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SHAPE OPTIMIZATION OF ONE-CHAMBER
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ABSTRACT

Shape optimization on mufflers within a limited space is
essential for industry where the equipment layout is occa-
sionally tight and the available space for a muffler is limited
for maintenance and operation purposes. To proficiently en-
hance the acoustical performance within a constrained space,
the selection of an appropriate acoustical mechanism and
optimizer becomes crucial. A one-chamber muffler hybridized
with reverse-flow ducts which can visibly increase the acous-
tical performance is rarely addressed; therefore, the main pur-
pose of this paper isto numerically analyze and maximize the
acoustical performance of this muffler within alimited space.

In this paper, the four-pole system matrix for evaluating the
acoustic performance — sound transmission loss (STL) — is
derived by using a decoupled numerical method. Moreover, a
genetic algorithm (GA), arobust scheme used to search for the
global optimum by imitating the genetic evol utionary process,
has been used during the optimization process. Before dealing
with a broadband noise, the STL’'s maximization with respect
to a one-tone noise is introduced for areliability check on the
GA method. Moreover, the accuracy check of the mathe-
matical model is performed.

The optimal result in eliminating broadband noise reveals
that the one-chamber muffler with reverse-flow perforated
ducts is excellent for noise reduction. Consequently, the ap-
proach used for the optimal design of the noise elimination
proposed in this study is easy and effective.

I.INTRODUCTION

To overcome the low frequency noise emitted from aventing
system, a muffler has been continually used [6]. Research on
mufflers was started by Daviset al. in 1954 [3]. Toincreasea
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muffler's acoustical performance, the assessment of a new
acoustical element — a reverse-flow mechanism with double
internal perforated tubes — was proposed and investigated by
Munjal et al. in 1987 [8]. On the basis of coupled differential
equations, a series of theories and numerical techniques in
decoupling the acoustical problems have been proposed [8, 11,
12, 13, 14]. Considering the flowing effect, Munjal [7] and
Peat [9] publicized the generalized decoupling and numerical
decoupling methods, which overcome the drawbacks seen in
the previous studies.

Because of the necessity of operation and maintenance within
an enclosed machine room, a space-constrained problem within
a noise abatement facility will occur; therefore, there is a
growing need to optimize the acoustical performance within a
fixed space. Yet, the need to investigate the optimal muffler
design under space constraints is rarely tackled. In previous
papers, the shape optimizations of simple-expansion mufflers
werediscussed [1, 2, 15, 16]. To greatly enlarge the acoustical
performance within a fixed space, a new acoustical mecha-
nism of one-chamber mufflers hybridized with reverse-flow
perforated tubes using the novel scheme of agenetic agorithm
(GA) is presented.

In this paper, the GA method patterned after the Darwinian
notion of natural selection isapplied in thiswork.

Il. THEORETICAL BACKGROUND

In this paper, a one-chamber muffler with reverse-flow
perforated mufflers was adopted for noise elimination in the
air compressor room shown in Fig. 1. The outlines of these
mufflers are shown in Fig. 2. Before the acoustical fields of
mufflers are analyzed, the acoustical elements have to be
distinguished. As shown in Fig. 3, two kinds of muffler
components, including two straight ducts and a reverse-flow
perforated duct, are identified and symbolized as| and Il. In
addition, the acoustic pressure p and acoustic particle velocity

U within the muffler are depicted in Fig. 4 where the acous-
tical field is represented by four nodes.

The muffler system is composed of two kinds of acoustical
elements. The individual transfer matrix derivations with re-
spect to two kinds of acoustical mechanisms are described as
below.
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Fig. 1. Noiseeimination of an air compressor noiseinside a limited space.
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Fig. 2. Theoutline of a one-chamber muffler with rever se-flow ducts.

Fig. 3. Adistinction in a one-chamber muffler with reverse-flow ducts.

1. Transfer Matrix of a Sraight Duct

For a one dimensional wave propagating in a symmetric
straight duct shown in Fig. 5, the acoustic pressure and particle
velocity are

p(xt) = (Cle—ikx/(1+M> " C2e+jkx/(1—M))ejwt )
U(X,t) =[ieij/(l+M) _ C2 e+jkxl(1M)jejW[ (2)
PoC P.C

Considering boundary conditionsof pt 1 (x =0) and pt 2 (x =
L), Egs. (1) and (2) can berearranged as

Fig. 4. An acoustical field in a one-chamber muffler with reverse-flow
perforated ducts.

} P X-aXis
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Fig. 5. Sound propagation inside a straight duct.

P00 ) |1 1| g
(pocoul(o,O)j‘L —}[cz ©
n.(L,0) g k'L e+jk’L_ c
= 4
oo 2] e
where k' =—K k=X (ab)
1+M, 1-M,
Combination of (3) and (4) yields
p.(0,0)
£.6.u,(0,0)
cos( k%] Js‘n[ "“2]
_e’Jl_lMlzl 1-M; 1-M; [ p,(L,0) j
jgn[ klej COS[ kLl)zj PoCol (L, 0)
1-M: 1- M

(58)
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Fig. 6. The mechanism of an acoustical element for a one-chamber muf-
fler with rever se-flow perforated ducts.

or

_ Mk, _
P o = M2 Tgl TS& 2 [
(pocoalJ -° |:T821 TSZ,2:|(poCoU2J (5b)

where

P = p(0,0); P, = pi(L,0); T = 1y (0,0); T, = uy (L, 0);

kL oKy
T =cos| ——|; T =jsin :
g‘.l.,l |:1_ij| S‘.LZ J |i1_M12:|

Ky e o] K
1—M2}'TS]2’2_COSL Mz} (5¢)

1 — WV

TSL, = jSin|:

2. Transfer Matrix of a Rever se-flow Perforated Duct

As shown in Fig. 6, there are six nodes located inside the
acoustical field. Based onthe derivationfrom Munjal et al. [7],
the continuity equations and momentum equations with re-
spect to the inner and outer tubesin the first chamber are listed
bel ow.

Inner tube 1:
continuity equation

P %4_4/)0 Uz,s"'aﬁzo (6)

V'
ox D ot

2 9x

momentum equation

0 0 op
4V, = —L2_0
p"(aﬁ 2ax)”2+ ox @)

Inner tube 2:
continuity equation

V4a& 0%_4p0 u34+a&:0 (8)
ox ox Dy ™ ot
momentum equation
0 0 ap
—+V,— |u,+—=>=0 9
po(at 4 an o )
Outer tube:
continuity equation
ou, dp 4D, p 4D
— V2 Lo Uy, + 2 u
®ox °ox D?-D?-D2 ?*° Dj—Df—D§p° 23
9p;
ot (10)
momentum equation
) d ap.
— 4V, — U, +22=0 11
po(at 3 axj 5 X (11)

Assuming that the acoustic wave is a harmonic maotion

px, 1) = P(x) - e!* (12)
under the isentropic processes in ducts, it yields
P(X) = p(¥)-c; (13

Assuming that the perforation along the inner tubes is
uniform (ie. d&/dx = 0), the acoustic impedance of the perfo-
ration (po G &) is

P2 (%) — Ps(X)

Po Gy &= U, (%) (14)
.6, & = PR as)

where &, &, are the specific acoustical impedances of the
inner perforated tubel and tube 2, respectively. According to
the formula of & developed by Sullivan [13] and Rao [10], the
empirical formulations for the perforation with or without
mean flow are adopted in this study.

For perforates with stationary medium, we have

& =[0.006+ jK(t, +0.75dh)] /7, (16a)

&, =[0.006+ jk(t, +0.75dh,)] /7, (16b)
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For perforates with grazing flow, we have

& =[0514D,M, /(Lo7,) + j0.95k(t, +0.75dh)] /7, (17a)

&, =[0.514D,M, /(L.7,) + j0.95k(t, +0.75dh,)] /7,  (17b)
where dh; and dh, are the diameters of the perforated holes on
inner tube 1 and tube 2; t; and t, are the thickness of the inner
perforated tube 1 and tube 2; 77, and 77, are the porosities of the
perforated tube 1 and tube 2.

The available ranges of the above parameters are [10]

M: 0.05< Mj, M < 0.2 (18a)
n:0.03< 771, 7,< 0.1 (18b)

t: 0.001 <ty, t,< 0.003 (18¢)

dh: 0.00175 < dhy, dh, < 0.007 (18d)

Eliminating Uy, Ug, Uz, Uz, 02, p3 and p, using from
(6)~(18) yields

D’+oD+a, oa,D+a, 0 P, (X)

oD + o D?+0o,D+a a,D+ 0oy, p;(X)

0 a,D+a, D*+a,D+ay, || p,(X)

0
=0 (193)
0
d
where D=— (19b)
dx
o= JMZZ(Zk—j 4 ] (190)
1-M; D¢
o=t Z(kz—j 4"} (19d)
1-M; D,¢
AL N, (19%)
1-M; D¢
j 4k
oy =—— . (19%)
1-M; D¢
M 4D

o =—2 ! (199)

1-M; (D) -Df -D))é

O = ] 2 N2 4k2Dl 2 (19h)
l_Ms (Do _Dl _D2)§1

oMy (Zk_ 40,  __ j4p, J
1M (DZ-D7-D})§ (DZ-Df-D})¢,
(290)
by L (2_ j4KD, ~ jakD, j
° 1-Mg{" (DI-D{-D))§ (DI-D/-Dj)S
(19)
e (19K)
1- 3 (Do_Dl_DZ)é:Z
] 4kD,
o 1—M§((D§—D5—D§)cfz %
M, ( 4
11 1—M§[D2§2j ( )
j 4k
12 1—M§[D2§2J ( )
-iM, 4
o, = 2k — 190
13 1—Mf[ Jszzj ( )
1 4k
. k? — 19
14 1—M§( szzj ( p)
Developing (19a) yields
p;+051p'2+0!2p2+0(3p‘3+0!4p3=0 (20a)
0P, + 0Py + Py + 0 Py + 0Py + 0P, + 0P, =0 (20D)
2 pla+a12 p; + p:l+al3 p;1+0‘14 p,=0 (20c)
. dp . dp . dp
P T P Ve P = e
Po=Y4 P3=Y5 Ps=VYs (21)

According to (20) and (21), the new matrix between {y’}
and{y} is
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v [~ —¢ 0 -, —, O |[y]
ylz 0 —0; —0y —Q —Qg —O || Y,
y.3 _ 0 -oy 43 0 -0, -4, Ys (223)
Y, 1 0 0 0 0 0 ||y,
vilo 1 0o o o o]y
i Ve ] Lo 0 1 0 0 0 || Y|
which can be briefly expressed as
{yl=[aly} (22b)
Let {y} =[TT{T} (233)
whichis
dp, /dx | _Hl,l I, I, I, ILg Il T T |
dp, / dx I, M,, I3 I, I,s ILg|T,
dp, / dx _ I, M, Il I, Iz Tlhe || Ty
P, I, M,, I,; I, M, T[T,
Ps g, T, I I, TIgs Il || Ty
L P | Mgy Mg, Tgy Iog, Tlgg Tlge || T |
(23b)

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

vectors Iy, of [A] ..

Combining (23) with (22) and then muiltiplying [I1]™ by
both sides, we have

[r] " [r}{T} =[] " [A][r1]{T} (24)
Set
4 0 0 0 0 O]
04 0 0O 0 O
e |0 0 4 0 0 O
[ =InTAl= g g s 4 o o] @
0 0 0 0 4 O
|0 0 0 0 0 4]
where /; isthe eigen value of [A].
Equation (23) can be thus rewritten as
{r'l=[e]{r} (26)

Obvioudly, Eq. (26) is a decoupled equation. The related
solution yields
Ty =ke" (27)

Using (7), (9), (11), (23) and (27), the relationship of the
acoustic pressure and the particle velocity yields

p2 (X) ] El 1 El 2 El 3 E1,4 El 5 El 6 kl
Ps(X) E,, E,, E,3 E,y E,s Eyellk
p4 (X) — E3,l E3,2 E3,3 E3,4 E3,5 E3,6 k3
PoCoU; (X) E,, E,, Es;s Eiu Eus Eig ||k,
pOCOU3 (X) E5,1 E5,2 E5,3 E5,4 E5,5 E5,6 k5
| PoColy (X) | | Ee: Ego E¢s Eos Egs Egg | | Ks |
(283)
where E,, =T1,,&" (28b)
E, =II;,e" (28¢)
E,; =1 e (28d)
A
E, = _.e— (28¢)
' jk+M,A4
I, e*
E,=——">—— (28f)
' jk+M,4,
B, = e (289)
5 = T ik+ M, A 9
Taking two cases of x =0 and x = Lcinto (28) yields
p,(0) ] K, |
p;(0) kf,
0 kf
PO | gy s (299)
PaCoU, (0) Kf,
pocou3 (O) I(f5
_pocou4(0)_ _kf6_
p (L) | [Kf, |
Ps(Lc) kf,
P, (Le) kf
AN (] (290)
PoCoUr (L) K,
PoCols(Lc) Kfs
_pocou4(LC)_ _kfﬁ_
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Combining (29a) and (29b), the resultant relationship of the
acoustic pressure and the particle vel ocity between x = 0 and x
= Lc becomes

P (0) | p(le) |
p;(0) ps(Le)
PO |yl Pulle) (304
PG, (0) PoCols (Le)
PoCoU3(0) PoCeUs(Le)
| PoCoUs (0) | | PoCols (L) |
where [Y] = [E(Q)][E(L.) [* (30b)

To obtain the transform matrix between theinlet (x = 0) and
theoutlet (x = Lc) of theinner tubes, four boundary conditions
for the outer tube at x = 0 and x = Lc are placed in the calcu-
lation.

ps(0) _

R j p,c, cot(kL,) (319)
%}jp& cot(kl) (31b)
% =i p,c, cot(kLy) (310)
% = i p.c, cot(kLy) (31d)

By combining (31a)-(31d) with (30) and developing them,
the transfer matrix yields

Pa(Lc)

{ p,(0) }_{TPRFZM TPRFZLZH
- PoCols(Le)

328
£,C,U,(0) TPRF2,, TPRF2,, } (329)

or inabrief form
D TPRF TPRF D
p2_ — 21,1 21, 2 p4_ ( 32b)
£,C, U, TPRF2,, TPRF2,, || p,c.U,
where

|_32 = pz(o); 'jz = UZ(O); ﬁ4 = p4(|-c); 'j4 :_u4(|-c);

H HsH
TPRF2,, =15 TPRF2,, =—— | st _py .
H17 pOCO H17

TPRF2,, = 2% TPRF2,, = %;

17 19
Ky = p,C[ Y, — JY,; cot(kly)];
Ky, =p,6[Y s —jY,, cot(KLp)];
Kz = PoCol Y16 — ] Y15 COt(KL)];
Ky = p,Cl Y54 — jY,; cot(kLy)];
Kao = PoCol Y 25 — JY o, COt(KLg)];
Kas = PoCo[ Y 26 = ] Y 55 COL(KLg)];
Ks = p,C[Y 3, — ] Y5 cot(kly)I;
Ka = p,Col Yas — j Y5, cot(kLy)];
Kas = PCo[ Y36 — ] Y 55 COt(KLg)];
Ka = PGl Y 4y — jY, cot(kLy)];
Kaz = PoCol Y 45 = J'Y 4 COt(KLg)];
Kas = PoCo[ Y 46 = JY 45 COL(KLg)];
Ke, = p,C[Ye, — JY, cot(KLg)];
Ke, = p,Col Yo — j Y, COt(kLy)];
Kes = p,C[ Y — Y55 COt(KL,)];
Kei = PoCol Yo, — Y4, COt(KLS)];
Kez = PoCol Y5 — ] Y g COt(KLg)];

Kes = PoCol Yes = 1Y g5 COU(KLE)I;

H. — jeot(KL,) K, =K, |

_ jeot(KL,) - Kgz — Koy
' K21_ jK51 COt(kLA) vl

K21_ jK51COI(kLA) ,
Hy = KyH; + K Hy = Ky Hy + Kigs Hy = Ky Hy + Ky,
He = Ky H, + Ky Hy = Ky Hy + Ky Hg = Ky H, +Kg;

pocoHlo

Hg = Ko H; +Kepi Hyg = K Hy + Kggy Hyy = —————1
H7H10_H8H9
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_pocoHS pocoH9
Hyp=—"""—"—/Hy=—=">——
H7H10_H8H9 Hng_H7H10
_pocoH . .
Hy, = ——"—— H=HH,, +H,Hy;

H8H9 - H7H10 ,

Hie =HsH, +HHy, Hy, =HHy + HoHygs

Hig =HsH,, + HgH,, (320)

3. Sound Transmission L oss

( 51 ]:elek(L1+LA)/(1Mf) TSll,l TS:I‘LZ( ﬁz ] (33)
pocoﬁl TS]'Z,l TS]'Z,Z poCoUZ

p, | |TPRF2,; TPRF2, P (34)
2,60, ) |TPRF2,, TPRF2,, || p,c.0,

54_ :e—jM4k(L1+LA)l(l—Mf) TSSl,l TSS_LZ ﬁs_ (35)
LoCols TS3,, TS3,, [ p,C.Us

The total transfer matrix assembled by multiplicationis

[
PoColhy

A My (LitLla)  Mg(L+La)
:efjk[ PRYEEEWYY, }|:T811,1 TSI1,2:| (36)
1SL, TSL,
TPFR2,, TPRF2, | TS3, TS3, Ps
TPRF2,, TPRF2,, || TS3,; TS3,, [{ p,C.Us
A simplified form in the matrix is expressed as
[ P, jz T sz[ P j @)
pocoq Tzl T;z poCoUS

Under the assumption of afixed thickness of the tubes (t; =
t,=0.001 m) and the symmetric design (La = Lg = (Lz- L¢)/2),
the sound transmission loss (STL) of amuffler isdefined as[7]

STL(Q, , Aff,, Aff,, Aff,, Aff,,dh,,77,,dh,,77,)

T +T,+T, +T, 383
:Iog[| 1nT e - 21 22|]+10|0g(%] (389)

where

Aﬁ]_ = LzlLo, Aﬁz = Lcle, Aff3 = DllDo, Aﬁ4 = D2/Do,
Lo=Lau+tlmblo=Li+tLlgLlz=La+ Lg+ Lg

LA = LB = (Lz-Lc)/z (38b)

4. Overall Sound Power Level

The silenced octave sound power level emitted from a si-
lencer’soutlet is
SWL, = SWLO, - STL, (39
where (1) SMLO; is the original SWL at the inlet of a muf-
fler (or pipe outlet), and i is the index of the oc-
tave band frequency.

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

(3) SWL; is the silenced SWL at the outlet of a muf-
fler with respect to the relative octave band fre-
guency.

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

5  SM,/10
SM,=10*log>'10 '}
i=1
[SMLO( f =125)— [SMO( f =250)—
105[L(f:125)] +1OSTL(T:250)]/10

[SALO( f =500)— [SALO( f =1000)— [SALO( f =2000)—
11OSTH(F=500]/10 | 1 STL(T=1000]/10 | )STL(f=2000)//10

=10*log

(40)

5. Objective Function

By using the formulas of (38) and (40), the objective func-
tion used in the GA optimization was established.

1) STL Maximization for a One- Tone () Noise

OBJ, = STL(Q, f, Aff,, Aff,, Aff,, Aff,,dh,7,,dh,,77,)  (41)

2) SWL Minimization for a Broadband Noise
To minimize the overall SWL+, the objective function is

OBJ, = SWL, (Q, Aff,, Aff,, Aff,, Aff,,dh,7,,dh,,7,)  (42)

The related ranges of parameters are

f =300 (Hz), Q = 0.01 (m%¥s); D, = 0.5 (M), L, = 0.5 (m);
Aff1: [0.2, 0.8]; Aff,: [0.2, 0.8]; Affs: [0.1, 0.3]; Affy: [0.1, 0.3];
n1: [0.03, 0.1]; dhy: [0.00175, 0.007]; #2: [0.03, 0.1];

dhy: [0.00175, 0.007] (43)
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Fig. 7. Performance of a one-chamber reverse-flow perforated muffler
[D; = 0.0493 (m), D; = 0.0493 (M), Do = 0.1481 (m), La = Lg =
0.0064, L. =0.1286 (m), t; = t, = 0.0081 (m), dh, = dh, = 0.0035 (m),
M = 12 = 0.039, M; = 0.1] [Analytical data is from Munjal et al.
(8ll-

I11. MODEL CHECK

Before performing the GA optimal simulation on mufflers,
an accuracy check of the mathematical model on aone-chamber
muffler with reverse-flow perforated tubes is performed by
Munjal et al. [8]. As indicated in Fig. 7, the accuracy com-
parisons between theoretical data and analytical data are in
agreement. Therefore, the model of one-chamber mufflers
with reverse-flow and perforated tubesin conjunction with the
numerical searching method is acceptable and adopted in the
following optimization process.

IV.CASE STUDIES

In this paper, the noise reduction of a space-constrained air
compressor is exemplified and shown in Fig. 1. The sound
power level (SAWL) inside the air compressor’s outlet is shown
in Table 1 where the overall SAL reaches 126.8 dB. To de-
press the huge venting noise emitted from the compressor’s
outlet, a one-chamber muffler hybridized with reverse-flow
tubesisconsidered. To obtain the best acoustical performance
within a fixed space volume, numerical assessments linked to
a GA optimizer are applied. Before the minimization of a
broadband noise is executed, a reliability check of the GA

Table 1. Unsilenced SWL of an air compressor insidea duct

outlet.
Frequency - Hz 125 250 500 1000 | 2000
SWLO - dB 120 125 118 105 100

Start

set pc, pm, genno,
pops, bitno

|initialize populationl—l randomly selection |

-z OBJ function
I | decoding |€—

if iteration

1 program
reach bitno?

|

|

> |
terminate |
|

|

|

uniform

crossover

tournament selection
for Elitism

if new v
population > mutation

is built?

Yes

Fig. 8. Flow chart of the GA.

method by maximization of the STL at atargeted one tone (200
Hz) has been carried out. As shown in Figs. 1 and 2, the
available space for amuffler is0.5 minwidth, 0.5 min height,
and 0.5 m in length. The flow rate (Q) and thickness of a
perforated tube (t) are preset as 0.01 (m?s) and 0.001 (m),
respectively; the corresponding OBJ functions, space con-
straints, and the ranges of design parameters are summarized
in (41)~(43).

V.GENETIC ALGORITHM

The concept of Genetic Algorithms, first formalized by
Holland [4] and then extended to functional optimization by D.
Jong [5], involves the use of optimization search strategies
patterned after the Darwinian notion of natural selection.

Asthe block diagram indicates in Fig. 8, the techniques of
tournament selection, gene mutation, and the gene’s uniform
crossover are adopted in the GA process.

For the optimization of the objective function (OBJ), the
design parameters of (Xi, Xa,...,.X) were determined. When
the bitno (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
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Fig. 9. Scheme of elitism by tournament selection.
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Fig. 11. Scheme of mutation.

[0DOOO0Oe e e 000~1111e e e 111]
bit bit

was then built. The encoding from x to B2D (binary to deci-

mal) can be performed as

B2D, = integer {ﬂ(zbit —1)} (44)

Ul - Lh

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
changed from binary form to decimal form was then assigned
afitness by decoding the transformation system.

fithess = OBJ(Xl, ) O Xk)

(459)

where

GA population
doml e m= =) i i

ran Or.n 2 Omm oo /_b'L keX<} fEL
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Fig. 12. Operationsin the GA method.

X¢ = B2D* (Uby-Lby)/(2%-1) + Lby (45b)

Asindicated in Fig. 9, to process the elitism of a gene, the
tournament selection, a random comparison of the relative
fitness of pairs of chromosomes, was applied. During the GA
optimization, one pair of offspring from the selected parent
was generated by uniform crossover with a probability of pc.
The scheme of uniform crossover is shown in Fig. 10. Ge-
netically, mutation occurred with a probability of pm where
the new and unexpected point was brought into the GA opti-
mizer’'s search domain. The scheme of mutation is shown in
Fig. 11.

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. 12.

VI.RESULTSAND DISCUSSION

1. Result

To achieve good optimization, five kinds of GA parameters,
including population size (pops), chromosome length (bitno),
maximum generation (genno), crossover ratio (pc), and muta-
tion ratio (pm) are varied step by step during optimization.
The optimization system is encoded by Fortran and run on an
IBM PC - Pentium IV. The results of two kinds of optimiza-
tions — one of the pure tone noises used for GA's accuracy
check and the other of broadband noise occurring in an air
compressor room — are described below.

1) Pure Tone Noise Optimization

Twelve sets of GA parameters are tested by varying the
values of the GA parameters. The simulated results with re-
spect to the pure tone of 200 Hz is summarized and shown in
Table 2. Asindicated in Table 2, the optimal design data can
be obtained from the last set of GA parameters at (pops, bit,
genno, pc, pm) = (120, 15, 80, 0.9, 0.05). Using the optimal
designin atheoretical calculation, the optimal STL curveswith
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Table 2. Optimal STL for a one-chamber muffler with

reverse-flow ducts (at a targeted tone of 200 Hz).

Item

21

GA parameters

Pops

bitno

genno

pc

pm

Results

501
— pm=0.05pc=03
pm=0.05pc=0.6
45+ ---- pm=0.05pc=0.9

60

10

20

0.3

0.05

Affl

Aff2

Aff3

Aff4

STL
(dB)

Affl

Aff2

Aff3

Aff4

0.6757

0.7818

0.2263

0.1600

N

dhy(m)

N2

dhy(m)

35.8

60

10

20

0.6

0.05

Affl

Aff2

Aff3

Aff4

STL
(dB)

0.7232

0.7859

0.1979

0.1772

1

dhy(m)

N2

dhy(m)

0.03609

0.00547

0.0917

0.00513

37.8

60

10

20

Affl

Aff2

Aff3

Aff4

STL
(dB)

0.6833

0.6205

0.1108

0.2486

N1

dhy(m)

N2

dhy(m)

0.07393

0.00419

0.0854

0.00613

40.3

60

10

20

0.9

0.03

Affl

Aff2

Aff3

Aff4

STL
(dB)

0.7818

0.7085

0.2187

0.2554

n

dhy(m)

N2

dhy(m)

0.08009

0.00236

0.0415

0.00633

31.0

60

10

20

0.9

0.07

Aff1l

Aff2

Aff3

Aff4

STL
(dB)

0.7038

0.7877

0.1393

0.1882

N

dhy(m)

N2

dhy(m)

0.08385

0.00191

0.0913

0.00677

35.2

90

10

20

Affl

Aff2

Aff3

Aff4

STL
(dB)

0.7208

0.7707

0.1233

0.2801

M1

dhy(m)

N2

dhy(m)

0.09446

0.00254

0.0755

0.00259

36.5

120

10

20

Aff 1

Aff2

Aff3

Aff4

STL
(dB)

0.7994

0.7836

0.1049

0.1663

N

dhy(m)

N2

dhy(m)

0.08597

0.00300

0.0970

0.00432

32.7

120

20

Affl

Aff2

Aff3

Aff4

STL
(dB)

0.7994

0.7930

0.1538

0.1166

N1

dhy(m)

N2

dhy(m)

0.09124

0.00291

0.0729

0.00530

57.2

120

20

20

Affl

Aff2

Aff3

Aff4

STL
(dB)

0.7900

0.7202

0.1297

0.1409

n

dhy(m)

N2

dhy(m)

0.09836

0.00232

0.0761

0.00280

475

10

120

25

20

Affl

Aff2

Aff3

Aff4

STL
(dB)

0.7050

0.7707

0.1037

0.2648

N

dhy(m)

N2

dhy(m)

0.09898

0.00261

0.0768

0.00636

375

11

120

Affl

Aff2

Aff3

Aff4

STL
(dB)

0.7971

0.7994

0.1022

0.1000

1

dhy(m)

N2

dhy(m)

0.09610

0.00358

0.0895

0.00513

60.6

12

120

1B

Aff1

Aff2

Aff3

Aff4

STL
(dB)

0.7988

0.7947

0.1913

0.2429

N

dhy(m)

N2

dhy(m)

0.09685

0.00195

0.0344

0.00517

62.1
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Fig. 13. STL with respect to frequency at various pc and pm [tar get tone
of 200 HZz] [at pops = 60, bitno = 10, genno = 20].
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Fig. 14. STL with respect to frequency at various pops and bitno [tar get
tone of 200 HZ] [at pc = 0.9, pm = 0.05, genno = 20].
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Fig. 15. STL with respect to frequency at various genno [target tone of
200 HZz] [at pc = 0.9, pm = 0.05, pops = 120, bitn0 = 15].
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Table 3. Optimal SWL for a one-chamber muffler with
rever se-flow ducts (for a broadband noise).

GA parameters Results
Pops|bitno|genno| pc | pm
10| 80 [0.9|0.05| Aff1 Aff2 Aff3 Aff4 (dB)T
120 0.7994 | 0.7883 | 0.2007 | 0.1178 | 82.9
m | du(m) | mp | dhy(m)
0.09063|0.004218|0.06421|0.003048
1401
— Original SWL
—— after noise abatement
120f — T~
K‘\‘_‘_‘_‘_\_‘_‘_‘_—‘_“
100
% 80
=
= 60F
40+
20+

0 1 1 1 ! 1 1 1 1 1 I
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Frequency [Hz]

Fig. 16. SWL with respect to frequency [broadband noise] [at pc = 0.9,
pm = 0.05, pops = 120, bitn0 = 15, genno = 80].

respect to various GA parameters are plotted and depicted in
Figs. 13-15. Asrevealedin Figs. 13-15, the STLs are precisely
maximized at the desired frequencies.

2) Broadband Noise Optimization

By using the above GA parameters, the muffler’s optimal
design data for one-chamber mufflers hybridized with re-
verse-flow perforated ducts used to minimize the sound power
level a the muffler’s outlet is summarized in Table 3. As
illustrated in Table 3, the resultant sound power levels with
respect to three kinds of mufflers have been dramatically re-
duced from 126.8 dB(A) to 82.9 dB(A). Using this optimal
design in a theoretical calculation, the resultant SWL before
and after adding the muffler at the outlet is shown in Fig. 16.
As shown in Fig. 16, the muffler has the best acoustical per-
formance. Based on plane wave theory, the proposed available

theoretical cutoff frequencies of fc, [ f,= 1.84|ch0 (1-M2)y 2]
T

is2002 Hz.

2. Discussion

To achieve a sufficient optimization, the selection of the

appropriate GA parameters set is essential. As indicated in
Table 2, the best GA set at the targeted pure tone noise of 200
Hz has been shown. Using the appropriate GA set at the tar-
geted pure tone (200 Hz), the related optimal STL curves are
plotted in Figs. 13-15. The Figs. 13-15 reveal the predicted
maximal value of the STL is precisely located at the desired
frequency. Therefore, using the GA optimization in finding a
better design solution isreliable; moreover, in dealing with the
broadband noise, the GA's solution shown in Table 3 and Fig.
16 can also provide the appropriate and sufficient sound re-
duction under space-constraint conditions. As can be observed
in Table 3, the overall sound transmission loss of the one-
chamber muffler with reverse-flow perforated ducts reaches
43.9dB.

VIl. CONCLUSION

It has been shown that one-chamber mufflers hybridized
with reversed-flow and perforated ducts can be easily and
efficiently optimized within alimited space by using a gener-
alized decoupling technique, a plane wave theory, a four-pole
transfer matrix, as well as a GA optimizer. Five kinds of GA
parameters (pops, genno, bitno, pc, pm) play essential rolesin
the solution’s accuracy during GA optimization. Asindicated
in Figs. 13-15, the tuning ability established by adjusting de-
sign parameters of mufflersis reliable. In addition, the appro-
priate acoustical performance curve of one-chamber mufflers
with reverse-flow and perforated ducts in depressing overall
broadband noise has been assessed. As indicated in Table 3
and Fig. 16, the overall sound transmission loss of mufflers
reaches 43.9 dB. Consequently, the approach used for the
optimal design of the STL proposed in this study isindeed easy
and quite effective.
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