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ABSTRACT

Recently, research on new techniques of single-chamber
perforated silencers has been addressed. However, the research
work on shape optimization of multi-chamber silencers within
a compact volume is rare. Work on the maximal allowable
back pressure of muftlers has also been neglected. Therefore,
the main purpose of this paper is to analyze the sound trans-
mission loss (STL) of a space-constrained multi-chamber
muffler and to optimize the best design shape under a specified
pressure drop. In this paper, both the generalized decoupling
technique and plane wave theory used to solve the coupled
acoustical problem of multi-chamber perforated mufflers are
presented. The four-pole system matrix used to evaluate the
acoustic performance of sound transmission loss STL, is also
presented in conjunction with the genetic algorithm (GA). In
addition, numerical cases of sound elimination with respect
to three kinds of multi-chamber mufflers (one-chamber, two-
chamber, and three-chamber mufflers) at various pure tones
(200, 500 Hz) are discussed. Before the GA operation can be
carried out, the accuracy of the mathematical models is
checked using Crocker’s experimental data. The result reveals
that to achieve a better acoustical performance under a speci-
fied maximal allowable pressure drop, a sacrifice of the acous-
tical performance to depress the muffler’s back pressure is
required. As a result, the optimal STL of three kinds of muf-
flers under a specified maximal allowable pressure drop of
600 (Pa) can be achieved at the targeted frequencies. Conse-
quently, the approach used for the optimal design of the multi-
chamber muftlers under space and back-pressure’s constrained
conditions is quite effective.

Paper submitted 11/03/09; revised 05/19/10; accepted 05/21/10. Author for
correspondence: Min-Chie Chiu (e-mail: minchie.chiu@msa.hinet.net).
*Department of Mechanical and Automation Engineering, Chung Chou Uni-
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**Department of Mechanical Engineering, Tatung University, Taipei, Taiwan,
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I. INTRODUCTION

It is obvious that noise levels can be harmful and can lead to
psychological and physiological symptoms [1]. Therefore, the
demand of low-noise levels of various products has become
vital [7]. To overcome the low frequency noise emitted from a
venting system, a reactive muffler is customarily used [8].
Moreover, to achieve the steady state of a volume-flow-rate
emitted from a venting system going through a muffler, lim-
ited muffler back pressure within an allowable range is com-
pulsory. Also, because the constrained problem is related to
operation and maintenance in practical engineering work,
there is a growing need to optimize the acoustical performance
within a confined space.

In the past decade, to increase the acoustical performance,
the assessment of new acoustical elements — internal perfo-
rated plug and non-plug tubes — was initiated by Sullivan and
Crocker in 1978 [15]. Based on the coupled equations derived
by Sullivan and Crocker, a series of theories and numerical
techniques in decoupling the acoustical problems had been
proposed [5, 11, 14, 16]. Concerning the flowing effect, Munjal
[9] and Peat [12] published the generalized decoupling and
numerical decoupling methods. In 1992, Munjal et al. [10] in-
vestigated the acoustical and the back pressure effect of design
parameters for perforated resonator mufflers, plug mufflers,
and cross-flow perforated mufflers. However, the assessment
of the muffler’s optimal shape design within a constrained
space was rarely addressed. In previous work [2, 3, 17], the
shape optimization of a multi-chamber non-perforated muffler
had been discussed; however, the effect of the system’s back
pressure, which may cause the decrement of the flow rate in a
system, had not been considered.

In order to improve the performance of the noise control
device under a specified pressure drop, a multi-chamber per-
forated muffler hybridized with perforated ducts is presented.
To appreciate the chamber effect, the acoustical performance
and back pressure in a blower room is shown in Fig. 1. Three
kinds of mufflers (a one-chamber muffler, two-chamber muf-
fler, and a three-chamber muffler) are proposed and investi-
gated. Additionally, to avoid a possible overloaded pressure
drop in the mufflers, a specified allowable pressure drop has
been considered along with the process of the GA optimization.
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Fig. 2. The outlines of three kinds of multi-chamber perforated mufflers.

By using a genetic algorithm (GA), the muffler’s performance
is improved under a specified back-pressure value. To illu-
minate the compromise between the acoustical performance
and the pressure drop, the optimal shape design without back-
pressure constraint has also been carried out. The results be-
tween the back-pressure’s constraint and the non-constraint
situation have been compared. In this paper, the numerical
decoupling methods used in forming a four-pole system ma-
trix are in tune with the above GA method. These, in turn, are
responsible for developing a new muffler shape by adjusting
the perforated muffler and required back pressure limits within
the space constraints. By adjusting the muffler’s shape and
using the GA method and numerical decoupling methods, the
optimal acoustical performances of mufflers with acceptable
back pressure can be achieved.

II. MATHEMATICAL MODELS

The outlines of three kinds of multi-chamber mufflers (a
one-chamber, two-chamber, and a three-chamber muffler) hy-
bridized with perforated tubes and selected as the 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 muffler composed of four
acoustical elements is identified with two categories of
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Fig. 3. The acoustical fields of three kinds of multi-chamber perforated
mufflers.

components — two straight ducts and one perforated duct.
The related acoustic pressure p and acoustic particle velocity
u within the muffler are represented by four nodes. As indi-
cated in Figs. 2(b) and 3(b), the two-chamber muftler con-
sisting of five acoustical elements is also identified with two
categories of components — three straight ducts and two per-
forated ducts. The related acoustic pressure p and acoustic
particle velocity u within the muffler are represented by six
nodes. Consequently, the three-chamber muffler shown in
Figs. 2(c) and 3(c) is composed of seven acoustical elements
and identified with two categories of components — four
straight ducts and three perforated ducts. Eight nodes inside
the acoustical elements represent the acoustical properties in
the acoustical field with acoustic pressure p and acoustic par-
ticle velocity u. The detailed mathematical derivation of vari-
ous muffler systems is described below.

1. A One-Chamber Muffler

As derived in the Appendix A and previous papers [2, 3, 17],
B, and C, individual transfer matrixes with respect to each case
of straight ducts and perforated ducts are described as follows:

( P j:e./Mlk@ﬁLA.)/(le) TSy, TS1, ( P, ] (1)
PoColhy TSlz,l TSlz,z PoCoHy

k(L,+L k(L,+L
751, = cos| L) | gy — | KL La) |
: M? - M.

(1b)

k(L,+L
TS1,, = jsin{(—/ﬂ)} TS1, , =

k(L,+L,)
—M2

1

P> _ TP21,1
PoColts TP2, ,

e
AN

TP2, , |\ p,c,u;
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( Ps ]:ejM3k(Lm+Lz)/(1M3z) TS3,, 1S3, ( Pa j Ga)
P,Colty 183,, 7183,, |\ p,c,u,

k(Lg +L k(Lg +L
TS3,, :cos{(lLMQ)} 1S3, , :jsin{Lz)}

- M; 1-M;
(3b)
k(Lg +L k(Lg +L
753, , =jsin Lzz) ; 1S3, , =cos Lzz)
' 1-M, ' 1-M,

The total transfer matrix assembled by multiplication is

A M(Ly+Lyy) My (Lgi+Ly)
( b J:eﬂ{ YR Ve }|:TS11‘1 TSl ,
PoCoth TS1,, TSy,
4)
TP2,, TP2,,| TS3,, TS3, Dy
TP2,, TP2,, (| TS3,, TS3,, | pcu,

A simplified form of a matrix is expressed as

T, T,
( pl J: 1*1 13 ( pS j (5)
pocoul 7121 7"22 poCUuS

The sound transmission loss (STL) of a muffler is defined
as [9]

STL (O, f, Aff\1, Alfs» Alfs-m-dhy . Ap,)

T+ T, +Ty + T (6a)
=20log noe A 22| +10log i
Sy
where
Affis = Lz/L,; Affro= Leia/Lz; Affis = di/D,;
Liy=WUz—Le)=Lpi; Ly =Ly=(L,—Lz)2 (6b)

According to the experimental investigation of back pres-
sure for a concentric-tube resonator by Munjal et al. [10], the
mean pressure drop (Ap;) of a one-chamber perforated muftler
is

Apy = H,+(0.87 + 0.06x1) (7a)

H, = pV?/2; x1 =4L¢yny /d, (7b)
To meet the system requirement of allowable maximal

pressure drop (Ap,), the mean pressure drop (Ap;) should be
governed as

(Ap.) = Ap, (3

2. A Two-Chamber Muffler

As indicated above, individual transfer matrixes, each with
acoustical elements, are described as follows:

b _ e—lek(L1+L/,|)/(1—M,2) TSll,l TSll,z )2 (9a)
P,C U TSlz’l TSl2~2 P,C Uy

k(L,+L k(L,+L
TS1, | =cos (1—2’“) ; TS1, , = jsin (1—2’“) ;
’ 1-M ’ 1-M;

1

(9b)
k(L,+L k(L,+L
TS121=jsin (I—ZAI) ;TS122:COS (1—2‘41)
' 1-M; ’ 1-M;
p )\ _[TP2, TP2L]( by o)
P,C U, TP22,1 TP22’2 £,C Uy
P3| MLy L) 0-13) TS3,, TS3, | p,
PoColts TS32,1 TS32§2 P,CUy
(11a)
TS3,, =cos Ml%l—% ; TS3, , = jsin *Ly +I;A2) :
’ _M3 ’ I—M3
TS3,,=jsin k(LBl—JrLZAZ) ; TS3, , =cos Il + L) +L2A2)
’ 1-M: ’ 1- M
(11b)
py ) _[TP4, TPALT( ps -
pocou4 TP42’1 TP42’2 pocous
Ps | _ iseiperyny | 7951 TS5, | pe
P,C,lUs TS5,, TS5,, |\ p,c,ug
(13a)
k(Lg, +L k(Ly,+L
TS5, , =cos LZZ) ; TS5, , = jsin LZZ) :
' 1-M; ’ 1-M;
k(L,,+L k(L,, +L
TS5, , = jsin LZQ) ; TS5, , = cos Lzz)
' - 5 ’ 1—M5
(13b)

The total transfer matrix assembled by multiplication is

A MLy +Ly) My (Lgi+Lyy) Ms(LgatLs)
b efjk{ -ME M2 M2 } ISl TS,
PoCoth TS1,, TSl,,

TP2,, TP2,,][TS3,, TS3,
TP2,, TP2,, | TS3,, TS3,,
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TP4,, TP4, , || TS5, TS5, Ds "
TP42’1 TP4, , TSSZ’1 TSSL2 L,Cols (14

A simplified form of a matrix is expressed as

( P ]z ul le( Ps ] 15)
pocoul 7;1 7;2 pacauG

Similarly, the sound transmission loss (STL) of a muffler is

STL,(Q, f, Affors Al o Alf 335 Al 2> Alfss s> dhy s 15, dhy , Ap, )

* * *
11 12 21 22

}rlOlog(ij
SS

=20log

(16a)
where
Affor = Lz/Lo; Affor = Lzi/Lz; Affas = Ler/Lzi; Affos = Leo/L;

Affss=d\/Dy; Ly =Lz~ Lzi; Lyt = Lzt —Lct)/2 = Ly
Lip=ULp ~Le)2=Lg; Ly =Ly =(Lo—Ly)/2; (16b)

Equally, the mean pressure drop (Ap,) of a two-chamber
plug muffler is

Ap, = Hy:[(0.87 + 0.06x1) + (0.87 + 0.06x2)]  (17a)
H, = pV*/2; x1=4Lcymy /dy; X2 = 4Lesma/d, - (17b)

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

(Apa) Z Ap, (18)

3. A Three-Chamber Muffler

Similarly, individual transfer matrixes, each with acoustical
elements, are described as follows:

J2 _ eij,k(Lﬁ-LA,)/(l—Mlz) TS11,1 TS11,2 P> (192)
PoCoth IS1,, TSl , |\ p,c,u,

k(L,+L k(L,+L
TS1, =cos{u} TSl , = { ( ’“)}
— M
(19b)
L +L k(L,+L
TSlzylzjsin{ ( MZAI)} TS1, , =cos ( Al)}
—h

P, TP21 1 TP21 2 P (20)
2,6, Uy TP221 P2, ,

(

(

Ps — e’-/'Msk(Lm*LAz)/(I*Mgz) TS31‘1 TS31‘2 Dy
£,C U5 783, TS3,, |\ p,cu,
(21a)
TS3, , = cos {M} Ts3,, = jsin {—k“m * LzAz)}
' - 1-M
3 3
TS32 = jsi {M} TS32 , = |:k(L31 +12‘A2):|
' - 1-M
3
(21b)
N _ TP41,1 TP41,2 Ds (22)
P£,C,U, TP4,, TP4,, | p,c,us
Ps _ e—jMSk(LBZ+LA3)/(1—M52) TSSI,I TS51,2 143
£,C,Us TS5, TS5,, [\ p,c,us
(23a)
TSS1 | =CO0S k(l’192—+12’/13) ;TSSI 5 =]Sin k(ng +12‘A3)
' - 5 ’ 1_M5
TS52 | = jsin k(LBZ——i_ffﬂ) ;T552 , =cos k(LBZ +12’A3)
' - 5 ’ 1_M5
(23b)
Pe )_ TP6,, TP6, , )2 249
PoColhs TP6,, TP6,, |\ p,c,u,;
Py = o Mok (Lys L) (1-M3) IS7,, TS71,2 Dy (25a)
£,C, U, 1S5,, TS7,, |\ p,c,ug
k(Ly; + L, k(Ly,+L
muzco{ (L q _— { (L 2»}
- 7 1—M7
k(Lp +L, k(Lp, +L
7S7,, = jsin {L)} 157, , - {Lzz)}
- 7 1—M7
(25b)

The total transfer matrix assembled by multiplication is

'z
pacaul

|

=e

|
|

A

e

g

1-

11,1

3
3

2,1
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2,1

M}

|
|
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1-M?

P2,
P2, ,

TP4, |
TP4,

1-M?
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P4, ,
TP4, ,
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|
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TS5,
7S5, ,

TS7,,
TS7,,

755, [ 7P6, ,
1S5, , || TP6, ,

187, , Ds
IST, 5 |\ p,c,us
A simplified form of a matrix is expressed as
(pl ]:T;; T;;(pg]
p{)c()ul 7'2*1 7'2*2 p{)CUu8

Also, the sound transmission loss (STL) of a muffler is

TP6, , }

TPG, , 6)

@7

STL(Q, f, Affs1, Alfs25 Alfs35 Alfsas Alfsss Alf s> dhy 115,
dhy,m;,dhy,Ap,)

T +T, +T, + T,
:2010g{ . ”2 2! 22|J+1010g[%j

7

(28a)
where

Affs1 = Lz/Lo; Affsa = Lp/Lz; Affss = Lei/Lai; Affsa = Lea/L;
Affss = Les/Lys; Affse = di/Dy; Lz = (Lz —Lz)/2 = Ly;
Lin=La—Lc)2=Lp; Lo=Lp—Le)/2=Lg;

Lys=(Lz—Le3)2=Lps; Ly = Ly = (L, — L2)/2; (28b)
Likewise, the mean pressure drop (Ap;) of a three-chamber
plug muffler is

Aps = H3:[(0.87 + 0.06x1) + (0.87 + 0.06x2)

+(0.87 + 0.06x3)] (292)
H3 = pV2/2, x1 = 4LC1 T]I/dl; x2 = 4LC27]2/d1, x3 = 4ch7]3/d1
(29b)

To meet the system requirement of allowable maximal
pressure drop (Ap,), the mean pressure drop (Apz) should be
governed as

(Apa) = Aps (30)

4. Objective Function

By using the formulas of Egs. (6), (16), and (28), the ob-
jective function used in the GA optimization with each type of
plug muffler was established.

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

OBJ, =STL (O, f, Aff,,, Aff2- Aff5-1,-dhy, Apy)

T +T,+T, +T,, (31a)
:2010g{| L > 2! 22|J+1010g£%}

3

where
Affis = Lo/Lo; Affia = Lera/Lz; Affis = di/Dy;

Ly=ULz—Le)=Lpi; L1 =Ly =(L,—Lz)/2;

Apy = H,+(0.87 + 0.06x1); (Ap.) = Ap, (31b)

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

OBJ, =STL, (O, f, Affs1» Alfs2» Alf 23> Al o4 Al 25101 Al 15
dh,,Ap,)

T +T,+T, + T,
:2010g[| noe 22|J+1010g(%j

2 5
(32a)

where

Affor = La/Lo; Affor = Lzi/Lz; Affas = Lay/Lay; Affas = Leo/ L

Affas = di/Dy; Lza = Lz — Lz1; Ly = (Lt — Len)/2 = Ly

Lp=Ln—Le)2=Lp; Ly = Ly= (L, — Lz)/2;

Aps = Hye[(0.87 +0.06x1) + (0.87 + 0.06x2)]: (Ap.) = Ap»
(32b)

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

OBJ, =STL3[Q’f’ Am”Am”Am3’AJ734=Aﬁ’ss»AJ?S6,]

n,,dhy,1n,,dhy,15,dhy, Ap,

T +T,+T, +T,
ZZOlog[ - “2 = 22|J+1010g[%]

7
where

(33a)

Affs1 = Lz/Lo; Affsa = Lno/Lz; Affss = Loi/Lz; Affsa = Lo/ L
Affss = Les/Lzs; Affss = di/Do; Loy = (Lz — Lp)/2 = L,
Ly=ULzn—Lc)2=Lpi; Lun=(Lzn—Lc2)/2 = Lo
Lis=(Lzn—Le)2=Lgy; Ly = Ly = (L, — L)/2;
Apy=H3:[(0.87 + 0.06x1) + (0.87 + 0.06x2) + (0.87 + 0.06x3)];
(Apa) 2 Ap; (33b)
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Fig. 4. The performance of a single-chamber perforated muffler without
the mean flow [D; = 0.058 (m), D, = 0.0762 (m), L. = 0.0667 (m),
t=0.0081 (m), dh = 0.00249 (m), # = 0.037], [Experimental data is
from Sullivan and Crocker [15]].

1. MODEL CHECK

Before performing the GA optimal simulation on mufflers,
accuracy checks of the mathematical models on a single-
chamber plug perforated muffler are performed using the
experimental data from Sullivan [15]. As depicted in Fig. 4,
the performance curves with respective to the theoretical
and experimental data are in agreement. Based on plane
wave theory, the proposed theoretical cutoff frequency of fc,

(fcl = 1'820" (l—Mz)l/zj is 2613 Hz. Therefore, the pro-
Vs

posed fundamental mathematical models with related acous-
tical components are acceptable. Consequently, 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. As shown in Fig. 1, the
available space for a muffler is 0.3 m in width, 0.3 m in height,
and 1.5 m in length. In the existing venting system, the flow
rate (Q) and thickness of perforated tube (¢) are given as 0.05
(m’/s) and 0.0015 (m). To efficiently depress the tone noise
under a specified pressure drop, the straight-type and multi-
chamber perforated muffler is considered. To fully demon-
strate good acoustical performance and design flexibility of
the silencers, a series of targeted pure tones (200, 500 Hz) for

Table 1. Range of design parameters for three kinds of multi-
chamber perforated mufflers.

Muffler Type Range of design parameters

Targeted £ {200, 500}; Q = 0.05 (m’/s); D, = 0.3
(m); L, = 1.5 (m);

Affi: [0.5, 0.9]; Affi2: [0.3, 0.7]; Affi5: [0.1, 0.9];
ny: [0.03, 0.1]; dhy: [0.00175, 0.007]; Ap,: 600
(Pa)

One-Chamber

Targeted £ {200, 500}; O = 0.05 (m’/s); D,= 0.3
(m); L, = 1.5 (m);

Affo1: [0.5, 0.9]; Aff: [0.5, 0.9]; Aff>5: [0.5, 0.9];
Affa: [0.5, 0.9; Affs: [0.1, 0.9]; #7,: [0.03, 0.1];
dhy: [0.00175, 0.007]; #,: [0.03, 0.1]; dh,: [0.00175,
0.007]; Ap,: 600 (Pa)

Two-Chamber

Targeted £ {200, 500}; O = 0.05 (m’/s); D, = 0.3
(m); Lo=1.5 (m)

Affs1: [0.5, 0.9]; Aff: [0.5, 0.9]; Aff33: [0.5, 0.9];
Three-Chamber | Aff34: [0.5, 0.9]; Aff3s: [0.5, 0.9]; Aff36: [0.1, 0.9];
n: [0.03,0.1]; dhy: [0.00175, 0.007]; #,: [0.03,
0.1]; dhy: [0.00175, 0.007]; #3: [0.03, 0.1]; dhs:

[0.00175, 0.007]; Ap,: 600 (Pa)
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Fig. 5. The scheme of elitism by tournament selection.

noise elimination have been chosen. To prevent an overloaded
back pressure which will slow down the preset volume-flow-
rate (Q), the allowable maximal Ap of 600 (Pa) in a muffler is
specified in advance. The corresponding space constraints and
the ranges of design parameters for each muffler are summa-
rized in Table 1.

V. GENETIC ALGORITHM

The concept of Genetic Algorithms, first formalized by
Holland [4] and extended to functional optimization by D.
Jong [6], involves the use of optimal search strategies pat-
terned after the Darwinian notion of natural selection. During
a GA optimization, one set of trial solutions was chosen and
“evolved” toward an optimal solution.

As the block diagram indicates in Fig. 5, GA accomplishes
the task of optimization by starting with a random “popula-
tion” of values for the parameters of an optimization problem.
Afterwards, a new “generation” with an improved value of the
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Fig. 6. The scheme of uniform crossover.
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Fig. 7. The scheme of mutation.

First design parameter Last design parameter

objection function is produced. In order to achieve the evo-
lution of a new generation, the binary system, a representation
of real numbers and integers, is used. In addition, by manipu-
lating the strings, the operators of reproduction, crossover,
mutation, and elitism are initiated sequentially. As indicated
in Fig. 6, to process the elitism of a gene, the tournament selec-
tion, a random comparison of the relative fitness from pairs of
chromosomes, was applied.

During the GA optimization, one pair of offspring was gen-
erated from the selected parent by uniform crossover with a
probability of pc. The applied mechanism of uniform cross-
over is depicted in Fig. 7. By using the masked genes ran-
domly generated, the gene information between parents will
be internally exchanged if the mapping gene is 1.

Genetically, mutation occurred with a probability of pm
where the new and unexpected point was brought into the GA
optimizer’s search domain. A typical scheme of mutation is
depicted in Fig. 8. Likewise, by using masked genes randomly
generated, the mapped gene will be converted from 1 to 0, or
from O to 1, if the mapping gene is 1.

To prevent the best gene from disappearing and to improve
the accuracy of optimization during reproduction, the elitism
scheme of keeping the best gene (one pair) in the parent gen-
eration with the tournament strategy was developed. The
process was terminated when a number of generations ex-
ceeded a pre-selected value of ifern.x. The operations in the
GA method are pictured in Fig. 9.

For the optimization of the objective function (OBJ), the
design parameters of (X}, X5, ..., Xi) were determined. When
the bit (the bit length of the chromosome) was chosen, the

GA population ,Weparentl
randomly e bit 2__,b_it
selection [Wansns] [o[1]1 e s
Mating Pool [1]o]o B 0]
bit bit » o
Z NO TS v o 3
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Fig. 8. The operations in the GA method.

set pc, pm
iter, pop, bit

[initialize population| [ randomly selection |

evaluate fitness

N

o

if new
population
is built?

fitness,e, =
fitness,q * Weight

uniform
Crossover

tournament selection
for Elitism

A 4
mutation

A

Yes

Fig. 9. The block diagram of the GA optimization on mufflers.

interval of the design parameter (X;) with [Lb, Ub], was map-
ped to the band of the binary value. The mapping system
between the variable interval of [Lb, Ub]; and the & binary
chromosome of

[00OO0OO0Oee e 00 0~1111weee 1 11]

bit bit

was constructed. The encoding from x to B2D (binary to
decimal) can be performed as

x, —Lb, 2" 1)

B2D, = integer
TS Ub, — b,

(34)

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),
the whole set of chromosomes [B2D,, B2D,, ...., B2D;] that
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changed from binary form to decimal form was assigned a
fitness by decoding the transformation system:

fitness = OBJ(X,, X, ..., X}); (35a)

where
X,=B2D, * (Ub, - Lbk)/(2bi’ — 1)+ Lb; (35b)

For three kinds of mufflers, to simplify the optimization,
the flow rate (Q = 0.05 (m?/s)) and thickness of the perforated

tube (¢, =1, =0.0081 (m)) are preset in advance; therefore, Egs.

(31-33), the objective functions OBJ,, OB.J,, and OBJ; and
their ranges, are reduced and set as

OBJ, =STL,(Aff,,, Aff1». Affi5. 1y, dhy) (36a)
where
Aff\1 = L7/ Ly; Affi2 = Lcera/Lz; Affis = di/Dy;
Ly=Lz—Ler)=Lpi; Li=Ly=(L,—Lz)/2  (36b)

OBJ2 = STL2 (Afﬂ1>Afﬂ2>Afﬂ3>Afﬂ4aAfﬁ5!nl 9dh| sﬂZadh2)
(37a)

where
Affor = L L,; Affor = Lzi/Lz; Affas = Lei/Lzi; Affos = Leo/L;

Affss=d\/Dyy Lzy =Lz~ Lzi; Lyt = (Lzi — La)/2 = Ly

Lyp=Lpn—Le)2=Lg; Ly =Ly=(L,—Ly)/2 (37b)
Affs Aff o Aff e Aff s AfF e

on, <L [ AT AT AT AT
Affsssm5dhy,1,,dhy 15, dh,

where

Affs1 = L/Lo; Affsa = Lo/Lz; Affss = Loi/Lzi; Affsa = Leo/ L
Affss = Les/Lzss Affss = di/Doy Ly = (Lz = Lp)/2 = Ly,
Ly=Lza—Le)2=Lpis Lun=(Lza— Lc2)/2 = Lo

Lyzy=(Lz—Le3)2=1Lpgs; Ly = Ly=(L,— Lz)/2 (38b)

As indicated in Fig. 9, to meet the specified back-pressure
(Ap), the back pressure (Ap) will be calculated and compared
with the limit of Ap, during the GA optimization. If Ap is
smaller than Ap,, the current offspring will be valid and used
for further evolution; otherwise, the fitness will be multiplied
by 0.1 to discard the current gene.

Table 2. Optimal STLs for a one-chamber perforated muf-
fler (targeted frequency: 200 Hz).

Item GA parameters Results
i bit | | pe | Herm 0./;](/)30 0./15](/)154 o.Azﬁ;g}3 SZsL.g(gf )
40 10 |002[ 03 | 50 [(l)}.’(‘)é;nl) A’;f;a)
L bit | pm | pe | iterim oi%(io oé}f)flozo 0?251 81;7(37]3)
40 10 |002| 0.6 | 50 I [(l)}.’(‘)é;nl) Aﬁ(gl?j)
P bit | pm | pe | Herms 0./1'9%(;0 oéfgéo o./%(;l SsT;g?)
0 | 10 |002) 03 | 50 Gt GT 6T
s |2 bit | pm | pe | Herms 0./1'9%(;0 oéfgéo o.Aiﬁ;gz SsTésgg];)
40 | 10 1005/ 09 | 50 | 0(1)1.1(1)515111) A5p7(2}.)f)
. pop | bit | pm | pe | iterm o_fgg(;o ofg(f)ﬂléo oﬁ@éz SST;fg(})g)
40 | 10 1008/ 09 | 50 | g(l)l.i(l)gz? A5p7(2}.)f)
. pop | bit | pm | pc | itermsx 0%24 o.Asf{)léo o.Angl(;l ngL.g?)
40 | 15 1005 09| 50 ook (f)}.l(l)gs) Aspsg.’;)
; 22 b | o | e |rerms 0./%;2 o.Asf(/)léo o.Alﬁ;ge S;L.égoB)
40 | 20 1005} 09 | 50 |t [(l)}.l(l)é;no) A£9(51.)2)
g bit | pm | pe | ieTimax Oéj?$8 0?%54 o.Alﬁ;;O SsTfis(gE)
40 | 25 |00s| 09| 50 e Ta Tr
o |17 bit | pm | pe | ierimx 0.@3]4 oéfgéo 03%83 SsT;fg?)
0 | 30 |003| 09| 30 Gl TR e
o bit | pm | pe | HeTmm 02@9]»2 Oifg(;o 0.A'1ﬁ7p1§1 SsTés(g?)
60 | 20 10.05/ 09 | 50 oo 0(1)1.1(1)511];) A5p7(51.)§)
11 pop | bit | pm | pe. | iterimx 0%{?912 ofg(f)ﬂl& ofllzls}z SST9L.5((71(})3)
80| 20 005| 09 | 50 Gl TaED s
N il Il i il s 5055 To 3007 [0 3000 53,694
100 | 20 0051 0.9 | 50 5ok g.hol<()T9) Aspsg.)sa)
P i bit | pm | pe | Herms 0./;](/)30 o.Asf(/)léo o./lzﬁ(;go sg;;g?)
120 | 20 005109 | 50 (ke [(l)}.l(l)(grlrg Ties
I bit | pm | pe | iterma oi%(io oé}f)flozo 01.41]?633 sg&églj :
80 | 20 005 0.9 | 100 5o [(l)}.l(l)(grlrg s
P bit | pm | pe |HeTmm 0./19%(;0 01%50 ofli}?éz Sz(%.s(ﬂg)
80 | 20 [005] 09 | 200 e £

Notes: Ajfll = LZ Lo, A_mz = LCI/LZ; Afﬁ} = dl/Do
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VI. RESULTS AND DISCUSSION

1. Results

To achieve a proper optimization, five kinds of GA pa-
rameters, including population size (pop), chromosome length
(bif), maximum generation (itery,x), crossover ratio (pc), and

mutation ratio (pm) are varied step by step during optimization.

To appreciate the compromise between the acoustical per-
formance and the back pressure during the mufflers optimiza-
tion, the shape optimization along with the back-pressure’s
constraint and non-constraint conditions will be carried out
simultaneously. The optimization system is encoded by For-
tran and made to run on an IBM PC - Pentium IV. The optimal
results in dealing with pure tone noises occurring in a blower
room are described below.

1) Back-Pressure Constraint

A. A One-Chamber Muffler

For a one-chamber muffler, fifteen sets of GA parameters
are tested by varying the values of the GA parameters. Con-
cerning the pressure-drop constraint (600 (Pa)), the simulated
results of the pure tone 200 Hz are summarized in Table 2. As
indicated in Table 2, the optimal design data can be obtained
from the last set of GA parameters at (pop, bit, itery,,, pc,
pm) = (80, 20,200, 0.6, 0.05). By calculating these design data
sets, the related performance curves with respect to different
GA parameters are plotted in Figs. 10~12. Obviously, the GA
parameters — pop, bit, itern.x, pc, pm — play essential roles
during numerical optimization. The above GA parameter set
will be adopted in other cases during GA optimization. The
resultant optimal acoustical performance curves of two tar-
geted pure tones (200, 500 Hz) are summarized in Table 3 and
plotted in Fig. 13. As revealed in Table 3 and Fig. 13, the
STLs are precisely maximized at the desired frequencies (200
Hz and 500 Hz) with 60.5 and 58.3 dB. Additionally, the
predicted back pressures of the mufflers with 599.2 and 449.4
(Pa) are under the specified 600 (Pa).
B. A Two-Chamber Muftler

For a two-chamber perforated muffler, the simulated results
with respect to the pure tone of 200 Hz and 500 Hz are sum-
marized in Table 4 and plotted in Fig. 14. As indicated in
Table 4 and Fig. 14, the STLs are also precisely maximized at
the desired frequencies (200 Hz and 500 Hz) with 46.3 and
111.5 dB. Moreover, the predicted back pressure of the muf-
flers with 595.0 and 575.1 (Pa) can meet the requirement of
the constrained value (Ap, 600 (Pa)).
C. A Three-Chamber Muffler

For a three-chamber perforated muffler, the simulated re-
sults of the pure tones 200 Hz and 500 Hz are summarized in
Table 5 and plotted in Fig. 15. Obviously, the STLs are ex-
actly maximized at the desired frequencies (200 Hz and 500
Hz) with 55.8 and 97.1 dB. Also note, the predicted back pres-
sures of mufflers with 576.3 and 599.1 (Pa) are under the con-
strained value of Ap, = 600 (Pa).

Consequently, the resultant optimal acoustical performance

pc=03pm=0.02dp= 92.9 (Pa)
—  pc=0.6 pm=0.02 dp = 143.4 (Pa)
—— pc=0.9 pm=0.02 dp =356.1 (Pa)
— pc=0.9 pm=0.05 dp = 572.1 (Pa)
—— pc=0.9 pm=0.08 dp = 572.1 (Pa)

" 200 Hz

0 ) . . h . . . . )
0 100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)

Fig. 10. STL curves with respect to various pc and pm [a one-chamber
perforated muffler: pop = 40, bit = 10, iter = 50, Ap, = 600 (Pa),
targeted frequency = 200 (Hz)].
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— pop= 40bit=15dp=356.2 (Pa)
60 —— pop= 40 bit =20 dp = 595.6 (Pa)
—— pop =40 bit=25dp=588.2 (Pa)

N —— pop= 40 bit=30 dp =354.8 (Pa)

50| - pop= 60 bit=20dp=575.5 (Pa)
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Fig. 11. STL curves with respect to various pop and bit [a one-chamber
perforated muffler: pc = 0.9, pm = 0.05, iter = 50, Ap, = 600 (Pa),
targeted frequency = 200 (Hz)].
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Fig. 12. STL curves with respect to various iter [a one-chamber perfo-
rated muffler: pop = 80, bit = 20, pc = 0.9, pm = 0.05, Ap, = 600
(Pa), targeted frequency = 200 (Hz)].
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Table 3. Optimal STLs for a one-chamber perforated muf-
fler with respect to various targeted frequency

(with Ap constrain).

Item fTargeted Results
requency
Affi Aff2 Affs STL (dB)
! 200 H 0.9000 0.5000 0.1762 60.511
z
m dh; (m) Ap (Pa)
0.0300 0.0018 599.2
Affu Affi Affis STL (dB)
0.7826 0.7499 0.2009 58.285
2 500 Hz
m dh, (m) Ap (Pa)
0.0997 0.0070 449.4

Table 4. Optimal STLs for a two-chamber perforated muf-
fler with respect to various targeted frequency

(with Ap constrain).

Item fTargeted Results
requency
Affo Affn Affrs STL (dB)
0.7980 0.5001 0.6635 46.277
Affa Affrs i Ap (Pa)
! 200 Hz 0.5010 0.2079 0.0307 595.0
dhy (m) n dhy (m)
0.0018 0.0559 0.0018
Affo Affrs Aff» STL (dB)
0.7687 0.5000 0.5000 111.477
Affoa Affas m Ap (Pa)
2 500 Hz 0.5000 0.2126 0.1000 575.1
dh; (m) ¥ dh, (m)
0.0070 0.0999 0.0070

Table 5. Optimal STLs for a three-chamber perforated muf-
fler with respect to various targeted frequency

(with Ap constrain).

Targeted

Item frequency Results
Affs Affsn Affs; STL (dB)
0.9000 0.5000 0.9000 55.822
Affsa Affss Affss Ap (Pa)
0.5254 0.9000 0.2313 576.3
1 200 Hz
m dhy (m) 2
0.0481 0.0018 0.0300
dhy (m) 1 dhs (m)
0.0018 0.0478 0.0018
Affs Affsn Affs; STL (dB)
0.6982 0.5502 0.7142 97.149
Affsa Affss Affss Ap (Pa)
0.5001 0.7030 0.2295 599.1
2 500 Hz
m dhy (m) 2
0.0501 0.0066 0.0999
dh, (m) m dh; (m)
0.0070 0.0495 0.0070

"
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Fig. 13. STL curves with respect to various targeted frequencies [a one-
chamber perforated muffler: targeted frequency = 200, 500 (Hz),

Ap. = 600 (Pa)].
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Fig. 14. STL curves with respect to various targeted frequencies [a two-
chamber perforated muffler: targeted frequency =200, 500 (Hz),

Ap. = 600 (Pa)].
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Fig. 15. STL curves with respect to various targeted frequencies [a three-
chamber perforated muffler: targeted frequency = 200, 500 (Hz),

Ap. = 600 (Pa)].
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100
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Fig. 16. STL curves with respect to three kinds of mufflers with back-
pressure constraint [targeted frequency = 200 (Hz)].
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Fig. 17. STL curves with respect to three kinds of mufflers with back-
pressure constraint [targeted frequency = 500 (Hz)].

curves of three kinds of multi-chamber perforated muftlers (a
one-chamber, two-chamber, and a three-chamber muffler) at
the targeted frequencies (200, 500 Hz) are summarized and
plotted in Figs. 16 and 17, where the back pressure is 449~599
(Pa). As indicated in Figs. 16 and 17, because of the back-
pressure limit, the chambers have lent no improvement to the
acoustical performance.

2) Back-Pressure Non-Constraint

By using the above GA parameter set and discarding the
back-pressure constraint, the optimal acoustical performance
curves with respect to three kinds of perforated mufflers at
various targeted tones (200, 500 Hz) are obtained and plotted in
Figs. 18 and 19. As indicated in Figs. 18~19, it is obvious that
the STLs at the targeted frequencies will be improved when the
number of chambers in the mufflers is increased. Note, the
back-pressure in the mufflers will be increased to 1332~16655
(Pa), which is far beyond the specified value of 600 (Pa).

-- one-chamber dp = 1332.3 (Pa)
— two-chamber dp = 7732.4 (Pa)
— three-chamber dp = 9427.6 (Pa)

0 100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)

0

Fig. 18. STL curves with respect to three kinds of mufflers without back-
pressure constraint [targeted frequency = 200 (Hz)].
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Fig. 19. STL curves with respect to three kinds of mufflers without back-
pressure constraint [targeted frequency = 500 (Hz)].

2. Discussion

To appreciate the acoustical performance of three kinds of
mufflers when the specified back-pressure request is added in,
the comparison of the optimal STL curves, with and without
Ap constraint, is performed and plotted in Figs. 20~25. As
indicated in the above Figs. 20~25, it is obvious that to meet
the required Ap constraint, the acoustical performance (STL)
needs to be reduced in order to depress the back pressure in the
muffler. As discussed above, the number of chambers in the
mufflers will result in a higher STL and a higher back-pressure
in the muffler system. A compromise between acoustical per-
formance and back-pressure is required. As defined in Egs.
(7), (17), and (29), the porosity of the open area in the perfo-
rated tubes is mostly concerned with the back-pressure value.
Any changes of the design parameters such as @ (diameter of
duct), Lc (length of perforated duct), # (perforated ratio), or
dh (diameter of perforated hole) will influence the acoustical
performance (STL) and affect the Ap directly.
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Comparison of STL curves with and without back-pressure con-
straint in a one-chamber perforated muffler [targeted frequency =
200 (Hz)].
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Comparison of STL curves with and without back-pressure con-
straint in a one-chamber perforated muffler [targeted frequency =
500 (Hz)].
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Fig. 22. Comparison of STL curves with and without back-pressure con-

straint in a two-chamber perforated muffler [targeted frequency =
200 (Hz)].
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Comparison of STL curves with and without back-pressure con-
straint in a two-chamber perforated muffler [targeted frequency =
500 (Hz)].
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Fig. 24. Comparison of STL curves with and without back-pressure con-
straint in a three-chamber perforated muffler [targeted fre-
quency =200 (Hz)].
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Fig. 25. Comparison of STL curves with and without back-pressure con-

straint in a three-chamber perforated muffler [targeted fre-
quency =500 (Hz)].
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VII. CONCLUSION

It has been shown that multi-chamber mufflers in conjunc-
tion with a GA optimizer can be easily and efficiently opti-
mized under space and Ap limits by using a generalized de-
coupling technique, plane wave theory, and a four-pole trans-
fer matrix. Five kinds of GA parameters — pop, iterm., bit,
pc, pmt — play essential roles in the solution’s accuracy dur-
ing GA optimization. As indicated in Figs. 13, 14, and 15, the
tuning ability established by adjusting the design parameters
of the three kinds of mufflers is reliable. To appreciate the
relationships between STL, Ap, and the design parameters,
three kinds of mufflers, with and without Ap constraint, are
investigated. It was found that the number of chambers in the
mufflers is in conflict with the STL and Ap. Here, the incre-
ment of chambers of the mufflers will increase the STL and Ap.
Therefore, the compromise of STL and Ap during numerical
optimization is necessary. Consequently, the approach used
for the optimal design of the STL under Ap constraint is indeed
quite effective.

NOMENCLATURE

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

bit bit length

C, sound speed (m s™)

dh; the diameter of perforated hole on inner tube at
i-th chamber (m )

d; diameter of the inner perforated tube (m)

D, diameter of the resonator chamber (m)

f frequency (Hz)

fe cutoff frequency (Hz)

H dynamic head (Pa)

itermax maximum iteration

j imaginary unit

k wave number (= 2)

CO

ki, ka, k3, ks coefficients in function T, = fe’"

Ly, L, lengths of inlet/outlet straight ducts (m)

Ly, Ly length of the un-perforated segments at i-th
chamber (m)

L¢ length of the perforated segment at i-th chamber
(m)

L, total length of the muffler (m)

Ly length of the i-th resonator chamber (= La; +
L¢i + Lgi) (m)

M mean flow Mach number in the straight duct

OBJ; objective function

pc crossover ratio

Di acoustic pressure at i-th node (Pa)

pm mutation ratio

pop no. of population

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

p2a
u2a

P x-axis

u3

u2 p3a
u3a

Fig. 26. Acoustical mechanism of a perforated muffler.

S; section area at i-th element (m?)

STL sound transmission loss (dB)

t the thickness of an inner perforated tube (m)

TS1;, TS2;;  components of four-pole transfer matrices for
straight ducts

TP; components of a four-pole transfer matrix for a
perforated duct

T components of a four-pole transfer system ma-
trix

u acoustical particle velocity in a perforated hole

u; acoustic particle velocity at i-th node (m s™)

Vi mean flow velocity at i-th node (m s™)

Vi acoustic mass velocity at i-th node (kg s™)

xi open area ratio of inner tube at i-th chamber

Lo air density (kg m™)

2 acoustical density in an inner tube

Poa acoustical density in an outer tube

I specific acoustical impedance of a perforated
tube

72 the porosity of the perforated tube at ith cham-
ber.

¥ ith eigen value of [H]

[Qlyx4 the model matrix formed by an eigen vector
[Q]sx1 of [H]sx4

Ap, allowable maximal pressure drop specified by a
venting system (Pa)

Ap; mean pressure drop for i-chamber muffler (Pa)
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APPENDIX A - Transfer Matrix of Perforated Duct

As indicated in Fig. 26, the perforated resonator is composed
of an inner perforated tube and an outer resonating chamber.
Based on Sullivan and Crocker’s derivation [15], the continuity
equations and momentum equations with respect to inner and
outer tubes in a concentric resonator are shown below.
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Inner tube:
continuity equation

y 9P 0%+4ﬁu+ﬂ:0 (Al)
Ox ox D ot
momentum equation
0 0 op
—+V—|u, +—=2=0 A2
Po (az Gx) 2" o (A2)
Outer tube:
continuity equation
Ouy, __4D\p op,
4 — —u+—2=0 A3
P ox D! -D} ot (43)
Ouy, , Op,
a + a4 = O A4
Poa o (A4)

Assuming that the acoustic wave is a harmonic motion, we
have

p(x,0)=P(x)-¢’" (AS)
Under the isentropic processes in ducts, we have
P(x0)=p(x)-¢ (A6)

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

(Poco6)is

Py (X) = Py, (X)

e (A7)

Po € 6=

where ¢ is the specific acoustical impedance of the perforated
tube. According to the formula ¢, developed by Sullivan [15]
and Rao [13], the empirical formulations for the perforates,
with or without mean flow, are adopted in this study.

For perforates with stationary medium:

¢ =[0.006+ jk(t+0.75dh)]/n (A8a)
For perforates with grazing flow:
=[7.337x107(1+72.23M
¢=I[ x107( ) (ASD)

+j2.2245%107° (1+516)(1+204dh) £/ 7

where dh is the diameter of perforated hole on inner tube, ¢ is
the thickness of inner perforated tube, and 7 is the porosity of

the perforated tube.
By substituting Egs. (A5)~(A7) into Egs. (A1)~(A4), we
have

Pacoﬂz—{jkp2+ 4 .%+4.(p2_p2a):| (A9)

dx Z dx D¢
p.C, du,, =—| jkp,, - 4D, '2(]92 _sza) (A10)
dx (D; = Di6)
. V. du dp
ku, + — —% |=——% All
paco [j M2 CO dx J dx ( )
ip,c ki, = —% (A12)

Eliminating u, and u,, by the differentiation of Eq. (A11)
and the substitution of Eq. (A12), we have

) d’
(1-M")—~ 4T d
J Pz—D—g MEJFJ/C (P, —p,,)=0 (Al3)
-2 Mk —+k? !
/ dx

: 4D,
K Pza+1m(l?z—pza)=0 (Al4)
4 1

where M :K
c

o

Alternatively, Egs. (A13) and (A14) can also be expressed

as
aD+a, Py |_ 0 (AL5)
D*+a,D+oy || Pra] |0

Developing Eq. (A15), we have

D*+aD+a,
oD+ o

p; +a1pv2 +ta,p, +a3pl2a +a,p,, =0 (Al6a)
aspy + APy + Dy, + Dy, + 0Py, =0 (A16b)
Let
! dp ! dp a
Pr== =V, Py = =y, p, = Y35 Pag = Vs (A7)
dx dx

According to Eqs. (A16) and (A17), the new matrix be-
tween {)'} and {y} is
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N o 0y @y 0| )
)’:z _| T & % ||\ (Al8a)
Vs 1 0 0 0 || »
yll 0 1 0 0 ||y,
which can be briefly expressed as
('} =[Ny} (A18b)
Let
W} =[QNHT} (A192)
which is
dp, /dx Ql,l Ql,z Ql,s Ql,4 I,
dp, /d. Q Q Q Q r
D>, | AX _| 2 2,2 2,3 2,4 2 (A19b)
P> Q3,1 Q3,2 Qs,} Q3,4 I,
P, Q4,1 Q4‘2 Q4,3 Q4‘4 1—‘4

[Q2]4 « 4 is the model matrix formed by four sets of eigen
vectors [Q]4 1 of [N]4x 4.

Substituting Eq. (A19) into (A18) and then multiplying
[Q]™! by both sides, we have

[Q]'[QUT} =[Q] '[N][QIT} (A20)
Set
7w 0 0 0
-1 }/2 0
[x]1=[Q] [N][Q]= 0 (A21)
73
0 0 0 y
where ; is the eigen value of [N]
Eq. (A19) can be thus rewritten as
Ty =[x 1T} (A22)

Obviously, Eq. (A22) is a decoupled equation. The related
solution becomes

I =ke™

i i

(A23)

Using Egs. (A2), (A4), (A19), and (A23), the relationship
of acoustic pressure and particle velocity becomes

P> (x) H, H, H; H,|kK
X H H H H k

Pza( ) _| 2,2 2,3 2,4 2 (A24)
L,C,ty (X) H3,1 H3,2 H;, H;, || A
pochMZa (X) H4,1 H4,2 H4,3 H4,4 k4

Taking two cases of x = 0 and x = Lc into Eq. (A24) and
doing arrangement yield

p,(0) Py (Le)

P2,(0) ~[A] Paa(Le) (A25a)
P,C,1,(0) PoCotr (L)
pocou2a (0) pocou2a (LC)

where

[A]=[HO)][HL)]" (A25D)

To obtain the transform matrix between the inlet (x = 0) and
the outlet (x = Lc) of the inner tubes, the two boundary con-
ditions for the outer tube at x = 0 and x = Lc are taken into
calculation and listed below.

2@ e cotkL,) (A26a)
—u,,(0)
Paullo) o corki,) (A26b)
MZa (LC)

By substituting Eqs. (A26a, b) into Eq. (A25) and devel-
oping them, the transfer matrix becomes

|: P,(0) :| _ TPl,l TR,z |: p,(Le) :| (A27a)
P,Cot;(0) TP, TPz,z P,C, 1 (L)
or in brief form
P _ TPl,l TPI,Z Ps (A27b)
pocou2 TPZ,I TPZ,Z pgcgu3
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