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NUMERICAL ASSESSMENT OF A
SPACE-CONSTRAINED VENTING SYSTEM
WITH MULTI-CHAMBER PLUG MUFFLERS

BY GAMETHOD

Min-Chie Chiu* and Ying-Chun Chang**

Key words: multi-chamber plug muffler, four-pole transfer matrix
method, back pressure, GA method.

ABSTRACT

Recently, research on new techniques of single-chamber
plug silencers has been addressed. However, the assessment
of amulti-chamber plug muffler’s optimal shape design within
aconstrained space as well as a pressure-drop limit which are
mostly concerned with the necessity of operation and system
venting in practical engineering work wasrarely 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 eval uate 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 parametersisinvestigated.

Furthermore, the noise reductions with respect to broadband
exhaust noise emitted from a blower’sinlet is also introduced
and assessed. The optimal result in eiminating 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
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approach used for the optimal design of the multi-chamber
plug mufflers under space and back pressure constrained
conditions isindeed easy and quite effective.

. 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,
thereisagrowing 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 compul sory.

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 aback-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



318

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 (atournament selection in elitism, auniform cross-
over, and arandomized 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.

. 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). Asindicated 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. Asindicated
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 acoustica 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 systemsis presented below.

1. A One-Chamber Plug M uffler

Asderived inthe previouswork [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. 2. The outlines of multi-chamber plug mufflers — (a) one-chamber,
(b) two-chamber, and (c) three-chamber.
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Fig. 3. The acoustical fields of multi-chamber plug mufflers (a) one-
chamber, (b) two-chamber, and (c) three-chamber.
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Thetotal transfer matrix assembled by multiplication is

i
pOCOU1

~iK Ml(L1+L1A)+M4(L2+L18)
N 1-M7 1-M2

TSy, TsL,][TPE2, TPEZ2,
TSII?,1 TSZLM TPE22’l TPE22,2

{TPCSL1 TPCSLZ}{TSQ1 TS41'2}[ Ps J ©)

TPC3,, TPC3,, || TS4,, TS4,, |\ p,CoUs

A simplified form in amatrix is expressed as

pocoul T2*1 T2*2 pocous

The sound transmission loss (STL) of amuffler isdefined as
[11]

STL,(Q, f, Aff,,, Aff,,, Aff,,, Aff,,, Aff,.,7,,dh)

T +T. +T, +T.
=20Iog[ i 5 - 22|]+10Iog£§] (7a)

%4

where
Affyy = Lz I, Affip = Lzia ILz; Affis = Leta ILzaa;
Affy = Leig/lzas; Affis = di/De; Lzig = Lz — Lzga;

Lin =Lzia —Lcias Lis = Lzis —Lcss La= Lo = (Lo — L2)/2
(7b)

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

Ap; = Hy:(5.6697 + 67.363%) (8a)

Hi= pV?/2;x1= 4(Le;o+ L)/ dy (8b)

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

(Ap.) 2 Ap; 9)

2. A Two-Chamber Plug Muffler

As indicated in Section 111.1, the total transfer matrix as-
sembled by multiplication is

e
pOCOU:L

s My (Lt+ha) My(Loatlig) M7 (Lr+lyg)
s

—e 1-M7 1-M2 1-Mm?

TS,
TSL, TSJQJ

TPC3,, |[TS4,,
TPC3,, || TS4,,

TS4,, |

[TPE2,, TPE2,] {TPCSM
TS4,,

\TPE2,, TPE2,, | TPC3,,
TPC6,, |[TS7,, ]
TPC6,, || TS7,,

TS7,,
TS7,,

[TPE5,, TPES5,, |[TPC6,,
| TPES,, TPES5,, || TPC6,,

P,
pocou7

The sound transmission loss (STL) is

(10)

STL,(Q, f, Aff,,, Aff,,, Aff 5, Aff,,, Aff o, Aff ¢, Aff,,, Aff .,

Affq,1,,dh;)

T +T,+T, +T,,
:20Iog[| L= 5 = 22|}+10Iog(%] (11a)

where

Affy = Lz /Lo; Affo= Lz1 ILz; Affs= Lzia ILzs;

Affoq = LzoalLzo; Affys = Legallzan; Affys = Leag/Lzis;

Affz7 = LeanlLzoa; Affag = Leosl/Lzos; Affag = di/Do;
Lzo=Lz —Lz1; Lzis = Lzs —Lz1a; Lia = Lzia —Lcia;

Lig = Lz —Lcis; Loa = Lzoa —Lcoa; Los = Lzog —Lcos;
Li=L,=(Lo—Lz)/2 (11b)

The mean pressure drop (Ap,) of atwo-chamber plug muf-
fleris

Apz — HZ*[(5.6e-0.23X1 + 67.3e-3.05X1) + (5.66-0.23X2 + 67.36-3.05)(2)]
(12a)

H,=pV?/2
Xy = MLeia + L)/ DXy = A(Leop + Lcog)n 1 d, (120)
Similarly, the mean pressure drop (Ap,) is governed as

(Ap,) 2 Ap, (13)
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3. A Three-Chamber Plug M uffler

Similarly, the total transfer matrix assembled by multipli-
cation is

P
pocoul

ML AL) My (Loa+lis) My (Lsatlog)  Myg(Lp+Lgg)
—ik| 1\H 1A L 4\2A 1B 4 7\=3A 2B 4 10\=2 3B
—e ! { 1-M2 1-M2 1-M2 1-M3 TS]'Ll TS:I‘LZ

- TSL, TSL,
[TPE2,, TPE2,|[TPC3, TPC3,,|[TS4,, TS4,,
\TPE2,, TPE2,, || TPC3,, TPC3,, || TS4,, TS4,, |
[TPC6,, TPC6,, |[TS7,, TS7,, |
| TPC6,, TPC6,, || TS7,, TS7,, |

[ TPE5,, TPE5,, |
TPE5,, TPE5,,

[TPE8,, TPES,, |[TPC9, TPC9,,][TSI0, TS0,
| TPES,, TPES,, || TPC9,, TPCY,, || TSIO,, TSIO,,

o)
pocoull

Likewise, the related sound transmission loss (STL) is

(14

Q. f, Aff,,, Aff,,, Aff,,, Aff,,, Aff,c, Aff,,,
S| AR, A, Aff, Aff o, Aff,y, Al 0

T +T. +T, +T,
=20Iog[| unTleTin 22|]

+10log [%} (154)

0

where

Affyr =Lz /Lo; Affso=Lza /L7 Affsa = Lzia ILza;

Affas = Lzoall z2; Affas = Lzan/L z3; Affas = Leaa/L z1a;

Affs7 = Leip/L z18; Affag = Leoa/lzoa; Affag = Leop/L z28;

Affao = Lean/Lzan; Affar = Leap/L zas; Affaz = di/Do;

Lzi=Lzz= (Lz—Lz2)/2 Lzig = Lz1— Lz1a; Lia = Lzia — Lcaa;

Lig = Lzig — Lcig; Loa = Lzoa — Leaas Los = Lzog — Lezs;

Laan =Lzaa — Leaa; Lss = Lzas — Leass Lu= Lo = (Lo — L2)/2
(15b)

The mean pressure drop (Aps) of athree-chamber plug muffler
is

ApS - HS*[(5'6e-0.23xl+67'3e-3.05x1) + ( 5.66023)(2 + 67.38-3'05)(2)

+ ( 5'6e-0.23><3 + 67'3e-3.05x3)]

H, = pVZ/Z; Xy = 4(Leya+ Leyg)m /Dy

Xy = MLeoa+ Leog)h /0y Xy = A(Legp + Legg)n /1 dy (16)
Also, the mean pressure drop (Aps) is governed as
(Ap,) 2 Ap, (17)

4, Overall Sound Power Level

The silenced octave sound power level emitted from a si-
lencer’'soutlet is

SM, = SM.O —STL, (18)

where

(1) The SAMLO; istheoriginal SAWL at theinlet of a muffler (or
pipe outlet), and i is the index of the octave band fre-
quency.

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

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

Finally, the overall SWVLt silenced by a muffler at the outlet is

g  SM;/10
SM.. =10*log{> 10  }
i=1

SMLO( f =63)— SMLO( f =125)— [SMO( f =250)—
10STH(=63]/10 | 1 STL(F=125)]/10 | 4 4STL(=250)]/10

[SMLO( f =500)— SMLO( f =1000)— SMLO( f =2000)—
— 10* |Og +105TL( f =500)]/10 + 10$TL( f=1000)]/10 + 105TL( f=2000)]/10

[SM.O( f =4000)—
4+1QSTH(f=4000)]/10

(19)

5. Objective Function

By using the formulas of (7), (9), (12), (13), (15), (17), and
(19), the objective function used in the GA optimization with
respect to each type of plug muffler was established.

For asingle-chamber plug muffler, the objective functionin
maximizing the STL at apuretone(f)is

OBJ,, = STL,(Q, f, Aff,,, Aff ,, Aff ., Aff ,, Aff..,77,,dh,Ap,)

+10log [%] (20a)

%4

T +T.+T, +T,
=20Iog{| uT Tl 22|]
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To minimize the overall SWL, the objective functionis

OBJ,, = S, Q Affll' AﬁlZ’ Aff131 Aff14= Aff1517711 dhl’Apl)

T +T.+T, +T,
[l T+ To 22|]+10Iog[%] (20b)

2

= 20Iog[

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

OBJ,, = STL, [Q, f,Aff,, Aff,,, Aff,,, Aff,,, Aff,., Affze,J

Aff,,, Aff,¢, Aff,7,,dh, Ap,

T, +T,+T,+T,
:20Iog(| 1z > 2 22|}+10Iog[%j (214)

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

OBJ,, = SM_, [Q’ Aff2l' Aﬁzz! Aﬁzs’ Aff24, Aﬁzsv Aﬁze’J

Aff27’ Aff28’ Aff29 1771’ dn’ Apz

T +T. +T. +T.
=20I0g[ e 5 - 22|]+10I0g{%j (21b)

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

Q, f, Aff,,, Aff,,, Aff,, Aff,,, Aff.., Aff, j

OBJ,, = ST
* B ( Afty,, Affyg, Affsg, Aff o, Aff,y, Aff.7,dhy, Ap,

0

T, +T,+T,, +T,
=20Iog[| e > - 22|J+1OI09{S%] (229)

The related objective function in minimizing the overal
SWL is

OBJ32 = SI—LS {Q’ Affgl, Aff32’ Aﬁ33’ Aﬁ34’ Aff35’ Aff36’ Aff37 !\J

Aff,, Affo, Aff,, Aff,,, Aff,,,7,,dhy, Ap,

+10log| — 22b

0

T +T.+T, +T,
=20Iog[| uT Tl 22|J

[II. MODEL CHECKS

Before performing the GA optimal simulation on mufflers,

— Theory
351 ¢ Experiment

STL (dB)

0 1 1 1 1 1 1 I
0 500 1000 1500 2000 2500 3000 3500
Frequency (Hz)
L Lar g Lai Le (Lex Lo
r A
=) M
v =M g dh dhe e M, IDI Do
™ e e e L A
v

Fig. 4. Performance of a one-chamber perforated plug muffler with the
mean flow [M; = M, = 0.05, D; = 0.0493 (m), Do = 0.1016 (M), Lcy =
Lez = 0.1286 (M), Ly = L, = 0.1 (M),.Las = Lgz = 0.0 (M), t = 0.081
(m), dh; = dh, = 0.00249 (m), n1 = 12 = 0.037] [Experiment datais
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

1.84c, .
D°(1—M2)1’2J is 1974 Hz.
T

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.

frequency of fc; (fd:

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 isremarkable. 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

Overall SWL
136.3

f(Hz) |125| 250 | 500 | 1k | 2k |4k
SWL (dB)| 128 | 135 | 126 | 115 | 108 |100
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Table 1. Range of design parametersfor three kinds of multi-chamber plug mufflers.

Muffler Type

Range of design parameters

One-Chamber
800 (Pa)

Targeted f: { 250, 550, 750}; Q = 0.01 (m¥s); D, = 0.5 (m); Lo = 1.8 (m);
Aff11: [0.5, 0.9]; Affy: [0.3, 0.7]; Affya: [0.5, 0.9]; Affy: [0.5, 0.9]; Affis: [0.5, 0.6]; ny: [0.03, 0.1]; dhy: [0.00175, 0.007]; Apa:

Two-Chamber

Targeted f: {250, 550, 750} ; Q = 0.01 (m®/s); D, = 0.5 (m); Lo = 1.8 (m);
Aff,1: [0.5, 0.9]; Affx,: [0.3, 0.7]; Affos: [0.3, 0.7]; Aff,s: [0.3, 0.7]; Affas: [0.5, 0.9]; Affse: [0.5, 0.9]; Aff,7: [0.5, 0.9]; Affag: [0.5,
0.9]; Affyo: [0.5, 0.6]; m1: [0.03, 0.1]; dhy: [0.00175, 0.007]; Aps: 800 (Pa)

Targeted f: {250, 550, 750} ; Q = 0.01 (m®/s); D, = 0.5 (m); Lo = 1.8 (m);
Three-Chamber | Affs;: [0.5, 0.9]; Affs,: [0.3, 0.7]; Affss: [0.3, 0.7]; Affsy: [0.3, 0.7]; Affas: [0.3, 0.7]; Affge: [0.5, 0.9]; Affs7: [0.5, 0.9]; Affzg: [0.5,
0.9]; Affsg: [0.5, 0.6]; Aff: [0.5, 0.9]; Affyy: [0.5, 0.9]; Affs,: [0.3, 0.7]; ny: [0.03, 0.1]; dhy: [0.00175, 0.007]; Aps: 800 (Pa)

Before the minimization of abroadband noiseis 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. Asshown in Fig. 1, the avail-
able space for amuffler is0.5 m in width, 0.5 min height, and
1.8 min length. Inthe existing venting system, the flow rate
(Q) and thickness of the perforated tube (t) are given as 0.01
(m®/s) and 0.0015 (m). To prevent overloading back pressure
which will slow down the preset volume- flow-rate (Q), the
allowable maximal Ap 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 (Xg, Xa,..., Xi) were determined. When
the bit (the bit length of the chromosome) was chosen, the
interval of the design parameter (X) with [Lb, Ub], was then
mapped to the band of the binary value. The mapping system
between the variable interval of [Lb, Ub]  and the K™ binary
chromosome of

000O0Oee e 000~1111eee111

bit bit

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

B2D, = integer {ﬂ(zb“ —1)} (23)

Ub, - L,

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),

Start!

set pc, pm
iter, pop bit

[initialize population ] [ randomly selection |

OBIJ function
AP calculation

A

********

uniform
crossover

tournament selection
for Elitism

A4

Fig. 5. Theblock diagram of the GA optimization on mufflers.

the whole set of chromosomes [B2D,, B2D,, ...., B2Dy ] that
changed from binary form to decimal form was then assigned
afitness by decoding the transformation system.

fitness = OBJ(XL X ...

» %) (249)

where

X¢ = B2D* (Uby — Lb)/(2”" — 1) + Lb (24b)

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

Asindicated 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



M.-C. Chiu and Y.-C. Chang: Numerical Assessment of Multi-Chamber Plug Mufflers by GA Method 323

old generation

1
1

Fitness 1 O|1]1] © o [1|L]Of best
?tnessg 110]1] © 2 10]0]1 best candidate parent
itness 0[1]1] @@ |0]1]1 == c
Fitness4 | |[1]0]1] © o |1]0]0H 0111 _?..?.llo:IM'
°© ololoT & 6 Tolole 110{1]| © o [0]0]1f{ Fitness 2
° olojo] © o Jolojo 999 909 9900 o
° 11111l @ o [1]1]o Q00 00 0900 o
-+ - - D
) olol1 _g-g 110 0[0f{0] o 1]0]0j Fitness n
° 1o[1] © = Jololi
|
Fitiessnnl| ([o]1[o] © © [ofo[1 |t best
Fitnessn | ([o]o0]o 2 2 ]0[0[0{ best
Fig. 6. Scheme of elitism by tournament selection.
GA population candidate parent
randomly o bjt bjt
- [mensaaif=en=n=] " oo~/
‘ selection EDIEEIIEEE nnn oo n
[Mating Pool [folo[1[ 2%
bit oo#_l'a_n > S o
o[ii]i] o o ° =
[(ofol1] 3 = [o] ourmament [o[o[1]0] §§
° - selection 0]1{0f0 _C:_g_
g S for Elltism
T £ 3 1 ¢
lo[1]ofo] 22 [0] new offspring|

bit
—

0]1]
[0]o]1

=t

t

)

totod
=[]
ll
HH
EH
I-o}oJ
I-ofoi =
==

=)

lotod

4

[=]<]
[=]=]

o
000 ==

=
S
S

[o]o]1]o] EE
lo[1]o[o] 2 2 Jo]

Fig. 7. Operationsin 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 operationsin 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 (m¥s)) and thickness of the
perforated tube (t; = t, = 0.0081 (m)) are preset in advance;
therefore, Egs. (20), (21), (22), the abjective functions (OBJy,,
OBJy;, OBJ,;, OBJy,, OBJ3; and OBJsy) and their ranges are
reduced and set as

OBJll(xl’ XZ' XS’ X4' x5’ XG' x7’ XB)

= STL(aff,, aff,,, aff ,, aff,,, aff ., 7, dh, Ap,) (258)
OBJlZ(Xl' XZ’ XS' X47 XS’ XG’ X7’ XS)
= S\, (aff,, aff,,, aff,,, aff,,, aff ., 7, dh, Ap,) (25b)
OBJ,,, (X, X,, X5, X4y Xs, Xgy X5 Xgy Xgs Xigs Xigs Xp)
= STL(aff,,, aff,,, aff ,;, aff,,,, aff .., aff , aff ., aff g,
aff,q,77,,dh, Ap,) (26a)

OB‘]ZZ(Xl’ x2’ XS' x4’ XS’ XG’ x7’ XS’ XQ’ XlO’ Xll’ x12)

= SWL, (aff,,, aff ,,, aff ,, aff,,,, aff .., aff 5, aff ,,, aff g,
aff4,7,,dh, Ap,) (26b)
OBJ, (X;, Xy Xy Xy Xy Xy Xy Xy Xy Xigr Xigs X
Xizr Xias Xi5)
= STL(aff,,, aff,,, aff,;, aff,,, aff ,, aff  , aff,,, aff 5, aff,
aff,,, aff,, aff ,,m,,dh,,Ap,) (278)

OB, (X,, Xy, Xg» Xy Xes Xgo Xos Xgs X, Xi0r Xir X

11
x13’ X14’ Xls)
= SWL, (aff,,, aff,,, aff,;, aff,, , aff ., aff ¢, aff,,, aff 5, aff g,

ff40 ' aﬁ:4l’ aff42 ’771’ dhp Apa) (27b)

VI.RESULTSAND DISCUSSION

1. Results

To achieve good optimization, five kinds of optimal GA
parameters, including population size (pop), chromosome
length (bit), maximum generation (iter,.), 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'saccuracy 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 optima process. The resultant
simulated result optimized with respect to the pure tone of
250Hz is shown in Table 2. Asindicated in Table 2, the op-
timal design data can be obtained when the GA parameters at
pop, bit, itera, 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
inFig. 8. Asrevealed in Fig. 8, the STLs are precisely maxi-
mized at the desired frequencies. The related mufflers’ sizes
with respect to three kinds of puretones (250, 550, 750 Hz) are
shownin Figs. 9-11.

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

Optimal GA parameters Optimal Result
. . Aﬁ]_l Aﬁlz Aﬁ:13 Aﬁ14 STL (dB)

pop bit pm pc iter max

0.9000 0.7000 0.5000 0.5000 71.299
Aff dh; (m A

80 10 | 005 | 06 | 200 15 i (M) P (P)

0.0500 0.1000 0.0070 532.3
Notes: Aff]_]_ = LﬂLO, Aff]_z = LZ:I.A/LZ, Aﬁ]_3 =LclA; Aﬁ14 = LClB/LZlB, Affls =d1/Do

Table 3. Optimal STLsfor a one-chamber plug perforated muffler with respect to varioustargeted frequencies (with Ap

constraint).
Item Targeted frequency Results
Affyy Affy, Aff13 Aff14 STL (dB)
1 250 Hz 0.9000 0.7000 0.5000 0.5000 71.299
Aff1s N1 dh; (m) Ap (Pa)
0.0500 0.1000 0.0070 532.3
Affyy Affy, Aff13 Affi4 STL (dB)
5 550 Hz 0.7964 0.5194 0.6775 0.6517 91.857
Affys M1 dh; (m) Ap (Pa)
0.0538 0.0999 0.0069 340.5
Affyq Aff, Aff13 Aff14 STL (dB)
3 750 Haz 0.8128 0.5174 0.7796 0.7639 93.536
Affy5 M1 dh; (m) Ap (Pa)
0.0532 0.0995 0.0066 251.0
1001 « 1.8 >
90k /“_550 Hz Jo— 750 Hz 999 057 , 0567 pe 0243 o 024 =;09;
sz S B
80+ \ .
/ \ 0425
70 / \ * 10% — |
. 60F B / \ N 0.007
@ sol- AN TN
— — / \ \ / - Unit : Meter
& 40} \ | | \ £
\ [ | \ / Fig. 9. Optimal shape of a one-chamber plug muffler with a targeted
30 | | | frequency of 250 Hz.
20 | I
targeted f= 250 (Hz) dp = 532.3 (Pa)
10+ — targeted f= 550 (Hz) dp = 425.8 (Pa) 8
0 . . . e .mg.md. = 750. (HZ.) dp. — 0. ¢ ) 01 8324, 024 0.50446 044898 024 018324
0 100 200 300 400 500 600 700 800 900 1000 %
Frequency (Hz) 0.0265
Fig. 8. Optimal STL with respect to frequencies for a one-chamber plug ¥ 05

silencer [targeted frequency: 250, 550 and 750 HZz].

parameters (Aﬁ:]_]_, Aﬁlz, Aﬂ:13, Aff14, Aﬁ]_s, N1, and dhl) for a
one-chamber plug muffler at atargeted frequency of 250 (Hz)
is performed and shown in Figs. 12-18. Asindicated in Figs.
12-18, it is obvious that the STL is inversely proportional to
the diameter of the inner duct (Affis) and to the lengths of the
perforated ducts (Affi3, Aff14). Moreover, the back pressure Ap
will obviously decrease when either the length of the chamber
(Affy,), the lengths of the perforated ducts (Aff;s, Affis), the

Unit : Meter

Fig. 10. Optimal shape of a one-chamber plug muffler with a targeted
frequency of 550 Hz.

diameter of the inner duct (Aff;s), or the porosity of the inner
duct (n,) isincreased. Because the decrement of the parame-
ters (Aff,3, Affy4 Affis) 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
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Fig. 13. Influence of Affi(Lz1A/LZ) on a STL and a Ap with a targeted
frequency of 250 Hz.

STL and Ap simultaneously, a compromise between these
parameters during the numerical optimization process will be
required. Therefore, to reach a higher STL with a Ap below
the alowable maximal pressure drop, an appropriate decre-
ment of the Aff,s, Aff14 Affisisessential. Asindicated in Table

Fig.

Fig.
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Fig. 16. Influence of Affis(d1/Do) on a STL and a Ap with a targeted

frequency of 250 Hz.
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Table4. Optimal STLsfor atwo-chamber plug perforated muffler (targeted frequency: 250 Hz).

Optimal GA parameters Optimal Result
. . Aﬁzj_ Aﬁzz Aﬁzg Aﬁ24 STL (dB)
pop bit pm pc iter max
0.5000 0.3000 0.7000 0.7000 104.1
Aﬁ:25 Aﬁ:26 Aﬁ27 Aﬁ28 Ap (Pa)
80 5 0.05 06 500 0.5000 0.5000 0.5125 0.5000 800.0
Affzg N1 dhl (m)
0.1330 0.0300 0.0018
Notes: Affy; = LZ/Lo; Aff,, = Lz1/Lz; Affos = LZ1A/L Z1; Aff,, = LZ2A/LZ2; Affos = LC1A/LZ1A; Affo = LC1B/LZ1B; Affy; = LC2A/LZ2A,;
Affzg = LCZB/LZZB, Aﬁzg =dl/Do

550

””””””””””””””””””””””””” —STL (dB)
5007 ~—dp (Pa)

450 -
400 -
350
300 -
250 -
200 -
150+
100 |

50

1 2 3 4 5 6 7
dhl (m) x 10°

Fig. 17. Influenceof dhlon a STL and aAp with atargeted frequency of
250 Hz.
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Fig. 18. Influence of n on a STL and a Ap with a targeted frequency of
250 Hz.

3, the STL at a higher targeted frequency will be larger than
that at alower targeted frequency.
B. Two-Chamber Plug Muffler
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160} \
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Fig. 19. Optimal STL with respect to frequenciesfor atwo-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. Asindicated in Table 4, the optimal design
data can be obtained when the GA parameters at pop, bit,
iter max, 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. Asreveded in
Fig. 19, the STLs are precisely maximized at the desired fre-
guencies. Moreover, it is obvious that the STL at the higher
targeted frequency will be larger than the lower one. The
related mufflers’ sizeswith respect to three kinds of pure tones
(250, 550, 750 Hz) are shown in Figs. 20-22.

C. Three-Chamber Plug Muffler

For athree-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, iterma, 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.
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Table 5. Optimal STLsfor atwo-chamber plug perforated muffler with respect to varioustargeted frequencies (with Ap

constraint).
Item Targeted frequency Optimal Results
0.7588 0.3938 0.6984 0.3610 87.5
1 250 Hz Affys Affyg Affyy Affag Ap (Pa)
0.8554 0.5540 0.5012 0.5633 797
Affyg M dh, (m)
0.0914 0.0430 0.0050
Aﬁz]_ Aff22 Aff23 Aﬁ24 STL (dB)
0.8250 0.5046 0.4914 0.5000 165
5 550 Hz Affys Affyg Affy Affg Ap (Pa)
0.5125 0.5241 0.5000 0.5003 777
Affz N1 dh; (M)
0.1166 0.0300 0.0070
0.7083 0.5125 0.4750 0.5002 162
3 750 Hz Affys Affyg Affyr Affag Ap (Pa)
0.5000 0.5500 0.5000 0.5000 507
Affy M dh, (m)
0.0844 0.1000 0.0070
Table 6. Optimal STLsfor athree-chamber plug perforated muffler (targeted frequency: 250 Hz).
GA parameters Optimal Results
) ) Affy Affa, Affzs Affzy STL (dB)
pop bit pm pc iter max
0.500 0.7000 0.7000 0.7000 179.9
Affzs Affzg Affgz Affsg Ap (Pa)
0.700 0.5000 0.5000 0.5134 799.3
60 | 15 | 005 | 06 | 1000 Alfao Affag Affay aliF
0.501 0.5000 0.5000 0.1577
m dhy (m)
0.030 0.0018
Notes: Affy; = LZ/Lo; Affz, = LZ2/Lz; Affys = LZ1A/LZ1; Affa, = LZ2A/L 22; Affzs = Lz3A/LZ3; Affss = LC1A/LZ1A; Aff;; = LclB/LZ1B;
Affzg = LC2A/LZ2A; Affzg = Lc2B/Lz2B; Affs = Lc3A/LZ3A; Aff,; = Lc3B/Lz3B; Aff,, = d1/Do
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Fig. 20. Optimal shape of a two-chamber plug muffler with a targeted
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Fig. 21. Optimal shape of a two-chamber plug muffler with a targeted

frequency of 250 Hz. frequency of 550 Hz.

Using the optimal design in a theoretical calculation, three
optimal STL curves with respect to the targeted frequencies
are plotted in Fig. 23. Asreveded in Fig. 23, the STLs are

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 STLsfor athree-chamber plug perforated muffler with respect to various targeted frequencies (with

Ap constraint).

Item Targeted frequency Optimal Results
Affa, Affz, Affzs Affay STL (dB)
0.5559 0.6996 0.6996 0.4806 168.8
Affas Affz Affz Affzg Ap (Pa)
1 250 Hz 0.3004 0.5008 0.5641 .7804 798.5
Affzg Affyg Affy Affs,
0.8984 0.5192 0.5004 0.1527
N1 dh, (m)
0.0301 0.0046
Affs; Affs, Affzz Affsy STL (dB)
0.5876 0.7000 0.6999 0.4997 225.7
Affzs Affzg Affzy Affzg Ap (Pa)
0.6999 0.5003 0.5000 0.5001 799.0
2 550 Hz Affzg Affy Affq Aff 4o
0.5001 0.5004 0.5001 0.1558
N1 dh, (M)
0.0300 0.0070
Affz; Affs, Affz3 Affy STL (dB)
0.5000 0.6807 0.3000 0.5622 231.1
Affss Affzg Affy Affsg Ap (Pa)
3 750 Hz 0.3000 0.5001 0.5001 0.7250 775.8
Aﬁgg Aﬁ:40 Aﬁ41 Aﬂ:42
0.5000 0.5005 0.5000 0.1574
N dh, (M)
0.0300 0.0070
1.8 240 1
: 0.26253 :;155184;ti.ISS184‘0,1886110"15436:7 ;15544;0']554150.15532(1'5532:" 0.26253 N 220+ ) \
op 200 - 5 / ~ b
3555 = i 0.5 180 =7 \‘//
0.007 0.007 —_ 160 \/
=2 |
~ 140 550 H
Unit : Meter d /_ Z/_ 750 Hz
@ 120 250 Hz
Fig. 22. Optimal shape of a two-chamber plug muffler with a targeted /
frequency of 750 Hz 100 7
80 targeted f= 250 (Hz) dp = 799.3 (Pa)
60 F — targeted =550 (Hz) dp = 799.0 (Pa)
STL at the higher targeted frequency will be larger than that at [ tareeted £2 750 (Hz) dp = 775.8 (Pa)

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. Asillustrated 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

1 1 1 I 1 1 I 1 1 J
400 100 200 300 400 500 600 700 800 900 1000

Frequency (Hz)

Fig. 23 Optimal STL with respect to frequenciesfor athree-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.
1.8 N
A BCPE F G . H , 1 JKI N R
0.08
v
& geseseseaeteess & 0.5
3 3% 3% 3%
0.007 0.007 0.007
AT0.37116 |E[0.023806] 1]0.185168 [M]0.023801
B [0.055487| F [0.184946] J | 0.055476 |[N|0.37116
C0.055554[G[0.18502_|K]|0.055565
D [0.023806[H[0.185242[ L[ 0.02381
Unit : Meter

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.

obvioudy has the best acoustical performance. Based on

plane wave theory, the proposed available theoretical cutoff

. 1.84c .

frequencies of fc, [fd = D° (1-M?)Y 2} with respect to
V3

three kinds of mufflers are 964 Hz, 3220 Hz, and 1974 Hz.

Consequently, the optimal mufflers’ sizeisalso shownin 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

3007,

—— original SWL
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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 (aone-chamber, two-chamber, and athree-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 curvesareplotted 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). Asdescribed in Section VI.1.1.A, in seeking
abetter STL with a Ap below the allowable maximal pressure
drop, the compromise between parameters (Affys, Aff4, Affis)
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Table 8. Minimization of SWLt for a broadband noise by three kinds of plug mufflers (with Ap constraint).

Category Optimal GA parameters Optimal Results
. . Aﬁ]_l Aﬁlz Aﬁ13 Aﬁ14 SVVLT (dB)
pop bit pm pc | itermax
One-charmber 0.548 0.319 0.507 0.509 96.2
Aff15 dh; (m A
80 | 10 | 005 | 06 | 200 i 1 (M) b (Fa)
0.416 0.031 0.0045 477.1
) . Affyy Affy, Affys Affa, SWL+ (dB)
pop bit pm pc iter max
0.575 0.309 0.570 0.614 53.0
Two-chamber Affys Affag Affy Affag Ap (Pa)
80 o5 0.05 06 500 0.571 0.524 0.575 0.858 754.3
Affg M dhy (m)
0.125 0.032 0.0035
o bit m . iter Affz; Affz, Affas Affa, SWL+ (dB)
Pop P P ™ 0,689 0.681 0.576 0.393 11.9
Affzs Affzg Affz, Affzg Ap (Pa)
Three-chamber 0.353 0.733 0.5098 0.845 581.9
60 | 15 | 005 | 06 | 1000 | Affao Affag Alffay Alffap
0.552 0.565 0.5016 0.159
m dhy (m)
0.038 0.007
Notes. One-chamber | Aff;; = LZ/Lo; Aff;, = LZ1A/Lz; Affi3 = Lc1A; Aff,, = Lc1B/Lz1B; Affis = d1/Do
Notes: Two-chamber | Aff,; = LzZ/Lo; Aff,, = Lz1/Lz; Affyg = LZ1A/L Z1; Aff,, = LZ2A/LZ22; Aff,s = LC1A/LZ1A; Aff,g = LclB/Lz1B; Aff,; =
Lc2A/Lz2A; Aff,g = Lc2B/Lz2B; Affyg = d1/Do
Notes: Three-chamber | Affs; = Lz/Lo; Affs, = Lz2/Lz; Affss = LZ1A/LZ1; Aff3, = Lz2A/Lz2; Affss = Lz3A/LZ3; Affzg = LC1A/LZ1A; Affz; =
Lc1B/Lz1B; Affss = LC2A/LZ2A; Affyg = LC2B/LZ2B; Affyg = LC3A/LZ3A; Aff,, = Lc3B/Lz3B; Aff,, = d1/Do

N 1 JK L M N

0.5

[ 3.83%
0.007 0.007 0.007

0.27972 |E|0.04114 0.229621 [M|[ 0.063845
0.030386| F|0.0515 0.030328 [N [0.27972
0.0835471G | 0.280348| K | 0.03944

0.0427911H10.28327 | L|0.064255

Unit : Meter

o0 [I9]|

(el (@] [se] o=

Fig. 30. Optimal shape of a three-chamber plug muffler [broadband
frequency].

during the numerical optimization processis 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.
Asindicated 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
Ap-constrained conditions; moreover, as indicated in Fig. 27,
the muffler with the most chambers can offer a higher acous-

250 -- chamber 1 - dp = 532.3 (Pa)
— chamber 2 - dp = 800.0 (Pa)
— chamber 3 - dp = 799.3 (Pa)
200

150

STL (dB)

100

500 .

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

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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2501, ---- chamber 1 - dp = 425.8 (Pa) — 550 Hz
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— chamber 3 - dp = 799.0 (Pa)
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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 Ap limits by using a generalized
decoupling technique, plane wave theory, as well as a four-
poletransfer matrix. Fivekindsof GA parameters (pop, iter max,
bit, pc, pm) play essential roles in the solution’s accuracy
during GA optimization. Asindicated 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, Ap, and
the design parameters, a one-chamber plug muffler has been
investigated. It was found that the back pressure Ap will de-
crease noticeably when either the length of the chamber (Affy),
the lengths of the perforated ducts (Aff,s, Aff14), the diameter of
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the inner duct (Affis), or the porosity of the inner duct (1) is
increased; however, some of the parameters, such as the ex-
pansion ratio (Aff;s = d1/Do), were in conflict with respect to
the STL and Ap. Thelower the diameter of theinner duct (d1)
the more visible the increment of the STL and Ap. Therefore,
the compromise of Affis in simultaneously obtaining a larger
STL and an acceptable (smaller) Ap during the numerical
optimization is necessary.

In addition, the appropriate acoustical performance curve
for three kinds of multi-chamber mufflersin depressing over-
all broadband noise has been assessed. Asindicatedin 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 Ap limit, a compromise between the STL and Ap is com-
pulsory during GA optimization. Under aspecified Ap 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 acoustica perform-
ance.

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