- 
sure drop. 

In this paper, the generalized decoupling technique and 
plane wave theory used to solve the coupled acoustical prob-
lem of plug mufflers with perforated tubes are presented.  The 
four-pole system matrix used to evaluate acoustic performance 
is also introduced in conjunction with a genetic algorithm 
(GA).  Before the GA operation can be carried out, the accu-
racy of the mathematical model for a one-chamber plug muf-
fler is checked using Munjal’s experimental data. 

To appreciate the sensitivity of a muffler’s geometric pa-
rameters, the influence of sound transmission loss and related 
pressure drop with respect to design parameters is investigated.  
Furthermore, the noise reductions with respect to broadband 
exhaust noise emitted from a blower’s inlet is also introduced 
and assessed.  The optimal result in eliminating broadband 
noise reveals that the overall noise reductions with respect to 
various mufflers under a maximal allowable pressure drop of 
800 (Pa) can achieve 40, 83 and 124 dB.  Consequently, the 

approach used for the optimal design of the multi-chamber 
plug mufflers under space and back pressure constrained 
conditions is indeed easy and quite effective. 

I. INTRODUCTION 

Because high noise levels cause psychological and physio- 
logical symptoms [1], the demand for low-noise levels of 
various products has become vital [9].  To overcome the low 
frequency noise emitted from a venting system, a reactive 
muffler is customarily used [10].  Moreover, because the con- 
strained problem is mostly concerned with the necessity of 
operation and maintenance in practical engineering work, 
there is a growing need to optimize the acoustical performance 
within a confined space.  In addition, in order to keep the 
volume-flow-rate steady in a venting system, the back pres-
sure of mufflers within an allowable range is compulsory. 

In the past decade, to increase acoustical performance, the 
assessment of new acoustical elements (internal perforated 
plug and non-plug tubes) was discussed by Sullivan and 
Crocker in 1978 [17].  Based on the coupled equations derived 
by Sullivan and Crocker, a series of theories and numerical 
techniques in decoupling the acoustical problems have been 
proposed [7, 15, 13, 18].  Concerning the flowing effect, Munjal 
[11] and Peat [14] published the generalized decoupling and 
numerical decoupling methods.  Munjal et al. [12] investi-
gated the acoustical effect and the system’s back pressure with 
respect to several design parameters for perforated plug and 
cross-flow perforated mufflers without space constrained and 
back-pressure limited situation.  However, the assessment of 
the muffler’s optimal shape design within a constrained space 
and a back-pressure limit which are mostly concerned with the 
necessity of operation and system venting in practical engi-
neering work was rarely tackled.  In previous work, to solve 
the space-constraint problem, Yeh et al. [19, 20] and Chiu [4] 
developed the optimized shaped mufflers equipped with 
non-perforated ducts and by using numerical method.  With 
the purpose of improving the acoustical performance, the 
shape optimizations of one-chamber mufflers in conjunction 
with perforated plug/non-plug and cross-flow tubes under 
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space-constrained situation were assessed [2, 3, 5].  However, 
the control of the system’s back pressure which may retard 
the gas venting so as to damage the system had not been ad-
dressed.  

In order to promote the acoustical performance and over-
come the drawback of a possible overload pressure drop in 
the mufflers, three kinds of multi-chamber mufflers (a one- 
chamber, two-chamber, and a three-chamber plug muffler) 
equipped with plug perforated ducts under the fixed space 
volume and the specified allowable pressure drop is presented.  
To facilitate the numerical assessment, three different GA 
techniques (a tournament selection in elitism, a uniform cross- 
over, and a randomized mutation) are adopted. 

By adjusting the muffler’s shape, increasing the chambers, 
and using the GA and numerical decoupling methods, the 
optimal acoustical performance of the mufflers with accept-
able back pressure can be achieved. 

II. MATHEMATICAL MODELS 

In this paper, three kinds of multi-chamber plug mufflers (a 
one-chamber, two-chamber, and a three-chamber plug muffler) 
hybridized with perforated tubes were adopted for the noise 
abatement on the constrained blower room shown in Fig. 1.  
The outlines of these mufflers as noise-reduction devices are 
shown in Figs. 2(a), 2(b) and 2(c). 

The acoustical fields with respect to various mufflers (a 
one-chamber, two-chamber, and a three-chamber plug muffler) 
are shown in Figs. 3(a), 3(b), and 3(c).  As indicated in Figs. 
2(a) and 3(a), the one-chamber plug muffler composed of four 
acoustical elements is identified with three categories of 
components ― two straight ducts, one perforated expanded 
plug duct, and one perforated contracted plug duct.  The re-
lated acoustic pressure p and acoustic particle velocity u 
within the muffler are represented by five nodes.  As indicated 
in Figs. 2(b) and 3(b), the two-chamber plug muffler consist-
ing of seven acoustical elements is also identified with three 
categories of components ― three straight ducts, two perfo-
rated expanded plug ducts, and two perforated contracted plug 
ducts.  The related acoustic pressure p and acoustic particle 
velocity u within the muffler are represented by eight nodes.  
Consequently, the three-chamber plug muffler shown in Figs. 
2(c) and 3(c) is composed of ten acoustical elements and 
identified with three categories of components ― four straight 
ducts, three perforated expanded plug ducts, and three perfo-
rated contracted plug ducts.  Eleven nodes inside the acousti-
cal elements represent the acoustical properties in the acous-
tical field with acoustic pressure p and acoustic particle ve-
locity u at their due location.  The detailed mathematical 
derivation of various muffler systems is presented below. 

1. A One-Chamber Plug Muffler 

As derived in the previous work [3], individual transfer ma- 
trixes with respect to straight ducts, expansion perforated ducts, 
and contracted perforated ducts are described as follows: 
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Fig. 1. A multi-chamber plug muffler within a constrained blower room. 
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Fig. 2. The outlines of multi-chamber plug mufflers ― (a) one-chamber, 

(b) two-chamber, and (c) three-chamber. 

 
 

p1
u1

p1
u1

p1
u1

p2
u2

p2
u2

p2
u2

p3A
u3A

p3A
u3A

p3A
u3A

p6A
u6A

p6A
u6A

p9A
u9A

p4
u4

p4
u4

p4
u4

p5
u5

p7
u7

p7
u7

p8
u8

p8
u8

p10
u10 p11

u11

p5
u5

p5
u5

(a)

(b)

(c)

 
Fig. 3. The acoustical fields of multi-chamber plug mufflers (a) one- 

chamber, (b) two-chamber, and (c) three-chamber. 
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The total transfer matrix assembled by multiplication is  
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A simplified form in a matrix is expressed as 
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The sound transmission loss (STL) of a muffler is defined as 
[11] 
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where  

Aff11 = LZ /Lo; Aff12 = LZ1A /LZ; Aff13 = LC1A /LZ1A ; 

Aff14 = LC1B/LZ1B; Aff15 = d1/Do; LZ1B = LZ – LZ1A; 

L1A = LZ1A − LC1A ; L1B = LZ1B − LC1B; L1 = L2 = ( Lo − LZ)/2 
  (7b) 

The mean pressure drop (∆p1) of a one-chamber plug muf-
fler investigated by Munjal et al. [12] is 

 ∆p1 = H1*(5.6e-0.23x1 + 67.3e-3.05x1) (8a) 

 H1 = 2 / 2Vρ ; x1 = 1 1 1 14( ) /C A C BL L dη+  (8b) 

To meet the system requirement of allowable maximal 
pressure drop (∆pa), the mean pressure drop (∆p1) should be 
governed as 

 1( )ap p∆ ≥ ∆  (9) 

2. A Two-Chamber Plug Muffler  

As indicated in Section III.1, the total transfer matrix as-
sembled by multiplication is  
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The sound transmission loss (STL) is  
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where 

Aff21 =  LZ /Lo ; Aff22 =  LZ1 /LZ ; Aff23 =  LZ1A /LZ1 ; 

Aff24 = LZ2A/LZ2; Aff25 = LC1A/LZ1A; Aff26 = LC1B/LZ1B;  

Aff27 = LC2A/LZ2A; Aff28 = LC2B/LZ2B; Aff29 = d1/Do; 

LZ2 = LZ − LZ1; LZ1B =  LZ1 − LZ1A; L1A =  LZ1A − LC1A ; 

L1B =  LZ1B − LC1B; L2A =  LZ2A − LC2A ; L2B =  LZ2B − LC2B; 

L1 = L2 = ( Lo − LZ)/2  (11b) 

The mean pressure drop (∆p2) of a two-chamber plug muf-
fler is 

∆p2 = H2*[(5.6e-0.23x1 + 67.3e-3.05x1) + (5.6e-0.23x2 + 67.3e-3.05x2)] 
  (12a) 

 2
2H / 2;Vρ=   

 1 1 1 1 1 2 2 2 1 1x 4( ) / ; x 4( ) /C A C B C A C BL L D L L dη η= + = + (12b) 

Similarly, the mean pressure drop (∆p2) is governed as 

 2( )ap p∆ ≥ ∆  (13) 
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3. A Three-Chamber Plug Muffler  

Similarly, the total transfer matrix assembled by multipli-
cation is 
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Likewise, the related sound transmission loss (STL) is 

 31 32 33 34 35 36
3

37 38 39 40 41 42 1 1

, , , , , , , ,

, , , , , , ,

Q f Aff Aff Aff Aff Aff Aff
STL

Aff Aff Aff Aff Aff Aff dhη
 
 
 

 

 
* * * *

11 12 21 22 1

10

20log 10log
2

T T T T S

S

 + + +  
 = +  
    

 (15a) 

where  

Aff31 = LZ /Lo ; Aff32 = LZ2 /LZ ; Aff33 = LZ1A /LZ1 ; 
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The mean pressure drop (∆p3) of a three-chamber plug muffler 
is 

∆p3 = H3*[(5.6e-0.23x1+67.3e-3.05x1) + ( 5.6e-0.23x2 + 67.3e-3.05x2) 

+ ( 5.6e-0.23x3 + 67.3e-3.05x3)] 

2
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Also, the mean pressure drop (∆p3) is governed as 

 3( )ap p∆ ≥ ∆  (17) 

4. Overall Sound Power Level  

The silenced octave sound power level emitted from a si-
lencer’s outlet is 

 i i iSWL SWLO STL= −  (18) 

where 
 
(1) The SWLOi is the original SWL at the inlet of a muffler (or 

pipe outlet), and i is the index of the octave band fre-
quency. 

(2) The STLi is the muffler’s STL with respect to the relative 
octave band frequency. 

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

 
Finally, the overall SWLT silenced by a muffler at the outlet is 
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  (19) 

5. Objective Function 

By using the formulas of (7), (9), (11), (13), (15), (17), and 
(19), the objective function used in the GA optimization with 
respect to each type of plug muffler was established. 

For a single-chamber plug muffler, the objective function in 
maximizing the STL at a pure tone ( f ) is  

11 1 11 12 13 14 15 1 1 1( , , , , , , , , , )OBJ STL Q f Aff Aff Aff Aff Aff dh pη= ∆  

* * * *
11 12 21 22 1

4

20 log 10log
2

T T T T S

S

 + + +  
 = +  
    

 (20a) 
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To minimize the overall SWL, the objective function is  

12 11 12 13 14 15 1 1 1( , , , , , , , , )TOBJ SWL Q Aff Aff Aff Aff Aff dh pη= ∆  

* * * *
11 12 21 22 1

4

20 log 10log
2

T T T T S

S

 + + +  
 = +  
    

 (20b) 

Similarly, for a double-chamber plug muffler, the objective 
function in maximizing the STL at a pure tone ( f ) is  

21 22 23 24 25 26
21 2

27 28 29 1 1 2

, , , , , , , ,

, , , , ,

Q f Aff Aff Aff Aff Aff Aff
OBJ STL

Aff Aff Aff dh pη
 

=  ∆ 
 

* * * *
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7

20 log 10log
2
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S

 + + +  
 = +  
    

 (21a) 

Likewise, the minimized objective function with respect to 
the SWL in a double-chamber plug muffler is 

21 22 23 24 25 26
22

27 28 29 1 1 2

, , , , , , ,

, , , , ,T

Q Aff Aff Aff Aff Aff Aff
OBJ SWL

Aff Aff Aff dh pη
 

=  ∆ 
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 (21b) 

Equally, for the three-chamber plug muffler, the objective 
function in maximizing the STL at a pure tone ( f ) is 

31 32 33 34 35 36
31 3

37 38 39 40 41 42 1 1 3

, , , , , , , ,

, , , , , , , ,

Q f Aff Aff Aff Aff Aff Aff
OBJ STL

Aff Aff Aff Aff Aff Aff dh pη
 

=  ∆ 
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 (22a) 

The related objective function in minimizing the overall 
SWL is 

31 32 33 34 35 36 37
32 3
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, , , , , , , ,

, , , , , , ,
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 (22b) 

III. MODEL CHECKS 

Before performing the GA optimal simulation on mufflers,  
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Fig. 4. Performance of a one-chamber perforated plug muffler with the 

mean flow [M1 = M2 = 0.05, D1 = 0.0493 (m), Do = 0.1016 (m), LC1 = 
LC2 = 0.1286 (m), L1 = L2 = 0.1 (m),.LA1 = LB2 = 0.0 (m), t = 0.081 
(m), dh1 = dh2 = 0.00249 (m), η1 = η2 = 0.037] [Experiment data is 
from Sullivan[13, 15, 19]]. 

 

 
accuracy checks of the mathematical models on a sin-
gle-chamber plug perforated muffler are performed using the 
experimental data from Sullivan [13, 15, 16].  As depicted in 
Fig. 4, the performance curves with respective to theoretical 
and experiment data are relatively accurate and in agreement.  
Based on plane wave theory, the proposed theoretical cutoff  

frequency of fc1  
2 1/ 2

1

1.84
(1 )o

c

c
f M

Dπ
 = − 
 

 is 1974 Hz.   

Therefore, the proposed fundamental mathematical models 
with related acoustical components are acceptable.  Conse-
quently, the models linked with the numerical method are 
applied to the shape optimization in the following section. 

IV. CASE STUDIES 

In this paper, a blower confined within a RC (reinforced 
concrete) room is shown in Fig. 1.  The noise level in the 
equipment venting outlet is remarkable.  To efficiently depress 
the noise, the multi-chamber plug muffler hybridized with 
perforated tubes is considered.  The spectrum of the exhaust 
sound power level (SWL) at the muffler inlet is  

 

f (Hz) 125 250 500 1k 2k 4k Overall SWL 

SWL (dB) 128 135 126 115 108 100 136.3 
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Table 1.  Range of design parameters for three kinds of multi-chamber plug mufflers. 

Muffler Type Range of design parameters 

One-Chamber 
Targeted f: {250, 550, 750}; Q = 0.01 (m3/s); Do = 0.5 (m); Lo = 1.8 (m); 
Aff11: [0.5, 0.9]; Aff12: [0.3, 0.7]; Aff13: [0.5, 0.9]; Aff14: [0.5, 0.9]; Aff15: [0.5, 0.6]; η1: [0.03, 0.1]; dh1: [0.00175, 0.007]; ∆pa: 
800 (Pa) 

Two-Chamber 
Targeted f: {250, 550, 750}; Q = 0.01 (m3/s); Do = 0.5 (m); Lo = 1.8 (m); 
Aff21: [0.5, 0.9]; Aff22: [0.3, 0.7]; Aff23: [0.3, 0.7]; Aff24: [0.3, 0.7]; Aff25: [0.5, 0.9]; Aff26: [0.5, 0.9]; Aff27: [0.5, 0.9]; Aff28: [0.5, 
0.9]; Aff29: [0.5, 0.6];  η1: [0.03, 0.1]; dh1: [0.00175, 0.007]; ∆pa: 800 (Pa) 

Three-Chamber 
Targeted f: {250, 550, 750}; Q = 0.01 (m3/s); Do = 0.5 (m); Lo = 1.8 (m); 
Aff31: [0.5, 0.9]; Aff32: [0.3, 0.7]; Aff33: [0.3, 0.7]; Aff34: [0.3, 0.7]; Aff35: [0.3, 0.7]; Aff36: [0.5, 0.9]; Aff37: [0.5, 0.9]; Aff38: [0.5, 
0.9]; Aff39: [0.5, 0.6]; Aff40: [0.5, 0.9]; Aff41: [0.5, 0.9]; Aff42: [0.3, 0.7]; η1: [0.03, 0.1]; dh1: [0.00175, 0.007]; ∆pa: 800 (Pa) 

 
 
Before the minimization of a broadband noise is performed, 

the maximization of the STL with respect to three kinds of 
perforated plug mufflers at various targeted pure tones (250, 
550, 750 Hz) has been performed for the purpose of an accu-
racy check on the GA method.  As shown in Fig. 1, the avail- 
able space for a muffler is 0.5 m in width, 0.5 m in height, and 
1.8 m in length.  In the existing venting system, the flow rate 
(Q) and thickness of the perforated tube (t) are given as 0.01 
(m3/s) and 0.0015 (m).  To prevent overloading back pressure 
which will slow down the preset volume- flow-rate (Q), the 
allowable maximal ∆p of 800 (Pa) in the muffler system is 
specified in advance.  The corresponding space constraints and 
the ranges of the design parameters for each muffler are 
summarized in Table 1. 

V. GENETIC ALGORITHM 

The concept of Genetic Algorithms, first formalized by 
Holland [6] and then extended to functional optimization by 
Jong [8], involves the use of optimization search strategies 
patterned after the Darwinian notion of natural selection. 

For the optimization of the objective function (OBJ), the 
design parameters of (X1, X2,…, Xk) were determined.  When 
the bit (the bit length of the chromosome) was chosen, the 
interval of the design parameter (Xk) with [Lb, Ub]k was then 
mapped to the band of the binary value.  The mapping system 
between the variable interval of [Lb, Ub] k and the kth binary 
chromosome of 

 0 0 0 0 0 0 0 ~ 1 1 1 1 1 1 1
bit bit

• • • • • •
������������� �����������

 

was then built.  The encoding from x to B2D (binary to deci-
mal) can be performed as 

 2 integer (2 1)bitk k
k

k k

x Lb
B D

Ub Lb

 −
= − − 

 (23) 

The initial population was built up by randomization.  The 
parameter set was encoded to form a string which represented 
the chromosome.  By evaluating the objective function (OBJ),  
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Fig. 5.  The block diagram of the GA optimization on mufflers. 

 
 
the whole set of chromosomes [B2D1, B2D2, …., B2Dk ] that 
changed from binary form to decimal form was then assigned 
a fitness by decoding the transformation system. 

 fitness = OBJ(X1, X2, …, Xk) (24a) 

where 

 Xk = B2Dk* (Ubk – Lbk)/(2
bit – 1) + Lbk (24b) 

As the block diagram indicates in Fig. 5, during the de-
coding process, the back pressure (∆p) will be calculated and 
compared with the limit of ∆pa.  If ∆p is smaller than ∆pa, the 
current offspring will be valid and used for further evolution.  
If this is not the case, fitness will be weighted to discard the 
current gene. 

As indicated in Fig. 6, to process the elitism of a gene, the 
tournament selection, a random comparison of the relative 
fitness from pairs of chromosomes, was applied.  During the 
GA optimization, one pair of offspring from the selected par- 
ent was generated by uniform crossover with a probability of 
pc.  Genetically, mutation occurred with a probability of pm 
where the new and unexpected point was brought into the GA 
optimizer’s search domain.  To prevent the best gene from  
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Fig. 7.  Operations in the GA method. 

 
 

disappearing and to improve the accuracy of optimization 
during reproduction, the elitism scheme of keeping the best 
gene (one pair) in the parent generation with the tournament 
strategy was developed.  

The process was terminated when a number of generations 
exceeded a pre-selected value of genno.  The operations in the 
GA method are pictured in Fig. 7. 

To simplify the optimization for three kinds of plug muf-
flers, the flow rate (Q = 0.01 (m3/s)) and thickness of the 
perforated tube (t1 = t2 = 0.0081 (m)) are preset in advance; 
therefore, Eqs. (20), (21), (22), the objective functions (OBJ11, 
OBJ12, OBJ21, OBJ22, OBJ31, and OBJ32) and their ranges are 
reduced and set as 

11 1 2 3 4 5 6 7 8( , , , , , , , )OBJ X X X X X X X X  

11 12 13 14 15 1 1( , , , , , , , )aSTL aff aff aff aff aff dh pη= ∆  (25a) 

12 1 2 3 4 5 6 7 8( , , , , , , , )OBJ X X X X X X X X  

11 12 13 14 15 1 1( , , , , , , , )T aSWL aff aff aff aff aff dh pη= ∆  (25b) 

21 1 2 3 4 5 6 7 8 9 10 11 12( , , , , , , , , , , , )OBJ X X X X X X X X X X X X  

21 22 23 24 25 26 27 28( , , , , , , , ,STL aff aff aff aff aff aff aff aff=  

29 1 1, , , )aaff dh pη ∆   (26a) 

22 1 2 3 4 5 6 7 8 9 10 11 12( , , , , , , , , , , , )OBJ X X X X X X X X X X X X  

21 22 23 24 25 26 27 28( , , , , , , , ,TSWL aff aff aff aff aff aff aff aff=  

29 1 1, , , )aaff dh pη ∆   (26b) 

31 1 2 3 4 5 6 7 8 9 10 11 12( , , , , , , , , , , , ,OBJ X X X X X X X X X X X X  

13 14 15, , )X X X  

31 32 33 34 35 36 37 38 39( , , , , , , , , ,STL aff aff aff aff aff aff aff aff aff=  

40 41 42 1 1, , , , , )aaff aff aff dh pη ∆  (27a) 

32 1 2 3 4 5 6 7 8 9 10 11 12( , , , , , , , , , , , ,OBJ X X X X X X X X X X X X  

13 14 15, , )X X X  

31 32 33 34 35 36 37 38 39( , , , , , , , , ,TSWL aff aff aff aff aff aff aff aff aff=  

40 41 42 1 1, , , , , )aaff aff aff dh pη ∆  (27b) 

VI. RESULTS AND DISCUSSION 

1. Results 

To achieve good optimization, five kinds of optimal GA 
parameters, including population size (pop), chromosome 
length (bit), maximum generation (itermax), crossover ratio 
(pc), and mutation ratio (pm) are obtained by varying their 
values during optimization.  The optimization system is en-
coded by Fortran and run on an IBM PC - Pentium IV.  The 
results of two kinds of optimizations ― one of the pure tone 
noise used for GA’s accuracy check and the other of broadband 
noise occurring in a blower room ― are described below. 

1) Pure Tone Noise Optimization 

A. One-Chamber Plug Muffler 
For a one-chamber plug muffler, various sets of GA pa-

rameters are tested during optimal process.  The resultant 
simulated result optimized with respect to the pure tone of 
250Hz is shown in Table 2.  As indicated in Table 2, the op-
timal design data can be obtained when the GA parameters at 
pop, bit, itermax, pc, and pm = 80, 10, 200, 0.6, 0.05 are applied.  
Using this GA parameter set with two other pure tones (550, 
750 Hz), the muffler’s optimal sizes with respect to various 
pure tones are summarized in Table 3.  Using the optimal 
design in a theoretical calculation, three optimal STL curves 
with respect to targeted frequencies are plotted and depicted 
in Fig. 8.  As revealed in Fig. 8, the STLs are precisely maxi-
mized at the desired frequencies.  The related mufflers’ sizes 
with respect to three kinds of pure tones (250, 550, 750 Hz) are 
shown in Figs. 9-11. 

To appreciate the influence of the STL and ∆p with respect 
to other parameters, a simple sensitivity analysis using seven  
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Table 2.  Optimal STLs for a one-chamber plug perforated muffler (targeted frequency: 250 Hz). 

Optimal GA parameters Optimal Result 
Aff11 Aff12 Aff13 Aff14 STL (dB) 

pop bit pm pc itermax 
0.9000 0.7000 0.5000 0.5000 71.299 
Aff15 η1 dh1 (m) ∆p (Pa) 

80 10 0.05 0.6 200 
0.0500 0.1000 0.0070 

 

532.3 
Notes: Aff11 = Lz/Lo; Aff12 = Lz1A/Lz; Aff13 = Lc1A; Aff14 = Lc1B/Lz1B; Aff15 = d1/Do 

 
 

Table 3. Optimal STLs for a one-chamber plug perforated muffler with respect to various targeted frequencies (with ∆p 
constraint). 

Item Targeted frequency Results 
Aff11 Aff12 Aff13 Aff14 STL (dB) 

0.9000 0.7000 0.5000 0.5000 71.299 
Aff15 η1 dh1 (m)  ∆p (Pa) 

1 250 Hz 

0.0500 0.1000 0.0070  532.3 
Aff11 Aff12 Aff13 Aff14 STL (dB) 

0.7964 0.5194 0.6775 0.6517 91.857 
Aff15 η1 dh1 (m)  ∆p (Pa) 

2 550 Hz 

0.0538 0.0999 0.0069  340.5 
Aff11 Aff12 Aff13 Aff14 STL (dB) 

0.8128 0.5174 0.7796 0.7639 93.536 
Aff15 η1 dh1 (m)  ∆p (Pa) 

3 750 Hz 

0.0532 0.0995 0.0066  251.0 
 
 

targeted f = 250 (Hz) dp = 532.3 (Pa)
targeted f = 550 (Hz) dp = 425.8 (Pa)
targeted f = 750 (Hz) dp = 251.0 (Pa)
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Fig. 8. Optimal STL with respect to frequencies for a one-chamber plug 
silencer [targeted frequency: 250, 550 and 750 Hz]. 

 
 
parameters (Aff11, Aff12, Aff13, Aff14, Aff15, η1, and dh1) for a 
one-chamber plug muffler at a targeted frequency of 250 (Hz) 
is performed and shown in Figs. 12-18.  As indicated in Figs. 
12-18, it is obvious that the STL is inversely proportional to 
the diameter of the inner duct (Aff15) and to the lengths of the 
perforated ducts (Aff13, Aff14).  Moreover, the back pressure ∆p 
will obviously decrease when either the length of the chamber 
(Aff11), the lengths of the perforated ducts (Aff13, Aff14), the  
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0.5670.570.09

0.5
10%
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Unit : Meter
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Fig. 9. Optimal shape of a one-chamber plug muffler with a targeted 

frequency of 250 Hz. 
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Fig. 10. Optimal shape of a one-chamber plug muffler with a targeted 

frequency of 550 Hz. 

 
 

diameter of the inner duct (Aff15), or the porosity of the inner 
duct (η1) is increased.  Because the decrement of the parame-
ters (Aff13, Aff14 Aff15) will result in the increment of both the  
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Fig. 11. Optimal shape of a one-chamber plug muffler with a targeted 

frequency of 750 Hz. 
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Fig. 12. Influence of Aff11(Lz/Lo) on a STL and a ∆p with a targeted 

frequency of 250 Hz. 
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Fig. 13. Influence of Aff12(Lz1A/Lz) on a STL and a ∆p with a targeted 

frequency of 250 Hz. 

 

 
STL and ∆p simultaneously, a compromise between these 
parameters during the numerical optimization process will be 
required.  Therefore, to reach a higher STL with a ∆p below 
the allowable maximal pressure drop, an appropriate decre- 
ment of the Aff13, Aff14 Aff15 is essential.  As indicated in Table  
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Fig. 14. Influence of Aff13(Lc1A/Lz1A) on a STL and a ∆p with a tar-

geted frequency of 250 Hz. 
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Fig. 15. Influence of Aff14(Lc1B/Lz1B) on a STL and a ∆p with a targeted 

frequency of 250 Hz. 
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Fig. 16. Influence of Aff15(d1/Do) on a STL and a ∆p with a targeted 

frequency of 250 Hz. 
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Table 4.  Optimal STLs for a two-chamber plug perforated muffler (targeted frequency: 250 Hz). 

Optimal GA parameters Optimal Result 
Aff21 Aff22 Aff23 Aff24 STL (dB) 

pop bit pm pc itermax 
0.5000 0.3000 0.7000 0.7000 104.1 
Aff25 Aff26 Aff27 Aff28 ∆p (Pa) 

0.5000 0.5000 0.5125 0.5000 800.0 

Aff29 η1 dh1 (m) 
80 25 0.05 0.6 500 

0.1330 0.0300 0.0018 

 

Notes: Aff21 = Lz/Lo; Aff22 = Lz1/Lz; Aff23 = Lz1A/Lz1; Aff24 = Lz2A/Lz2; Aff25 = Lc1A/Lz1A; Aff26 = Lc1B/Lz1B; Aff27 = Lc2A/Lz2A;  
Aff28 = Lc2B/Lz2B; Aff29 = d1/Do 
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Fig. 17. Influence of dh1 on a STL and a ∆p with a targeted frequency of 

250 Hz. 

 
 

STL (dB)
dp (Pa)

1800

1600

1400

1200

1000

800

600

400

200

0
0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

perforated ratio (η)  
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3, the STL at a higher targeted frequency will be larger than 
that at a lower targeted frequency. 
B. Two-Chamber Plug Muffler 
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Fig. 19. Optimal STL with respect to frequencies for a two-chamber plug 
silencer [targeted frequency: 250, 550 and 750 Hz]. 

 
 
For a two-chamber plug muffler, thirteen sets of GA pa-

rameters are tested by varying the values of the GA parameters.  
The optimized result with respect to the pure tone of 250 Hz is 
listed in Table 4.  As indicated in Table 4, the optimal design 
data can be obtained when the GA parameters at pop, bit, 
itermax, pc, and pm = 80, 25, 500, 0.6, 0.05 are used.  Using this 
GA parameter set with two other pure tones (550, 750 Hz), the 
muffler’s optimal sizes with respect to various pure tones are 
summarized in Table 5.  Using the optimal design in a theo-
retical calculation, three optimal STL curves with respect to 
the targeted frequencies are plotted in Fig. 19.  As revealed in 
Fig. 19, the STLs are precisely maximized at the desired fre-
quencies.  Moreover, it is obvious that the STL at the higher 
targeted frequency will be larger than the lower one.  The 
related mufflers’ sizes with respect to three kinds of pure tones 
(250, 550, 750 Hz) are shown in Figs. 20-22. 
C. Three-Chamber Plug Muffler 

For a three-chamber plug muffler, the optimized result with 
respect to the pure tone of 250Hz is shown in Table 6.  As 
indicated in Table 6, the optimal design data can be obtained at 
the GA parameters (pop, bit, itermax, pc, and pm) = (60, 15, 
1000, 0.6 , 0.05).  Using this GA parameter set with two other 
pure tones (550, 750 Hz), the muffler’s optimal sizes with 
respect to various pure tones are summarized in Table 7.   



 M.-C. Chiu and Y.-C. Chang: Numerical Assessment of Multi-Chamber Plug Mufflers by GA Method 327 

 

Table 5. Optimal STLs for a two-chamber plug perforated muffler with respect to various targeted frequencies (with ∆p 
constraint). 

Item Targeted frequency Optimal Results 
Aff21 Aff22 Aff23 Aff24 STL (dB) 

0.7588 0.3938 0.6984 0.3610 87.5 
Aff25 Aff26 Aff27 Aff28 ∆p (Pa) 

0.8554 0.5540 0.5012 0.5633 797 
Aff29 η1 dh1 (m)   

1 250 Hz 

0.0914 0.0430 0.0050   
Aff21 Aff22 Aff23 Aff24 STL (dB) 

0.8250 0.5046 0.4914 0.5000 165 
Aff25 Aff26 Aff27 Aff28 ∆p (Pa) 

0.5125 0.5241 0.5000 0.5003 777 
Aff29 η1 dh1 (m)   

2 550 Hz 

0.1166 0.0300 0.0070   
Aff21 Aff22 Aff23 Aff24 STL (dB) 

0.7083 0.5125 0.4750 0.5002 162 
Aff25 Aff26 Aff27 Aff28 ∆p (Pa) 

0.5000 0.5500 0.5000 0.5000 507 
Aff29 η1 dh1 (m)   

3 750 Hz 

0.0844 0.1000 0.0070   
 
 

Table 6.  Optimal STLs for a three-chamber plug perforated muffler (targeted frequency: 250 Hz). 

GA parameters Optimal Results 
Aff31 Aff32 Aff33 Aff34 STL (dB) 

pop bit pm pc itermax 
0.500 0.7000 0.7000 0.7000 179.9 
Aff35 Aff36 Aff37 Aff38 ∆p (Pa) 

0.700 0.5000 0.5000 0.5134 799.3 
Aff39 Aff40 Aff41 Aff42 
0.501 0.5000 0.5000 0.1577 

 

η1 dh1 (m) 

60 15 0.05 0.6 1000 

0.030 0.0018 
 

Notes: Aff31 = Lz/Lo; Aff32 = Lz2/Lz; Aff33 = Lz1A/Lz1; Aff34 = Lz2A/Lz2; Aff35 = Lz3A/Lz3; Aff36 = Lc1A/Lz1A; Aff37 = Lc1B/Lz1B;  
Aff38 = Lc2A/Lz2A; Aff39 = Lc2B/Lz2B; Aff40 = Lc3A/Lz3A; Aff41 = Lc3B/Lz3B; Aff42 = d1/Do 
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Fig. 20. Optimal shape of a two-chamber plug muffler with a targeted 

frequency of 250 Hz. 

 
 

Using the optimal design in a theoretical calculation, three 
optimal STL curves with respect to the targeted frequencies 
are plotted in Fig. 23.  As revealed in Fig. 23, the STLs are  
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Fig. 21. Optimal shape of a two-chamber plug muffler with a targeted 

frequency of 550 Hz. 

 
 

precisely maximized at the desired frequencies.  The related 
mufflers’ sizes with respect to three kinds of pure tones (250, 
550, 750 Hz) are shown in Figs. 24-26.  It is obvious that the  
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Table 7. Optimal STLs for a three-chamber plug perforated muffler with respect to various targeted frequencies (with 
∆p constraint). 

Item Targeted frequency Optimal Results 
Aff31 Aff32 Aff33 Aff34 STL (dB) 

0.5559 0.6996 0.6996 0.4806 168.8 
Aff35 Aff36 Aff37 Aff38 ∆p (Pa) 

0.3004 0.5008 0.5641 .7804 798.5 
Aff39 Aff40 Aff41 Aff42  

0.8984 0.5192 0.5004 0.1527  
η1 dh1 (m)    

1 250 Hz 

0.0301 0.0046    
Aff31 Aff32 Aff33 Aff34 STL (dB) 

0.5876 0.7000 0.6999 0.4997 225.7 
Aff35 Aff36 Aff37 Aff38 ∆p (Pa) 

0.6999 0.5003 0.5000 0.5001 799.0 
Aff39 Aff40 Aff41 Aff42  

     
0.5001 0.5004 0.5001 0.1558  
η1 dh1 (m)    

2 550 Hz 

0.0300 0.0070    
Aff31 Aff32 Aff33 Aff34 STL (dB) 

0.5000 0.6807 0.3000 0.5622 231.1 
Aff35 Aff36 Aff37 Aff38 ∆p (Pa) 

0.3000 0.5001 0.5001 0.7250 775.8 
Aff39 Aff40 Aff41 Aff42  

0.5000 0.5005 0.5000 0.1574  
η1 dh1 (m)    

3 750 Hz 

0.0300 0.0070    
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Fig. 22. Optimal shape of a two-chamber plug muffler with a targeted 

frequency of 750 Hz 

 
 

STL at the higher targeted frequency will be larger than that at 
the lower one. 

2) Broadband Noise Optimization 

By using the above GA parameters, the optimal muffler’s 
design data for three kinds of multi-chamber plug mufflers (a 
one-chamber, two-chamber, and a three-chamber) used to 
minimize the sound power level at the muffler’s outlet is 
summarized in Table 8.  As illustrated in Table 8, the resultant 
sound power levels with respect to three kinds of mufflers 
have been dramatically reduced from 136.3 dB(A) to 96.2  

targeted f = 250 (Hz) dp = 799.3 (Pa)
targeted f = 550 (Hz) dp = 799.0 (Pa)
targeted f = 750 (Hz) dp = 775.8 (Pa)
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Fig. 23 Optimal STL with respect to frequencies for a three-chamber plug 
silencer [targeted frequency: 250, 550 and 750 Hz]. 

 
 
dB(A), 53.0 dB(A), and 11.9 dB(A).  Using this optimal de-
sign in a theoretical calculation, the resultant curves of the 
SWL with respect to three kinds of mufflers are plotted in Fig. 
27.  As shown in Fig. 27, the muffler with three chambers  
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Fig. 24. Optimal shape of a three-chamber plug muffler with a targeted 

frequency of 250 Hz. 
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Fig. 25. Optimal shape of a three-chamber plug muffler with a targeted 

frequency of 550 Hz. 
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Fig. 26. Optimal shape of a three-chamber plug muffler with a targeted 

frequency of 750 Hz. 

 
 

obviously has the best acoustical performance.  Based on 
plane wave theory, the proposed available theoretical cutoff  

frequencies of fc1 
2 1/ 2

1

1.84
(1 )o
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c
f M

Dπ
 = − 
 

 with respect to  

three kinds of mufflers are 964 Hz, 3220 Hz, and 1974 Hz.  
Consequently, the optimal mufflers’ size is also shown in Figs. 
28~30. 

2. Discussion 

To achieve a sufficient optimization, the selection of the 
appropriate GA parameters set is essential.  As indicated in 
Tables 2, 4, and 6, the best GA sets with respect to three kinds  

original SWL
STL: one-chamber dp = 477.1 (Pa)
STL: two-chamber dp = 754.3 (Pa)
STL: three-chamber dp = 581.9 (Pa)
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Fig. 27. A comparison of three kinds of optimal STLs with an original 

sound power level [broadband frequency]. 
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Fig. 28. Optimal shape of a one-chamber plug muffler [broadband 

frequency]. 
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Fig. 29. Optimal shape of a two-chamber plug muffler [broadband 

frequency]. 

 
 

of mufflers (a one-chamber, two-chamber, and a three-chamber) 
at the targeted pure tone noise of 250 Hz have been shown.  
Using the appropriate GA sets with three kinds of mufflers at 
the targeted pure tones (250, 550, 750 Hz), the related optimal 
STL curves are plotted in Figs. 8, 19, and 23.  The Figs. 8, 19, 
and 23 reveal the predicted maximal values of the STL are 
precisely located at the desired frequency.  Therefore, the 
usage of the GA optimization in finding a better design solu-
tion is reliable; moreover, all the pressure drops calculated in 
various mufflers can meet the specified allowable back pres-
sure of 800 (Pa).  As described in Section VI.1.1.A, in seeking 
a better STL with a ∆p below the allowable maximal pressure 
drop, the compromise between parameters (Aff13, Aff14, Aff15)  
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Table 8.  Minimization of SWLT for a broadband noise by three kinds of plug mufflers (with ∆p constraint). 

Category Optimal GA parameters Optimal Results 
Aff11 Aff12 Aff13 Aff14 SWLT (dB) 

pop bit pm pc itermax 
0.548 0.319 0.507 0.509 96.2 
Aff15 η1 dh1 (m)  ∆p (Pa) 

One-chamber 

80 10 0.05 0.6 200 
0.416 0.031 0.0045  477.1 
Aff21 Aff22 Aff23 Aff24 SWLT (dB) 

pop bit pm pc itermax 
0.575 0.309 0.570 0.614 53.0 
Aff25 Aff26 Aff27 Aff28 ∆p (Pa) 

0.571 0.524 0.575 0.858 754.3 
Aff29 η1 dh1 (m)   

Two-chamber 

80 25 0.05 0.6 500 

0.125 0.032 0.0035   
Aff31 Aff32 Aff33 Aff34 SWLT (dB) 

pop bit pm pc itermax 
0.689 0.681 0.576 0.393 11.9 
Aff35 Aff36 Aff37 Aff38 ∆p (Pa) 

0.353 0.733 0.5098 0.845 581.9 
Aff39 Aff40 Aff41 Aff42  
0.552 0.565 0.5016 0.159  
η1 dh1 (m)    

Three-chamber 

60 15 0.05 0.6 1000 

0.038 0.007    
Notes: One-chamber Aff11 = Lz/Lo; Aff12 = Lz1A/Lz; Aff13 = Lc1A; Aff14 = Lc1B/Lz1B; Aff15 = d1/Do 
Notes: Two-chamber Aff21 = Lz/Lo; Aff22 = Lz1/Lz; Aff23 = Lz1A/Lz1; Aff24 = Lz2A/Lz2; Aff25 = Lc1A/Lz1A; Aff26 = Lc1B/Lz1B; Aff27 = 

Lc2A/Lz2A; Aff28 = Lc2B/Lz2B; Aff29 = d1/Do 
Notes: Three-chamber Aff31 = Lz/Lo; Aff32 = Lz2/Lz; Aff33 = Lz1A/Lz1; Aff34 = Lz2A/Lz2; Aff35 = Lz3A/Lz3; Aff36 = Lc1A/Lz1A; Aff37 = 

Lc1B/Lz1B; Aff38 = Lc2A/Lz2A; Aff39 = Lc2B/Lz2B; Aff40 = Lc3A/Lz3A; Aff41 = Lc3B/Lz3B; Aff42 = d1/Do 
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Fig. 30. Optimal shape of a three-chamber plug muffler [broadband 

frequency]. 

 
 

during the numerical optimization process is obligatory.  
To appreciate the acoustical effect with respect to three 

kinds of chambers for various tones (250, 550, 750 Hz), the 
STL curves have been plotted and illustrated in Figs. 31-33.  
As indicated in Figs. 31-33, the muffler with the most cham- 
bers has a higher acoustical performance. 

Additionally, in dealing with the broadband noise using 
three kinds of multi-chamber plug mufflers, the GA’s solution 
shown in Table 8 and Fig. 27 can also provide the appropriate 
and sufficient sound reduction under space-constraint and 
∆p-constrained conditions; moreover, as indicated in Fig. 27, 
the muffler with the most chambers can offer a higher acous- 
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Fig. 31. Comparison of the STL with respect to various chambers [tar-

geted frequency: 250 Hz]. 

 
 

tical performance.  As can be observed in Table 8, the overall 
sound transmission loss with respect to three kinds of mufflers 
reaches 40 dB, 83.0 dB, and 124 dB. 

VII. CONCLUSION 

It has been shown that multi-chamber plug mufflers in  
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Fig. 32. Comparison of the STL with respect to various chambers [tar-

geted frequency: 550 Hz]. 
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Fig. 33. Comparison of the STL with respect to various chambers [tar-

geted frequency: 750 Hz]. 

 

 
conjunction with a GA optimizer can be easily and efficiently 
optimized under space and ∆p limits by using a generalized 
decoupling technique, plane wave theory, as well as a four- 
pole transfer matrix.  Five kinds of GA parameters (pop, itermax, 
bit, pc, pm) play essential roles in the solution’s accuracy 
during GA optimization.  As indicated in Figs. 8, 19, and 23, 
the tuning ability established by adjusting the design pa-
rameters (the lengths of perforated and non-perforated plug 
ducts) of three kinds of mufflers is reliable.  Moreover, the 
figures reveal that the noise reduction in the higher targeted 
frequency will be easier than that in the lower one. 

To appreciate the relationships between the STL, ∆p, and 
the design parameters, a one-chamber plug muffler has been 
investigated.  It was found that the back pressure ∆p will de-
crease noticeably when either the length of the chamber (Aff11), 
the lengths of the perforated ducts (Aff13, Aff14), the diameter of 

the inner duct (Aff15), or the porosity of the inner duct (η1) is 
increased; however, some of the parameters, such as the ex-
pansion ratio (Aff15 = d1/Do), were in conflict with respect to 
the STL and ∆p.  The lower the diameter of the inner duct (d1) 
the more visible the increment of the STL and ∆p.  Therefore, 
the compromise of Aff15 in simultaneously obtaining a larger 
STL and an acceptable (smaller) ∆p during the numerical 
optimization is necessary. 

In addition, the appropriate acoustical performance curve 
for three kinds of multi-chamber mufflers in depressing over-
all broadband noise has been assessed.  As indicated in Table 8 
and Fig. 27, the overall sound transmission loss with respect to 
three kinds of mufflers reaches 40 dB, 83.0 dB, and 124 dB. 

As investigated in Section VI, to meet the requirement of 
the ∆p limit, a compromise between the STL and ∆p is com-
pulsory during GA optimization.  Under a specified ∆p limit, a 
three-chamber muffler hybridized with a perforated plug duct 
exhibits an acoustical ability beyond other one-chamber muf-
flers and two-chamber mufflers that have been hybridized 
with perforated plug tubes.  Beyond a doubt, the muffler with 
the most chambers will exhibit a better acoustical perform-
ance. 

Consequently, the approach used for the optimal design of 
the STL proposed in this study within a constrained space and 
a back-pressure limit is indeed easy and quite effective.  
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