=
Journal of

Marine Science and Technology

e
Z
&
&
S
5

Volume 11 | Issue 4 Article 2

Computer-Aided Optimal Design of A Single-Chamber Muffler with Side
Inlet/Outlet Under Space Constraints

Long-Jyi Yeh
Associate Professor, Department of Mechanical Engineering, Tatung University, 40 Chungshan N. Rd., 3rd Sec., Taipei,
Taiwan 104, R.0.C., liyeh@ttu.edu.tw

Ying-Chun Chang
Assistant Professor, Department of Mechanical Engineering, Tatung University, 40 Chungshan N. Rd., 3rd Sec., Taipei,

Taiwan 104, R.0.C., min-chie.chiu@ctci.com.tw

Min-Chie Chiu
Student in Ph, D Program, Department of Mechanical Engineering, Tatung University, 40 Chungshan N. Rd., 3rd Sec.,
Taipei, Taiwan 104, R.O.C., ycchang@ttu.edu.tw

Gaung-Jer Lay
Professor, Department of Mechanical Engineering, Tatung University, 40 Chungshan N. Rd., 3rd Sec., Taipei, Taiwan

104, R.O.C.

Follow this and additional works at: https://jmstt.ntou.edu.tw/journal

b Part of the Mechanical Engineering Commons

Recommended Citation

Yeh, Long-Jyi; Chang, Ying-Chun; Chiu, Min-Chie; and Lay, Gaung-Jer (2003) "Computer-Aided Optimal Design of A
Single-Chamber Muffler with Side Inlet/Outlet Under Space Constraints," Journal of Marine Science and Technology.
Vol. 11: Iss. 4, Article 2.

DOI: 10.51400/2709-6998.2289

Available at: https://jmstt.ntou.edu.tw/journal/vol11/iss4/2

This Research Article is brought to you for free and open access by Journal of Marine Science and Technology. It has been
accepted for inclusion in Journal of Marine Science and Technology by an authorized editor of Journal of Marine Science and

Technology.


https://jmstt.ntou.edu.tw/journal/
https://jmstt.ntou.edu.tw/journal/
https://jmstt.ntou.edu.tw/journal/vol11
https://jmstt.ntou.edu.tw/journal/vol11/iss4
https://jmstt.ntou.edu.tw/journal/vol11/iss4/2
https://jmstt.ntou.edu.tw/journal?utm_source=jmstt.ntou.edu.tw%2Fjournal%2Fvol11%2Fiss4%2F2&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/293?utm_source=jmstt.ntou.edu.tw%2Fjournal%2Fvol11%2Fiss4%2F2&utm_medium=PDF&utm_campaign=PDFCoverPages
https://jmstt.ntou.edu.tw/journal/vol11/iss4/2?utm_source=jmstt.ntou.edu.tw%2Fjournal%2Fvol11%2Fiss4%2F2&utm_medium=PDF&utm_campaign=PDFCoverPages

Journal of Marine Science and Technology, Vol. 11, No. 4, pp. 189-196 (2003) 189

COMPUTER-AIDED OPTIMAL DESIGN OF A
SINGLE-CHAMBER MUFFLER WITH SIDE
INLET/OUTLET UNDER SPACE CONSTRAINTS

Long-Jyi Yeh*, Ying-Chun Chang**, Min-Chie Chiu*** and Gaung-Jer Lay****

Key words: plane wave, four- poles matrices, optimal, single-chamber
muffler with side inlet/outlet.

ABSTRACT

Whilst the muffler dimension is often limited inside a building or
machine room, the consideration of maximal sound transmission loss
(STL) under space constraints becomes important and essential to the
field of acoustics. In this paper, the optimal design of a single-
chamber muffler with side inlet/outlet is comprehensively presented.
Both the graphic analysis and the computer-aided numerical assess-
ments are also fully described in this study. With the computer
graphic analysis on sensitivity, one set of design data is derived
primarily, and the numerical searching algorithm of iteration tech-
nique and theinitial design data are then carried out. These results are
then verified with Kuhn-Tucker Condition for accuracy. Furthermore,
the simulated results show that the STL of muffler is exactly maxi-
mized at the desired frequency. This study demonstrates a quick and
economical approach to optimize the design for a single-chamber
muffler with side inlet/outlet under space constraints without redun-
dant testing.

INTRODUCTION

The trial and error method to improve a muffler
design of which the muffler dimension is often limited
by the machine room is definitely tedious and expensive.
Therefore, the interest to optimize sound transmission
loss (STL) of the muffler under space constraints is
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arising on the practical aspect.

Many researches on the muffler design were well
developed; however, the discussion of sensitivity be-
tween design parameters under space constraints is
hardly realized. Bernhard [1] has introduced the shape
optimization procedure of simple expansion mufflers,
and developed the sensitivity matrices to judge the
global maximum. Nevertheless, the space volume of
the reactive muffler is still non-constrained, and the
calculation of design sensitivity matricesis difficult for
the mufflers with complicated mechanism. In addition,
the constrained problem is mostly concerned for the
necessity of operation and maintenance in practical
engineering work. In our previous research [8], an
optimal shape design to improve the performance of
STL on the constrained single expansion muffler with
the aids of computer graphic analysis on sensitivity was
discussed. To increase the STL on muffler, a new
muffler with side inlet and outlet where the flow direc-
tion is transformed perpendicularly is thus considered
and discussed in this paper.

This paper may provide a quick method to obtain
an optimal design data for a single-chamber muffler
through our proposed computer graphic system and the
numerical assessment. A numerical case of a single-
chamber muffler with side inlet/outlet isillustrated to
exemplify the advantages of the shape optimization.

THEORETICAL BACKGROUND

A 3-D cross-section view of the single-chamber
muffler with side inlet/outlet is shown in Figure 1. The
flowing condition and location of the muffler are speci-
fied in Figure 2, where the whole flow condition within
the muffler is presented by eight chosen nodes (ptl ~
pt8) to deduce the theoretical derivation. For a slender
muffler in duct, the higher modes of waves are
diminished. Therefore, only the pure plane wave with
the lowest mode will be existed. Based on the plane
wave theory, four-poles matrices become easier to
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present the sound transmission loss of muffler. The
theoretical derivation of four-poles matrices is thus
described as follows.

1. Straight duct [4, 5, 6]

Using the momentum equation in which the body
force and viscosity effect are negligible, the Navier-
Stokes equation is then simplified as

p[oVict + V « OV] = -0OP (1)
Developing V, p and P, Eq. (1) is then expressed as
Olpo(0@ ot + Vod@ox) - p] = 0 (2

The analytical solution for the 1-D partial differential
equation (2) is then deduced and obtained as

P = jwoo@+ PoVod@ X; (3
where

= [AeT** + Be'k2]d“; kg = k/(1 + M);
ky = KI(1 - M)

Therefore, the four poles matrix between point 1
and point 2 with mean flow is expressed as

b11" b12( P2 )
b21" b22" |\PoColl2

(4)

( P1 ) e IMIkL1/(1-MD
PoCols

kLl
).
-M3

1 1
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Fig. 1. 3-D cross-section for muffler with sideinlet/outlet.

b21’ =j in< "Ll ); b22" = cos( kthl )

1 1
From the derivation in Eq. (4), the four poles
matrix between point 4 and point 5 with mean flow is

c11’ c12 }( Ps )

( P4 ) e-iMakLg/ (1-M3)

PaCalls c21" c22"|\PoColis
(5)
where c11” = cos( kL32); c12" =j sin( k'-sz);
N D KL 1-Ms
c2l =] Sm(l_'\jlz); c22 :cos(l_l\jlz)

4 4

Similarly, the four poles matrix between point 7 and
point 8 with mean flow is expressed as

( Pz ) eiM7kLs/ (1~ M7)d11 di12’ ( Ps )
PoCol7 d21 d22 PoColUsg
(6)
_ kLs .
where d11° —cos( ) di12’ jsm( 5)
M? 7
21" =j sn(. "L5 ); d22' = cos( kLS )

2. Sideinlet/Side outlet duct [3]

As derived by Munjal [3], the four poles matrix
between point 2 and point 4 with mean flow takes the
form

1_%(1+ke)M4Y4_|\/|2Y2+Y2(jO.85kD1/2)
pz) = 3 0
(Vz 1 1
Z3
(7)
® I
I p8
u8
®
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Pig Pt 55""'56

Fig. 2. Flow condition for muffler with side inlet/outlet.
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where ZS:_j%Z cot(kLp); Y3:Y4:%2 ;

g

Note that instead of the acoustic mass velocity,v, the
acoustic particle velocity, u, is adopted in equation (7).
An equivalent form is then derived as

PoS2 Co
S4/Sy

(pogguzl) (8)

Equation (8) can be expressed in compact form as

(Pogiu 2) -

ipoSgian (42)

P2 )_ TSZ( P4 )
= 9
(pocou2 [ ] PoColy ( )
where
_ M3S3 M3 Sa_.\%| Mz |ss, [085D;S,
1 J—S2 tan (kL ) liposg l+(§2 1 PoSs ot 20050

[TS2] =

ipoSatan (KL 2) S4/82

As described in Eq. (7), the four poles matrix between
point 5 and point 7 with mean flow can be expressed as

Ps ): ( p7 )
(Pocous TS pocou; w4
where
. 1-S4/S M Mg |(S7)  .[0.85kD
1-jMgtan (KL 4) [(#1—1)?070_35050 (CTZ)H 200602

jPoSstan (KL 4)

3. Combination of system matrix
Through the matrix substitution on equation (4),
(5), (6), (9), and (10), one has

pl _jk(MlL:;+M4L3;+M7L52)
(pocoul)—e 1-Mf 1-Mj7 1-M%

b11" blz*]
b21" b22°

o c1L chZ]TS4[d11: d12:] Ps 1
. ][c21 022[ ]d21 d22 (Pocous) (1)

Eqg. (11) can be simplified as
( P1 ):T11* le*( Ps )
PoColi) [T21" T22°|\PaCols

The sound transmission loss (STL) [2] of muffler is
defined as

(12)

2
1-M258 40 ) ‘ M3 l“(ﬂ_l) ]_ Mo S4+j[0.85kD154]
S2 PoS3 S2 2p0S2¢o

STL:20|og(|T11 +T12" +T21 +T22 |)+10|0g(51)

2 S

=f(L1, Lo, L3, Lg, Ls, D1, Dy, Dys)
=f(X) (13)

CASE STUDY

The noise control of a diesel engine at the ex-
hausted outlet isintroduced as the numerical casein this
study. According to the spectrum of sound power level
(SWL) shown in Table 1, it reveals that the sound wave
at 500 Hz is remarkable. The available space for si-
lencer is0.5ML x 0.5MW x 3.0 MH, and the O.D. (outside
diameter) of exhaust pipeis confined to 0.0762 (m). To
reduce the sound energy at 500 Hz, an attempt to opti-
mize the design on muffler is then composed under the
boundary constraint. Both the graphic analysis and
numerical assessments are carried out as follows. The
space constraint for muffler is shown in Figure 3, and
the design volume flow rate is confined to be 0.8 CMS.
In order to simplify the optimal process, the length of
inlet and outlet tube is assumed to be equal. That is, L1
is equal to L5. Therefore, the design parameters are
classified as D1, D2, L2, L3, L4, and D45.

COMPUTER AIDED DESIGN

1. Sensitivity Analysis
(A) D1 and f effect

STL with respect to D1 and frequency is shown as
Figure 4, which reveals that the rise of STL will be
found by decreasing the value of D1 at the fixed
frequency.
(B) D2 and f effect

STL with respect to D2 and frequency is shown as
Figure 5, which reveals that the rise of STL will be
obtained by decreasing the value of D2 at the fixed
frequency.
(C) D45 and f effect

STL with respect to D45 and frequency is shown as

Table 1. Thesound power level (SWL)

f(Hz) 63 125 250

500 1k 2k 4k 8k

SWL(dB) 90 9 93

104 95 91 88 64
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Figure 6 which reveals that the lowest value of STL is
found at the fixed frequency.

(D) L2 and L4 effect

At the conditions of D1 = 0.0762 (m), D2 = 0.0762
(m) and D45 = 0.3 (m), STL with respect to L2 and L4
is shown as Figure 7a and 7b, where there exists several
peak values of STL along the line of L4 = 1.2 (m).

(E) L2 and L3 effect

At the conditions of D1 = 0.0762(m), D2 = 0.0762
(m) and D45 = 0.3 (m), STL with respectto L2 and L3
is shown as Figure 8a and 8b where the peak values
occurs along the line of L2 + L3 = 1.8 nearly.

2. Discussion of sensitivity

Based on the analysisin Section 4.1; D1, D2, L2,
L3, L4, and D45 are the major parameters with higher
sensitivity in STL. However, the STL is inversely
proportional to D1 and D2. To maximize STL, the
smaller values of D1 and D2 are set as 0.0762 (m) which
is not less than the outlet diameter of diesel engine to
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Fig. 4. STL with respect to frequency and D1.

release the pressure drop and induced flow noise. In
addition, STL will be increased at the increment of D45.
Therefore, a lager value of D45 is set to be 0.3 (m) of
which therest of L1 and L5 are reserved for conjunction
purpose. With the above conditions of D1, D2 and D45,
the responses of STL with respect to L2, L3, and D45 at
500Hz are shown in Figure 7a,b and Figure 8a,b, which
reveal that the maximum value of STL occurs along
either L2 + L3 = 1.8 or L4 = 1.2 where the constrained
relationship of L2 + L3 + L4 = 3.0 exists. Thus, the
initial design data are thus decided as D1 = 0.0762 (m);
D2 = 0.0762 (m); L1 =0.1 (m); D45 =0.3 (m); L5 =
0.1 (m); L4=12(m); L2+ L3=1.8(m)

NUMERICAL OPTIMAL ASSESSMENT

For the accuracy purpose in plane wave theory, the
shape constraint of a long chamber is required. An
assumption is made that the ratios of diameter to length
for each segment of pipe are limited to be not less than
2.46 verified by Munjal [3]. To maximize the value of
STL, the minimal value of —f(X) is planned and
proceeded. The design parameter L2 is chosen and L3
is determined in terms of Lo-L2-L4 during the follow-
ing numerical optimal process assessment.

1. Mathematical Formulation [7]
Minimize F(X) = —f(X), objective function

Subject to gj(X) < 0, j = 1, 2 inequality constraints
where X = [X4] = [L,] design variable

20
TL
S 10
0 ks -
D2 spectrum
Fig. 5. STL with respect to frequency and D2.
20
15 N
ST 10
5
0
0.4 g3 0.0 o il 200 2000 6000 8000
D45 spectrum

Fig. 6. STL with respect to frequency and D45.
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The shape constraints are IID‘—3 >246;L2=0
45
Originally, theinitial design data of L3 is assumed to be
0.3. Tofind out the numerical design data, three kinds
of search algorithms used in the optimal design process
are carried out and briefly introduced as follows.

(A) Exterior penalty function method [7]
The algorithm of exterior penalty function method

is shown in Figure 9. Using exterior penalty function
method, @ is defined as

90X, 1) =F()+1,* PRO=FO+1, 3 (max 0,6,
where g,(X) = =Xq; g2(X) = -1.062 + X,
(B) Interior penalty function method [ 7]

The algorithm of interior penalty function method

is shown in Figure 10. Using interior penalty function
method, @ is defined as

2 —
¢(X,r;),rp)=F(X)+r'pjzlg_7(>l()
- J

(a)
1.5
0 ST,
1
I4
0.5
0.5 1 1.5
12
(b)

Fig. 7. (a) 3-D’sSTL with respect toL2 and L4 [D1 = 0.0762, D2 =
0.0762,D45=0.3,L1=0.1,L2+ L3+ L4=3.0]; (b) 2-D’'sSTL
with respect to L2 and L4 [D1 = 0.0762, D2 = 0.0762, D45 =
03,L1=01,L2+L3+L4=30]

(a)
1.5
0 st
1
13
0.5
0.5 1 1.5
12
(b)

Fig.8. (a) 3-D’sSTL with respect toL2 and L3 [D1 = 0.0762, D2 =
0.0762,D45=0.3,L1=0.1,L2+ L3+ L4=3.0]; (b) 2-D'sSTL
with respect to L2 and L3 [ D1 =0.0762, D2 = 0.0762, D45 =
03,L1=01,L2+L3+L4=30]
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where gl(X) = _Xl; gz(X) =-1.062 + Xl
(C) Method of feasible direction [7]

The search proceeds from one constraint to an-
other in a zig-zag manner until the optimum is located.
The algorithm of feasible direction method is shown in
Figure 11. A tendency of this method is to zig-zag
between the constraints.

2. lteration and Results

Taking the initial design data asfirst trial value, a
successive iteration together with the search algorithms
such as interior penalty function method, exterior pen-
alty function method and method of feasible direction
areto be carried out individually. The optimal STL with
respect to the optimal design parameters with the three
methods are listed and shown in Table 2. The three sets
of design dataare found thesame at { X}, =(X),=(X)3
= (0.171587). The complete design data are thus ob-
tained and described as below.

D1 =0.0762 (m); D2 = 0.0762 (m); L1 = 0.1 (m);
D45 = 0.3 (m); L5=0.1 (m); L2 =0.171587 (m); L3 =
1.628413 (m); L4 = 1.2 (m)

From Table 2, it is observable that both results are
identical. The STL of muffler are calculated as 192 dB
simultaneously. Using the design data, the profile of
STL with respect to frequency domain isillustrated in
Figure 12. A comparison of diesel engine’s noise
spectrums with and without muffler is shown as Figure
13. It isalso found that the effect of noise reduction at
500Hz is satisfactorily acceptable.

Start
Given: X”,rp,y

v

Minimize ¢(X,r,) as an unconstrained function

A

; ?
Converged? Exit

Fig. 9. Algorithm of exterior penalty function method [7].

3. Accuracy

To ensure the optimality of L2, L3, and L4 with
constraint relationship of L2 + L3 + L4 = Lo, the final
convergence criterion, Kuhn-Tucker Condition [7], was
used and described as follows.

Start
Given: X°,r,, 7,7, 7

v

Minimize @(X, rP,rI;) as an unconstrained function

\ 4

Converged? Exit

Fig. 10. Algorithm of interior penalty function method [7].

Start

Choose:  X°.,¢,6,

VF « VF(X)
Vg VgX

y
S« Usable-feasible

direction

g —g(X) j=Lm

Solve one-dimensional

Search problem B
X X+ s

For g, 2¢
¢— Yes
Converged?

> Exit
No

Fig. 11. Algorithm of method of feasible direction [7].

Determine

A
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/\]gJ(X*) = 0,] =1, 3, AJ >0
2
RX") = OF (X )+j§1/\jmgj(x )

To meet the converge criterion, the conditions of R
(X*) =0 A; 2 0 are required.

Where A;: Vector of Lagrange multiplier
OF(X*): Function Gradient Vector
R(X*): Residual Vector

Introducing { X}, into Kuhn-Tucker Condition,
the results are then shown in Table 3. It's found the
residual vector is close to zero and matches the Kuhn-
Tucker Condition

CONCLUSIONS

In this paper, the theoretical STL of muffler with

side inlet/outlet tube is deduced, a computer graphic
system for quick examination of all the global peak
points is presented, and the decisions of sensitivity
analysis for each design parameter are achieved. Ac-
cording to the graphic analysis on sensitivity, one set of
design datais primarily determined from chart. Using
the fundamental data as the initial design value, three
kinds of searching techniques are then processed, and
the more accurate solutions can therefore be composed.
Moreover, the Kuhn-Tucker Condition is then applied
to verify the accuracy of the solution.

This study definitely offers a simple progress to
not only organize the optimum design in muffler, but
also compromise the effective for the constraint prob-
lem which is frequently occurred in a basement or other
buildings. Through the case study presented, the opti-
mal design in muffler for STL at 500 Hz is found
accurate by using the confirmation of Kuhn-Tucker
situation. This study absolutely provides the economi-

Table2. Optimal STL with respect to the optimal design parametersin three methods

Method L2 L3 STL
Exterior Penalty Function Method 0.171587 1.628413 191.9
Interior Penalty Function Method 0.171587 1.628413 191.9
Feasible Direction Method 0.171587 1.628413 191.9

Table 3. Resultsof Kuhn-Tucker Condition’s checking processin three methods

Method Lagrange Multipliers Residual Vector
M Az As {R} {R}

Exterior Penalty Function Method 33233 64703.5 4813.8 0.0 0.0
Interior Penalty Function Method 33233 64703.5 4813.8 0.0 0.0
Feasible Direction Method 3323.3 64703.5 4813.8 0.0 0.0
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Fig. 12. STL with respect to frequency.
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cal approach to optimize the design for a single-cham- 10-17 (1986).

ber muffler with side inlet/outlet under space constraints 2. Munjal, M.L., Acoustics of Ducts and Mufflers with

without redundant testing. Application to Exhaust and Ventilation System Design,
John Wiley and Sons, New Y ork, pp. 58-59 (1987).
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NOMENCLATURE

air density (kg m?)

specific heat ratio of air

sound speed (m s?)

diameter of the ith duct (m)
J=1

wave number.

length of the ith duct (m)

mean flow Mach number at i
total flow pressure (Pa)

acoustic pressure at i (Pa)
penalty parameter

penalty parameter

section area at i (m?)

sound transmission loss (dB)
sound power level (dB rel0*?w)
acoustic particle velocity at i (m s?)
total flow velocity (m s*)

mean flow velocity at i (m s™)
acoustic mass velocity at i (kg s?)
radian frequency

characteristic impedance at i
impedance at i
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