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SHAPE OPTIMIZATION OF ONE-CHAMBER
MUFFLERS WITH PERFORATED INTRUDING
TUBES USING A SIMULATED
ANNEALING METHOD

Ying-Chun Chang*, Min-Chie Chiu**, and Wang-Chuan Liu*
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ABSTRACT

It has been noted that the application of high performance,
compact mufflersisthe future for modern factories where place
isat a premium. However, as research on mufflers equipped
with extended tubes has been exhausted, and frankly at the
juncture, shown to be inadequate (unsuitable), attention has
turned to mufflers conjugated with perforated intruding tubes
which can dramatically increase acoustical performance.
Therefore, the focus of this paper is not only to analyze the
sound transmission loss (STL) of a one-chamber open-ended
perforated muffler but also to optimize the best design shape
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. Additionally,
asimulated annealing (SA), arobust scheme used to search for
the global optimum by imitating the metal’s heating process,
has been used during the optimization process. Before dealing
with a broadband noise, the STL's maximization with re-
spect to a one-tone noise is introduced for a reliability check
on the SA method. Also, an accuracy check on the mathe-
matical mode is performed. To appreciate the acoustical ability
of the new mufflers, traditional mufflers, including a ssimple
expansion muffler as well as a non-perforated intruding-tube
muffler, have been assessed. Results reveal that the maximal
STL isprecisely located at the desired targeted tone. In addi-
tion, the acoustical performance of mufflers conjugated with
perforated intruding tubes is found to be superior to the tradi-
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tional mufflers. Consequently, the approach used for the op-
timal design of the noise elimination proposed in this study is
quite effective.

. INTRODUCTION

To overcome the low frequency noise emitted from venting
systems, mufflers have been continually used [8]. Research
on mufflers was started by Davis et al. in 1954 [4]. Based on
the plane wave theory, studies of simple expansion mufflers
without perforated holes have been made [6, 10, 15]. Toin-
crease amuffler’ sacoustical performance, the assessment of a
new acoustical element — internal perforated plug tubes —
was discussed by Sullivan and Crocker [19]. On the basis of
the coupled differential equations, a series of theoretical and
numerical techniques in decoupling the acoustical problems
have been proposed [16-18, 20]. In 1981, Jayaraman and
Y am [5] developed a method in finding an analytical solution;
however, a presumption of the velocity equality within the
inner and outer duct, which is not reasonable in the real world,
is required. To overcome this drawback, Munjal et al. [12]
provided a generalized de-coupling method. Regarding the
flowing effect, Peat [14] publicized the numerical decoupling
method by finding the eigen value in transfer matrices.

In order to maintain a steady volume-flow-rate in aventing
system, a muffler’s back pressure within an allowable range
is compulsory. Therefore, Wang [21] developed a perforated
intruding-tube muffler (alow back-pressure muffler with non-
plug tubes inside the cavity) using BEM (boundary element
method). However, the need to investigate the optimal muffler
design within certain space constraints is rarely seen. In pre-
vious work [1-3, 22], the shape optimization of a low back-
pressure muffler (a one-chamber simple expansion muffler
and a one-chamber conjugated muffler with non-perforated
intruding tubes) using a GA (genetic algorithm) and gradient
methods within a space-constrained situation has been ad-
dressed; yet, the acoustical performance of above mufflersis
still insufficient. In order to efficiently improve the perform-
ance of the noise control device and maintain a steady volume-
flow-rate within a space-constrained situation, an optimal
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Fig. 1. Noiseelimination of afan noiseinside alimited space.

design on a one-chamber muffler equipped with perforated
intruding tubes is presented. In this paper, the four-pole sys-
tem matrix for evaluating the acoustic performance — sound
transmission loss (STL) — is derived by using a decoupled
numerical method. A SA method patterned after the Darwin-
ian notion of natural selection is applied in this work.

[I. THEORETICAL BACKGROUND

In this paper, a one-chamber muffler with perforated in-
truding tubes was adopted for noise elimination in the fan
room shown in Fig. 1. Before the acoustica fields of the
mufflers are analyzed, the acoustical elements have been dis-
tinguished. As shown in Fig. 2, three kinds of muffler com-
ponents, including three straight tubes, a perforated intruding
inlet tube, and a perforated intruding outlet tube, are identified
and symbolized as I, Il, and IIl. In addition, the acoustic
pressure p and acoustic particle velocity U within the muf-
fler are depicted in Fig. 3 where the acoustical field is repre-
sented by six points.

The muffler system is composed of three kinds of acousti-
cal elements. Theindividua transfer matrix derivations with
respect to three kinds of acoustical mechanisms are described
as below.

1. Transfer Matrix for a Sraight Tube

For a one dimensional wave propagating in a symmetric
straight tube shown in Fig. 3, the acoustic pressure and particle
velocity are

p(x,t) = (kle*JWl(1+M) + kg faa-m) )ejm 1

u(x,t):[ K o ikx/(eM) _ k, e+jkx/(1vv|)jej\m @)
pOCO pOCO

Considering boundary conditions of pt 0 (x = 0) and pt 1
(x=1L), Egs. (1) and (2) can be rearranged as

P00 ) [1 1](k
[POCOUO(O,O))_L _1:|[k2j ©)

—
u, Pps

P, U, V‘ Y2 5 * {Ds Us V

y | |

I \

) )

Fig. 2. Acoustical elements in a one-chamber muffler hybridized with
perforated intruding tubes.
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Fig. 3. The outline dimension and acoustical field in a one-chamber muf-
fler hybridized with perforated intruding tubes.

pl(L,O) ~ e—jk*L e-¢—jk’L k1
(pocoul(L,O)J_ij _é—jkL}(kz) (43)
where
Kk
k _1+M1’k _1—M1' L=L+L, (4b)
A combination of (3) and (4) yields
[ (0.0 J
P.Gu,(0,0)
kL+L)) o (kL +L)
g KL+L) k(L +L,) ) [\PGu(L0)
: 1-M? 1-M?
(54)
or
_ Mgk (L +Ly) _
P | i Towz | TShy TSLp | B
(pocouoj_e |:TS]?1 TS]2,2:|(poC0Ul] (Sb)
where

Po = P6(0,0); P, = pi(L,0); U, = Uy (0,0); T = uy (L, 0);
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- cog KL+Ly) | (L+L)
TSlll—cos{ Ve :|,TS:|.L2—jS|n|: 1-M? }
TSL, = jsin{k(ll'l:ﬂl' )} TSL,, = cos{%} (5¢)

Similarly, the transfer matrix between pt 5and pt 6 is

_ | Msk _
Ps —e vz 182, TS2, Ps (6a)
PoCoUs T1S2,, TS2,, |( p,C.Us
where
kL, . kL
TS2,, = cos 4_1:TS2,, =jsin 4.
e P ]
. kL kL
TS2,, = jsmL_ ,\;52 } ;TS2,, = cosL_ '\;J (6b)

Likewise, the transfer matrix between pt 10 and pt 11 is

( B J eJMl‘f_‘;j:L’) {TS% TS%,Z}[ Py j 73
TS3,, |\ PoColy

PoColl 1S3,
where
k(Ls+L,) k(L + L)
T =cos| —2—12 | T =jsin| —2—721:
831,1 |: 1_ Mlzo :| S31,2 J |: 1_ Mlzo
| k(L + L, k(L. +L
TS3,, = an{%} TS3,, = {ﬁ} (7b)
—Who — Who

2. Transfer Matrix of a Perforated Intruding Inlet Tube

To analysis the acoustical mechanism of element (11), a
detailed acoustical field represented by five points is depicted
inFig. 4. Based on Sullivan and Crocker’sderivation [19], the
continuity equations and momentum equations with respect to
inner and outer tubes at nodes 1 and 2 are as follows.

Inner tube:
continuity equation

I, O 4P . 0P,
v, Py Poy+ P2 g 8
ox Pox o, ®)

momentum equation:

5 a) o
v, 0 9
p°(8t+ axju'l+ ax ®)

| ! P X-aX1S

14

Ds Us
Ms ss

Fig. 4. The acoustical mechanism of a perforated intruding inlet tubes.

Outer tube:
continuity equation

Ny 4Dppy \ 9P2 _

- 10

Poox TD2-DZ ot (10
3 3)  ap,

—==0 11

p°£8t axj””ax (1)

Assuming that the acoustic wave is a harmonic motion

p(x,t) = P(x)-e* (12)
Under the isentropic processesin ducts, it has
P(X) = p(¥)-c; (13

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

(PoCo5 ) IS

p(X) - p,(¥)

e (14)

PoCoS =

where ¢ is the specific acoustical impedance of the perforated
tube. According to the experience formula of ¢ developed by
Sullivan [19] and Rao [16], the empirical formulations for the
perforate tube with and without mean flow have been adopted
in this study.

For perforates with stationary medium, we have

¢ =[0.006+ jk(t+0.75dh)]/n (154)
For perforates with grazing flow, we have
¢ =[7.337x107°(1+72.23M)
+]2.2245%107° (1+ 51t)(1+ 204dn) f ]/ (15b)
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where dh isthe diameter of the perforated hole on inner tube, t
is the thickness of inner perforated tube, and 7 is the porosity
of the perforated tube.

The available ranges of above parameters are

005= M= 02003= 5= 01,0001 =

t = 0.003; 0.00175 = dh = 0.007 (15¢)
By substituting (12)-(14) into (8)-(11), we have
d>  jM; | KZ+K?* |d 2
- J 12 a g, ka _ip,
dx* 1-M; k dx 1-M;
M |K2-K*|d K-k
=— —_—— 168
{l—Mf{ k |dx 1-M2 P2 (162)
0 d d
—+V,— |u+—p, =0 16b
po(at 1axju1 aXpl ( )
d? M, | kZ+k* |d k2
W2 2 ol z( P2
d? 1-MZ| k |dx 1-M?
; 22 22
- JM22 kb k i_kb k2 pl (16C)
1-M; k dx 1-M,
d ) d
—+V,— u,+—0p, =0 16d
po[at 2axj 2755 P, (16d)
where
V.
k:Q;Mj:_J;j:],Z;kakZ_jik;
c c D,¢
L e e ST L
(D; -D3)¢ dg (dz_dl)é:
Eliminating u; and u, by the differentiation and substitution
of (16) yields
2 0
D*+aD+e, 2053D+0:4 Pol_ (173)
oD + o D°+o,D+og || P, 0
where
H 2 2 2
D=i;a1=— JM12 ka+k V0, = ka 2;
dx 1-MZ{ Kk 1- M

M, (KZ-K? k2 —K?
o=t roy = A |;
1-M; k 1- M/

; 22 2 2
g=Ms (K (16-K)
1-M2( k 1-M

T 11—'\:/:22 [kfzkz } %= 1—kb|\2/|22 (170)
Developing (17a), we obtain
P +onp +a,p tasp, +a,p, =0 (189)
P+ 0P, + P, + Py + 0P, =0 (18Db)
Let pi=z—zl=yl, p;=%=y2, P=Y: P,=Y, (19

According to (18) and (19), the new matrix between {y'}
and{y} is

A -0 —Qy 0, —0, |V
Yo |_| 7% —0 05 05|, (20a)
A 1 0 0 0 ||y,
Y, 0 1 0 0|y,
which can be briefly expressed as
{y}=[Nl{y} (200)
Let {y} =[@{T} (214)
whichis
dpl / dX Ql,l Ql,Z Ql,S Ql,4 1—‘1
dpz [ dx _ Qz,l Qz,z Qz,3 Q2,4 Fz (21b)
pl Q3,1 £23,2 Q3,3 QS,4 FS
P, Q4,1 Q4,2 Q4,3 Q4,4 F4

[Q] 4x4 isthe model matrix formed by four sets of eigen vectors
Q4><1 Of [N]4><4-

Substituting (21) into (20) and then multiplying [Q]™ by
both sidesyields

el [lfr) =l N[@li} @)
B 0 0 0

sa []-[a) [Nlal- o e 0 @
0 0 0 B
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where A3 isthe eigen value of [N]
Equation (21) can be thus rewritten as

{r}=L2){r}

(24)

Obviously, Eq. (23) is a decoupled equation. The related
solution can then be written as
r =Cce™ (25)

Using (9), (11), (21) and (25), the relationship of acoustic
pressure and particle velocity is

p,(X) H, H,, H,; H,|[k
P,(X) _ H,, H,, H,; H,,|k (263)
PoCol (X) H;, Hz, Hzs Hiyllkg
pocouz(x) H4,1 H4,2 H4,3 H4,4 k4
where
X . X . eﬂx .
H,; =Q3ieﬁ s Hyj :Q4ieﬁ T Hy =—Q) ————;
' ' ' ' ' ' jk + Mlﬂi
Q, et
H,=—7"— (26b)
' jk+M., 5
Substituting x = 0 and x = L¢; into (26) yields
p(0) ] o
P, (0)
: =[H(Q)]| 2 (279)
pocoul(o) C3
pocouz (0)_ C4
ple) | G
P, (L) C
(ke =[H(Le)] 2 (27b)
PoColi(Lc) G
pocouz(LC)_ C4

Combining (27a) and (27b), the resultant relationship of
acoustic pressure and particle velocity between x = 0 and x=
L1 becomes

p.(0) p(Le)
p.(0) (L)
= 28
pocoul(o) [T] pocoul(LC) ( a)
pOCOUZ (O) pOCOuz (LC )

where

N
N
w

~
w

o A

[T]=[HO][H(L)]" = . (280)

H
N

A
w

A
n

e
N
w

N

Let p,(0)=p; Pu(Ley) = Pss W (0) =0 s uy (Ley) = Us;
pz(o) =P, pz('—m) =Py; UZ(O) =Uy; uz('—m) =U,;

Equation (28) can be represented by the new symbols
P Py Py, Py Uy, Ty, Uy and T,

o] Ps
[ P,
=|T 29
pocoul [ ] poCoUS ( )
pOCOUZ pocou4

The equation of mass continuity between point 3 and point
5 with mean flow is expressed in (30)

COIDo%U3 + %MBF_)S
= opoSSU5+CopoSAU4
— Py RKeMsYs VC5_M5pC5/Y5
+SM - : : 30a)
S:'; 5 [ pS Cv po 1_ M52 ( )
or
CupoSsUS + S&MSES
= opoS:':U5+CopoS4U4
—= p(}/_l)K M5Y5 VCS_MSpCS/YS
+S M _ 1o e : . 30b
S.': 5 ( p5 po 1_ M52 ( )
where
’ C
Ke{i— } Y= (300)
S S

A concept of static enthalpy deduced by Munja [11] is
1 MY,

described as
pc,5 ﬁS :|
=M _
|:VC:5 :| 75 1 |:po SSUS

Substituting (31) into (30), we have

(31)
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CopoS’,U3 + SaMsF_Js
_ -1 _ _
= Coposju5 |:l_ (yc ) Y5KeS5M52:| + ( MS% p5 + Copou4S4)
(329)
or
CoPoSUs + SM 5P,
= opossas [1_ Ye:|+ ( M 58555 + CopOU4S4) (32b)
where
v, =Dy am: (320
C0
The equation of momentum for steady flow is
SP; +20,SV,U; + %Mg@
SPs +20,SUs +
55 - —
=—Cy 2 -CLS,P,
SM Vs —Mgp. s /Y,
° (7_1)keM5Y5#5255
(333
wherecy;; =-1;¢cp=1 (33b)

Substituting (32) into (33), we have

S, (1+M3) By + 20,6, SMyT, + G (S + SMZ ) B

C C

0 (o]

2 DK _M2Y.S? _ _
=-Cy [_SS _MJ PoCoUs =G, S4 P, (34)

The equation of energy conservation for steady flow is

Ps + o Val; = D5 + o, VsUs + K, o VU (3549)
or
Ps + o V5l; = P + (14 K,) p ViU (35b)
With the rigid wall at boundary, we have
52_ =—jcot(kL,) (36a)

pocouz

or
P, X, = p,CU,; X, =—]tan(kL,) (36h)
Expanding (29) becomes
P =TuP + TP, + T apoCl + Ty upC 0, (378)
P =Tl +T,,P, +T,30.C0 + T, ,0,CU,  (37b)
PoCols =T, P+ T, P, + Ty 30,C 0 +T,,0,C,0,  (37€)
PoColy =T Py +T,,0, + T, 50,C0 + T, ,0,C.U, (370)

Substituting (36b) into (37a)-(37d) and doing some rear-
ranging, we have

Ps = TP+ (T2 +T10) Po + T1aPColh (383)

Py =T P + (T, + T, X) P, + T,50,C 0 (38b)
PoCUs =T P+ (Ty, + T3, X) P, + T3 50,60, (38¢)
PoCotly =Ty P+ Ty + T, ) P, + TyapoCly (38d)

By substituting (32b), (34), and (35b) into (38a)-(38d) and
eliminating parameters p,, U,, Ps, U;, P,, U, , thesimplified
equations become

— NoNL—N_N, _  N,N.—N;N _
P, = 3'Ne 7'N2 1 4'Ne 8 2,00(:0u5 (393)
Nle - Ns Nz N1N6 - N5N2
_ NL,N. —N-N, _  N,N. —N.N _
P = TN NN, PR, S, P (3
1'Ve — N51N2 11V — N51N2
where

N, = WL -+ WG N, =W, VWY,

N, = -WW, +W; N, = - WW, +WW ;

Ng = -“WWo +WW; ; Ng =WoW,; —WW, ;

N, =W, +W W5 Ng =WW,, +WW,;

Wi =Ty + T31Mg;

Wo =Tip + T1a Xy + (Taz + XiT32)Ms;

Ws =Ty 3+ T33Ms; Wy = (1 + Ke) Ms;

Ws=T31 S+ T1,1SM3— TS

W = (Taz + XiT3,4) S + (T2 + X1T1,4) SM3
—(Taz2+ X1T4,4)S;
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W7 =T3S + T13S Mz — Ty 3S; We = MsS;;

W, = (1-Y, +Y,M2)S;

W, =T,,(1+M2)S, + 2T,,SM; + C,T,,S,;

W, = (T, + X, T, )@+ M2)S, + 2(T,, + X, T, , )SM,
+Cp(T,, + X T,,)S,;

W, =T, ;(1+M?)S; + 2T, ;S M, + C,, T, .S,

W, =Cyy (S + SM3);

W, =Cu[25M, - SM(y-DK.];

(39¢)

Combining (39a) and (39b) into amatrix form yields

mO]_[TPOE, TPOELT B ] 00
poCoL_jl TPOEZl TPOEZZ poCoUS

where

TPOEil — N3N6 B N7N2 ,TPOE12 — N4N6 - N8N2 :
N1N6 - N5N2 N1N6 - N5N2
N,N: —N-N N,N: — N;N

TPOE,, =25 7L TPOE,,=—% 221 (40p)
N,N — NN, N,Ng — NN,

3. Transfer Matrix of a Perforated Intruding Outlet Tube

Similarly, for a perforated intruding tube shown in Fig. 5,
its geometry is symmetrical to the above perforated intruding
outlet tube. Asderived in (8)-(38), the acoustical pressure and
acoustical particle velocity at points 7 and 8 is

Pr = (T34 P +TT 3 X) Py +TT1, Pyp +TT, 40,Co U (413)
P =TT +TT, X)) Py + T, , Byp + TT, 4 0,C, U (41b)
PoCU; = (TTy +TT, 3 X) P +TT5, Py + TT;,0,C, U (41c)
PoCols = (T, +TT, s X) Py +TT, , Bip + TT, 40,C, U (41d)

By substituting and eliminating parameters ( p,, U;, P, Ug,
Py, Uy ) in (41), the simplified equations become

— NN,NN, — NN,NN, _

5 NNGNN, - NN,NN,
® NNgNN, — NN,NN; " *°

C
NN, NN, — NN,NN, Paollo

(42a)

ﬁ"’ us ];7 E7
M ss M; s;
x=0 X = L(‘z .
l } - X-ax1S
Po o
4 ML) So
r o o 1o
V Proliio
Mo sio
P T
Mg sg L¢

Fig. 5. Theacoustical mechanism of a perforated intruding outlet tube.

poCoU6

NN,NN, - NN,NN; _ NNGNN, - NN,NN;
= 0 + pocoulo
NN NN, — NN, NN, NN, NN, — NN, NN,

(42b)

where
A :TT1'1+ 1+ KC)MBTTM;
A =TT, + X,TT ) + L+ K )M (TT,, + X,TT,,) 5
A :Trl,s +(1+ Kc)MsTra,s i A =Mg;

(7_1)KCM82 (7_1)KCM€?

=||1- + TT,
% H 1-M2 1-M? 3T
+ M8 Trl,l + S7-|_|-4,l ’

(y-DKMZ | (y-DK-Mg

B, = {[1— = M°2 8 |+ = MCZ ST, + X,TT,, ]S,
8 8

+ Ms% (Tr12 + X2T|—1,4)+ Sa (Tr4,2 + X21_r4,4) ;

B, {[1_ (y-DK M{ j+ (y-DK .M

1-M7

1— M82 :l SsTrs,s

+MSTT s +STT, 55
B4 = %Me; Bs = Se;
B; =Czl(ss+SaM82)Tr11

+ Czl[zstssa ~§Mg (7-1) KC]-[—I—S,l +CS, T,y 5
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B, =Cy (S +SM;7 ) (T, + X,TT,,)
+Cp[ 25 M, = SM; (7-DKc |(TT,, + X,TT,,)
+Cp,S, (TT,, + X,TT,,);

B, =C,, (S +SM; )T,
+Cp[ 25My —SMJ (7= K, [TT,5+C,,STT, o

B, = §(1+Mg) ; By =25Mg; NN, =B, = AB,;

NN, = A,B, - AB,; NN, = AB, - AB; NN, = AB, - AB;

NN; = B, + AB,; NNg = A,B, + A.B,,; NN, = AB, - A\, ;
NNg = AB, — AB; (42¢)
Combining (42a) and (42b) into amatrix form yields
ﬁe_ _ TPOC,, TPOC, ﬁm_ (430)
PoCols TPOC,,; TPOC,, || £,C,ly
where

NN, NN, — NN,NN,

TPOC,, = ;
Cu NN, NN, — NN, NN,
TPOC,, = NNg NN, — NN, NN
2 NNgNN, — NN,NN,
NN, NN, — NN,;NN
TPOC,, =— 1t —2 5
T NNGNN, — NN, NN,
TPOC, , - NN NN, — NN, NN, (43b)

NNg NN, — NN, NN,
4. Sound Transmission L oss

For combining (5), (6), (7), (40), and (43), the total transfer
matrix assembled by multiplication is

[
pO CO UO

7“{M1(L1+L2)+MskL4+M10(L6+L7)}
e {

M2 1-M2 1-M3

TSL, TSk,
TSL, TSL,

{TPOEM TPOE,, HTSZM

TS2,,
TPOEM TPOEZV2

TS2,, TS2,,

{TPOCM TPOC,, }{qul

TS31,2 r)ll
TPOC,, TPOC,,

_ (44)
TS3,, TS3,, pocoullj

A simplified form in the matrix is expressed as

( P, j:Tfl sz[ r‘)n]
pOCOUO T2*1 T;Z pOCOUll

Under the assumption of afixed thickness of the tubes (t; =
t, = 0.001 m) and the symmetric design (L; = L7 = (Lo-L)/2;

L = Lg = (L+L4)/2)), the sound transmission loss (STL) of a
muffler is defined as [10]

(45)

STL(Q, f,RT,,RT,,RT,, RT,, RT,, RT,, RT,, RT,, RT,, RT,; )
T +T,+T, +T,,
=Iog[ bz oz 22|J+10Iog[i]
2 S

1
where

(46a)

RT1 =L,/Lo; RT2 = L4/L,; RT3 = Ley/la; RTy = Lea/Ly;
RTs = D4/Do; RTe = D2/Dy; RT7 = dhy; RTg = 7715 RTg = dhy;
RTio=1msLe=Lit L+ Ly L= Lat Lo+ Lg;

La= Lo+ Lety L= Le + Les Lu = L7 = (Lo-LD)/2;

La=Lg= (LZ'L4)/2) (46b)

5. Overall Sound Power Level

The silenced octave sound power level emitted from a si-
lencer’soutlet is
SM, = SMLO, - STL, (47)
where (1) SAMLGO; isthe original SAL at the inlet of a muffler
(or pipeoutlet), andi istheindex of the octave band
freguency.
(2) STL; isthe muffler’'s STL with respect to the rela-
tive octave band frequency.
(3) SWL; isthe silenced SAL at the outlet of a muffler
with respect to the relative octave band frequency.
Finaly, the overall SWM_+ silenced by amuffler at the outlet is

5  SM;/10
SM.; =10* log{ > 10 }

i=1

[SWLO( f =125)—

[SM.O( f =250)—
STL( f =125)]

+10STL(f=250)/10
— *

=10 Iog [ SM.O( f =500)— [SWLO( f =1000)— [SWLO( f =2000)—
+10STL(F=500]1/10 | 1 STL(f=1000)]/10 | q oSTL(f=2000)]/10

(48)
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Fig. 6. Performance of a one-chamber muffler equipped with perforated
intruding tubes [D; = 0.018 (m), D, = 0.018 (m), D, = 0.118 (m),
LZ = 016, L4 = 008, Lz = Le = 00, Lc1 = ch = 004, L1 = L7 = 004,
t; =t,=0.001 (m), dh; = dh, = 0.003 (m), ni=n2= 0.03375, M; =
0.0] [Experimental dataisfrom Wang et al. [21]].

6. Objective Function

By using the formulas of (46) and (48), the objective function
used in the SA optimization was established.

1) STL Maximization for a One-Tone (f) Noise
OB‘]]_ = (Q1 f ’ R-rly R-I—zy R-I—gy R-r41 R-I—51 R-I—Gl RT71 RT81 R—I—ga R-rlo)
(49)

2) SWL Minimization for a Broadband Noise
To minimize the overall SAWLy, the objective functionis

OBJ,
=9\ (Q, f,RT, RT,, RT,, RT,, RT,, RT,, RT,, RT,, RTy, RT,, )
(50)
The related ranges of parameters are

f =250 (Hz), Q = 0.05 (m%s); D, = 0.4 (M), L, = 1.6 (M);
RT,: [0.5, 0.9]; RT»: [0.1, 0.5]; RT5: [0.2, 0.8]; RT4: [0.2, 0.8];

Table 1. Unsilenced SWL of afan inside a duct outlet.

Frequency - Hz | 125 250 | 500 | 1000 | 2000 | 4000

SMLO-dB 115 120 116 102 96 88

L

D, DY |t

‘ LF L L

(2)

D, D*Ii ID*z*

L L L LF* L+

L¥*
L,

(®)
Fig. 7. Two kinds of low back-pressure mufflers[(a) a one-chamber smple

expansion muffler; (b) a one-chamber muffler hybridized with non-
perforated intruding tubes].

RTs: [0.2, 0.8]; RTe: [0.2, 0.8]; RT+: [0.00175, 0.007];
RTs: [0.03, 0.1]; RTy: [0.00175, 0.007]; RTyo: [0.03, 0.1] (51)

I11. MODEL CHECK

Before performing the SA optimal simulation on mufflers,
an accuracy check of the mathematical model on aone-chamber
muffler with perforated intruding tubes is performed by Wang
et al. [21]. Asindicated in Fig. 6, the accuracy comparisons
between theoretical data and analytical data are in agreement.
Therefore, the model of a one-chamber muffler with perforated
intruding tubes is acceptable and adopted in the following
optimization process.

IV.CASE STUDIES

In this paper, the noise reduction of a space-constrained fan
room is exemplified and shown in Fig. 1. The sound power
level (SWL) inside the fan's outlet is shown in Table 1 where
the overall SWL reaches 122.4 dB. To depressthe huge venting
noise emitted from the fan's outlet, a one-chamber muffler
hybridized with perforated intruding tubes is considered. To
obtain the best acoustical performance within a fixed space,
numerical assessments linked to a SA optimizer are applied.
Before the minimization of abroadband noise is executed,
areliability check of the SA method by maximization of the
STL at atargeted one tone (250 Hz) has been carried out. As
indicated in Fig. 7, to appreciate the acoustic performance,
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higher
temperature
\ uphill
downhill
local optimum
lower )
temperature global optimum optimum

Fig. 8. SA algorithm from a physical viewpoint.

new random solution (X")

perturbed zone

current solution (X)

Fig. 9. New random solution in a perturbed zone.

two kinds of low back-pressure mufflers (one, a simple expan-
sion muffler; and the other, a muffler hybridized with non-
perforated intruding tubes) are accessed and optimized. As
shownin Figs. 1 and 2, the available space for amuffler is0.4
minwidth, 0.4 min height, and 1.6 minlength. Theflow rate
(Q) and thickness of a perforated tube (t) are preset at 0.05
(m%s) and 0.001 (m), respectively. The corresponding OBJ
functions, space constraints, and the ranges of design parame-
ters are summarized in (49)-(51).

V.SIMULATED ANNEALING ALGORITHM

The basic concept behind simulated annealing (SA) was
first introduced by Metropalis et al. [9] and developed by
Kirkpatrick et al. [7]. The simulated annealing (SA) algorithm
isalocal search process which imitates the softening process
(annealing) of metal. In the physical system, annealing is the
process of heating and keeping a metal at a stabilized tem-
perature while cooling it lowly. Slow cooling allows the par-
ticles to keep their state close to the minimal energy state. In
this state, the particles have a more homogeneous crystalline
structure. Conversely, a fast cooling rate results in a higher
distorted energy that is stored inside the imperfect lattice.

The algorithm starts by generating arandom initial solution.

The scheme of SA isavariation of the hill-climbing algorithm.
As indicated in Fig. 8, all downhill movements for improve-
ment are accepted for the decrement of the system’s energy.
Simultaneously, SA aso alows movement resulting in solu-
tions that are worse (uphill moves) than the current solution.
Thisisdone in order to escape from the local optimum.

X=X;T=T,
itermax; kk

!

Select Random

! : Yes No
point X»' from iteryy>n
neighborhood of Xn

AF=O0BJ(X')~OBJX)[.|  0BJ

Toax = kk*Toia

Program
terminate

Fig. 10. Flow diagram of a SA optimization.

As indicated in Fig. 9, to imitate the evolution of the SA
algorithm, a new random solution (X') is chosen from the
neighborhood of the current solution (X). If the changein the
objective function (or energy) is negative, ie., AF <0, a new
solution will be acknowledged as the new current solution
with the transition property pb(X') of 1; if it is not nega-
tive, then the new transition property (pb(X')) varying from
0~1 will be calculated by the Boltzmann's factor (pb(X') =
exp(AF/CT)) as shownin (52).

LAF <0
pb(X’) = ~AF (52a)
AF = OBJ(X)—OBJ(X) (52b)

wherethe C and T are the Boltzmann constant and the current
temperature. Additionally, compared to the new random prob-
ability of rand(0, 1), if the transition property (pb(X')) is greater
than a random number of rand(0, 1), the new uphill solution,
which results in a higher energy condition, will then be ac-
cepted; otherwise, itisrejected. The uphill solution at ahigher
temperature will therefore have a better chance of escaping
from the local optimum. The algorithm repeats the perturba-
tion of the current solution and the measurement of the change
in the objective function. As indicated in Fig. 10, each suc-
cessful substitution of the new current solution will lead to the
decay of the current temperature as

Thew = KK* Tog (53)
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Table 2. Optimal STL for a one-chamber muffler with per-
forated intruding tubes at various kk and iter
(tar geted tone of 250 Hz).

Item Sa pararneters Results
Kk |itermex

1090 | 200 | RT1 RT2 RT3 RT4 RT5 |STL (dB)
0.7659| 0.3659 | 05989 | 05989 | 0.59989 | 44.3
RT6 RT7 RT8 RT9 RT10
0.5989 | 0.005241 | 0.07654 | 0.005241 | 0.07654

2 1093|200 | RT1 RT2 RT3 RT4 RT5 |STL (dB)
0.8428| 04428 | 0.7141 | 0.7141 | 0.7141 55.4
RT6 RT7 RT8 RT9 RT10
0.7141 | 0.006249 | 0.08998 | 0.006249 | 0.08998

3 1096|200 | RT1 RT2 RT3 RT4 RT5 |STL (dB)
0.8664 | 0.4664 | 0.7496 | 0.7496 | 0.7496 63.7
RT6 RT7 RT8 RT9 RT10
0.7496 | 0.006559 | 0.09412 | 0.006559 | 0.09412

4 1099 | 200 | RT1 RT2 RT3 RT4 RT5 |STL (dB)
0.8663 | 0.4663 | 0.7495 | 0.7495 | 0.7495 63.7
RT6 RT7 RT8 RT9 RT10
0.7495 | 0.006558 | 0.0941 | 0.006558 | 0.0941

5 (096 | 400 | RT1 RT2 RT3 RT4 RT5 |STL (dB)
0.8785| 04785 | 0.7677 | 0.7677 | 0.7677 69.1
RT6 RT7 RT8 RT9 RT10
0.7677 | 0.006718 | 0.09623 | 0.006718 | 0.09623

6 [ 096 | 800 | RT1 RT2 RT3 RT4 RT5 |STL (dB)
0.8829| 04829 | 0.7744 | 0.7744 | 0.7744 814
RT6 RT7 RT8 RT9 RT10
0.7744 | 0.006776 | 0.09701 | 0.006776 | 0.09701

7 | 096 1000 | RT1 RT2 RT3 RT4 RT5 |STL (dB)
0.8748| 04748 | 0.7622 | 0.7622 | 0.7622 | 85.2
RT6 RT7 RT8 RT9 RT10
0.7622 | 0.006669 | 0.09559 | 0.006669 | 0.09559

where Kk is the cooling rate; moreover, to reach an initial
transition probability of 0.5, the initial temperature (T,) is
selected as 0.2 [13]. The process is repeated until the prede-
termined number (iter ) Of the outer loop is reached.

V1. RESULTSAND DISCUSSION

1. Results

To achieve good optimization, two kinds of SA parameters,
including the cooling rate (kk) and the number of iterations
(Iter) are varied step by step during optimization. The opti-
mization system is encoded by Fortran and run on an IBM
PC - Pentium V. Two results of optimization (one, pure tone
noises used for SA's accuracy check; and the other, a broad-
band noise occurring in afan room) are described bel ow.

1) Pure Tone Noise Optimization

Seven sets of SA parameters are tested by varying the val-
ues of the SA parameters. The simulated results with respect
to apure tone of 250 Hz is summarized and shown in Table 2.

100

STL (dB)

kk =0.99 iter ., = 200
0¥ —— kk = 0.96 iter,, =400
--== kk = 0.96 iter,, = 800
— kk = 0.96 iter,,,, = 1000

0 100 200 300 400 500 600 700 80
Frequency (Hz)

-20 !
900 1000

Fig. 11. STL with respect to frequency at various kk and iter . [target
tone of 250 HZ].

Asindicated in Table 2, the optimal design data can be obtained
fromthe last set of SA parametersat (KK, iterns) = (0.96, 1000).
Using the optimal design in a theoretical calculation, the op-
timal STL curves with respect to various SA parameters are
plotted and depicted in Fig. 11. Asreveaed in Fig. 11, the
STLs are roughly maximized at the desired frequencies.

2) Broadband Noise Optimization

By using the above SA parameters, the muffler’s optimal
design data for one-chamber mufflers hybridized with perfo-
rated intruding tubes used to minimize the sound power level
at the muffler’s outlet issummarized in Table 3. Asillustrated
in Table 3, the resultant sound power levels with respect to
three kinds of mufflers have been dramatically reduced from
122.4 dB(A) to 80.1 dB(A). Using this optima design in a
theoretical calculation, the optimal STL curves with respect to
various SA parameters are plotted and compared with the
original SWL depicted in Fig. 12.

To appreciate the acoustic performance, two kinds of low
back-pressure mufflers (a one-chamber simple expansion muf-
fler and a one-chamber muffler hybridized with non-perforated
intruding tubes) are optimized. As indicated in Table 4, the
resultant SWML with respect to three mufflers (a one-chamber
simple expansion muffler, a one-chamber muffler hybridized
with perforated intruding tubes, and a one-chamber muffler
hybridized with non-perforated intruding tubes) are 94.2 dB,
80.1 dB, and 109.4 dB. Using this optimal design in a theo-
retical calculation, the optimal STL curves with respect to
three kinds of optimized mufflers are plotted and compared
with original SAWL shown in Fig. 13.

2. Discussion

To achieve a sufficient optimization, the selection of the ap-
propriate SA parameters set is essential. Asindicated in Table
2, the best SA set at the targeted pure tone noise of 250 Hz has
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Table 3. Optimal SWL for a one-chamber muffler with per-
forated intruding tubes at various kk and iter
(broadband noise).

Item SAparameters Results
Kk | iterma

1] 09 | 40 RT1 RT2 RT3 RT4 RT5 |SWLr (dB)
0.8729 | 04729 | 0.7593 | 0.7593 | 0.7593 98.3
RT6 RT7 RT8 RT9 RT10
0.7593 |0.006644| 0.09525 |0.006644 | 0.09525

2 | 093 | 40 RT1 RT2 RT3 RT4 RT5 |[SMLr (dB)
0.6361 | 0.2361 | 04041 | 04041 | 0.4041 932
RT6 RT7 RT8 RT9 RT10
0.4041 [0.003536| 0.05381 |0.003536| 0.05381

31 09% | 40 RT1 RT2 RT3 RT4 RT5 |SMLr (dB)
0.6043 | 0.2043 | 0.3564 | 0.3564 | 0.3564 90.0
RT6 RT7 RT8 RT9 RT10
0.3564 |0.003119| 0.04825 |0.003119 | 0.04825

4 1099 | 40 RT1 RT2 RT3 RT4 RT5 |SWLr (dB)
05617 | 0.1617 | 0.2926 | 0.2926 | 0.2926 922
RT6 RT7 RT8 RT9 RT10
0.2926 | 0.00256 | 0.0408 | 0.00256 | 0.0408

5 |09% | 80 RT1 RT2 RT3 RT4 RT5 |SMLy (dB)
05354 | 0.1354 | 02531 | 0.2531 | 0.2531 88.2
RT6 RT7 RT8 RT9 RT10
0.2531 [0.002214| 0.03619 |0.002214| 0.03619

6 | 09 | 160 RT1 RT2 RT3 RT4 RT5 |SMLr (dB)
05485 | 0.1485 | 0.2727 | 0.2727 | 0.2727 86.4
RT6 RT7 RT8 RT9 RT10
0.2727 |0.002386| 0.03849 |0.002386 | 0.03849

7 |09 | 320 RT1 RT2 RT3 RT4 RT5 |SMLr (dB)
0.8159 | 04159 | 06738 | 0.6738 | 0.6738 84.4
RT6 RT7 RT8 RT9 RT10
0.6738 |0.005896| 0.08528 |0.005896 | 0.08528

8 | 09 | 640 RT1 RT2 RT3 RT4 RT5 |[SMLr (dB)
0.8101 | 04101 | 0.6651 | 0.6651 | 0.6651 80.1
RT6 RT7 RT8 RT9 RT10
0.6651 | 0.00582 | 0.08426 | 0.00582 | 0.08426

been shown. The related STL curves with respect to various
SA parameters are plotted in Fig. 11. Figure 11 reveals the
predicted maximal value of the STL is located at the desired
frequency. Therefore, using the SA optimization in finding a
better design solution is reliable; moreover, in dealing with
the broadband noise, the SA’s solution shown in Table 3 and
Fig. 12 can aso provide the appropriate and sufficient sound
reduction under space-constraint conditions. To investigate
the acoustical performance among three kinds of low back-
pressure mufflers (a one-chamber simple expansion muffler, a
one-chamber muffler hybridized with perforated intruding tubes,
and a one-chamber muffler hybridized with non-perforated
intruding tubes), the resultant SV is shown in Table 4 and
plotted in Fig. 13. It is obvious that the one-chamber muffler
hybridized with perforated intruding tubes is superior to the
other mufflers. Ascan be observedin Table4, the overall sound
transmission loss of the one-chamber muffler with perforated
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120 =
4 \\.\ — before adding muffler
R ---- muftler (kk = 0.90 iter,,, = 40)
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Fig. 12. Comparison of the optimal STL with respect to original noise
level at kk = 0.96 and itermax = 640 [broadband noise].

Table4. Comparison of acoustical performance with re-
spect to three kinds of optimized mufflers within
a same space-constrained situation (broadband
noise).

Item Muffler Type Results
1 | one-chamber smple N N | WLy
expansion muffler RT1 R12 RT3 (dB)
0.1163 0.2245 0.2245 | 94.2
2 | one-chamber muffler SWL;
equipped with R R I M L
pe”"ratti‘t’)g”“d' " [Tos101 | 04101 | 06651 | 06651 | 06651 | 80.1
RT6 RT7 RT8 RT9 RT10
0.6651 | 0.00582 | 0.08426 | 0.00582 | 0.08426
3 | one-chamber muffler . " SM;
equipped with RT1 R12 (dB)
non-perforated 02926 02926 1094
intruding tubes — p
RT3 RT4
0.2926 0.2926
Note 1 (for one-chamber muffler equipped with non-perforated intruding tubes):
L =RTI™Lo L =Ls = (Lol, )2 Ls" = RT2™*L, 5 L =L = (L, L5 )2 Dy =
RT3"*D,; D, = RT,"*D,
Note 2 (for one-chamber simple expansion muffler):
Ly =RT1*Lg Ly = L5 " = (L-Ly)/2; D, =RT2*Dy; D, = RT3*D,

intruding tubes reaches 43.9 dB. However, the overall sound
transmission loss of the one-chamber simple expansion muf-
fler and the one-chamber muffler with non-perforated intrud-
ing tubes are 28 dB and 12.8 dB.

VIl. CONCLUSION

It has been shown that one-chamber mufflers hybridized
with perforated intruding tubes can be easily and efficiently
optimized within a limited space by using a decoupling tech-
nique, a plane wave theory, a four-pole transfer matrix, and a
SA optimizer. Two kinds of SA parameters (KK, iter ) play
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essential roles in the solution’s accuracy during SA optimiza-
tion. Asindicated in Fig. 11, the tuning ability established by
adjusting design parameters of mufflersisreliable.

In addition, the appropriate acoustical performance curve
of three kinds of low back-pressure mufflers (a one-chamber
simple expansion muffler, a one-chamber muffler hybridized
with perforated intruding tubes, and a one-chamber muffler
hybridized with non-perforated intruding tubes) has been as-
sessed. Asindicated in Table 4, the resultant SWLt with re-
spect to these mufflersis 94.2 dB, 80.1 dB, and 109.4 dB. As
shownin Table4 and Fig. 13, it isquite obviousthat the acous-
tical mechanism using perforated intruding tubes inside the
muffler’s cavity hasthe best acoustical performance compared
to those with no tubes and non-perforated intruding tubes.
Consequently, the approach used for the optimal design of the
STL proposed in this study is quite efficient in dealing with the
industrial venting noise within a space-constrained situation.
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NOMENCLATURE

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

C: Boltzmann’s factor

Co: sound speed (m s%)

k1, Ko coefficients

dh;: the diameter of a perforated hole on the

ith inner tube (m)
Di: diameter of the ith perforated tubes (m)
diameter of the outer tube (m)

f:
iter max:
i
k:

kk:

C, Gy G, Ca

CC,, CC,, CC3, CCy:
Lew Lzt

Lo:
M:
OBJ;:
p:
pb(T):
Q:

S:
STL:
SAWLO:

SWL:
i

TSlij, T$ij:
TPOEij:

TPOC”':

A=

c

Vi:

Vs:

2%

i

609

cyclic frequency (Hz)
maximum iteration
imaginary unit

wave number (= Q)

CO
cooling ratein SA
coefficientsin function C e#*

coefficientsin function CC e"*

lengths of perforate straight ducts (m)
total length of the muffler (m)

mean flow Mach number

objective function (dB)

acoustic pressure (Pa)

acoustic pressure at the ith node (Pa)
transition probability

volume flow rate of venting gas (m® s™)
section area at the ith node (m?)

sound transmission loss (dB)

unsilenced sound power level inside the
muffler’sinlet (dB)

overall sound power level inside the
muffler’s output (dB)

the thickness of the ith inner perforated
tube (m)

components of four-pole transfer ma-
trices for an acoustical mechanism with
straight ducts

components of a four-pole transfer ma-
trix for an acoustical mechanism with a
perforated intruding inlet tube
components of a four-pole transfer ma-
trix for an acoustical mechanism with a
perforated intruding outlet tube

components of a four-pole transfer sys-

tem matrix

current temperature (°C)

initial temperature (°C)

potential energy

acoustic particle velocity (m s?)
acoustic particle velocity at the ith node
(ms?)

acoustical particle velocity passing
through a perforated hole from the

ith node to the jth node (m s)

mean flow velocity at the inner perfo-
rated tube (m s™)

mean flow velocity at the outer tube
(ms?)

air density (kg m™)

acoustical density at theith node
specific acoustical impedance of the ith
inner perforated tube

the porosity of the ith inner perforated
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610
tube.
B ith eigen value of [N] 4.4
[Q] 4xa: the model matrix formed by four sets of
eigen vectors Q.1 Of [N]4xa
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