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Abstract 
It has been noted that the application of high performance, compact mufflers is the future 

for modern factories where place is at 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 turn 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 a limited 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, a simulated annealing (SA), a robust 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 respect to a 
one-tone noise is introduced for a reliability check on the SA method. Also, an accuracy check 
on the mathematical model is performed. To appreciate the acoustical ability of the new 
mufflers, traditional mufflers, including a simple expansion muffler as well as a 
non-perforated intruding-tube muffler, have been assessed. Results reveal that the maximal 
STL is precisely located at the desired targeted tone. In addition, the acoustical performance of 
mufflers conjugated with perforated intruding tubes is found to be superior to the traditional 
mufflers. Consequently, the approach used for the optimal design of the noise elimination 
proposed in this study is quite effective. 
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1. Introduction  
To overcome the low frequency noise emitted from venting systems, mufflers have been 

continually used [1]. Research on mufflers was started by Davis et al. in 1954 [2].  Based on 
the plane wave theory, studies of simple expansion mufflers without perforated holes have 
been made [3, 4, 5]. To increase a muffler’s acoustical performance, the assessment of a new 
acoustical element ― internal perforated plug tubes ― was discussed by Sullivan and 
Crocker [6]. On the basis of the coupled differential equations, a series of theoretical and 
numerical techniques in decoupling the acoustical problems have been proposed [7, 8, 9, 10]. 
In 1981, Jayaraman and Yam [11] 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 [13] 
publicized the numerical decoupling method by finding the eigen value in transfer matrices.  

In order to maintain a steady volume-flow-rate in a venting system, a muffler’s back 
pressure within an allowable range is compulsory. Therefore, Wang [14] developed a 
perforated intruding-tube muffler (a low 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 previous work [15, 16, 17, 
18], 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 
addressed; yet, the acoustical performance of above mufflers is still insufficient. In order to 
efficiently improve the performance of the noise control device and maintain a steady 
volume-flow-rate within a space-constrained situation, an optimal design on a one-chamber 
muffler equipped with perforated intruding tubes is presented. 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. A SA method patterned after the Darwinian 
notion of natural selection is applied in this work.  
 
3. Theoretical Background 

In this paper, a one-chamber muffler with perforated intruding tubes was adopted for 
noise elimination in the fan room shown in Figure 1. Before the acoustical fields of the 
mufflers are analyzed, the acoustical elements have been distinguished. As shown in Figure 2, 
three kinds of muffler components, including three straight tubes, a perforated intruding inlet 
tube, and a perforated intruding outlet tube, are identified and symbolized as I, II, and III. In 
addition, the acoustic pressure p and acoustic particle velocity u  within the muffler are 
depicted in Figure 3 where the acoustical field is represented by six points. 
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Figure 1  Noise elimination of a fan noise inside a limited space. 

 

 
Figure 2  Acoustical elements in a one-chamber muffler hybridized with perforated intruding 

tubes. 

 
Figure 3  The outline dimension and acoustical field in a one-chamber muffler hybridized 

with perforated intruding tubes. 
The muffler system is composed of three kinds of acoustical elements. The individual 

transfer matrix derivations with respect to three kinds of acoustical mechanisms are described 
as below. 

 
3.1 Transfer Matrix for a Straight Tube 

For a one dimensional wave propagating in a symmetric straight tube shown in Figure 3, 
the acoustic pressure and particle velocity are 
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Considering boundary conditions of pt 0 (x=0) and pt 1 (x=L), Eqs. (1) and (2) can be 
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A combination of Eqs. (3) and (4) yields  
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Similarly, the transfer matrix between pt 5 and pt 6 is 
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Likewise, the transfer matrix between pt 10 and pt 11 is 
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3.2 Transfer Matrix of a Perforated Intruding Inlet Tube 
To analysis the acoustical mechanism of element (II), a detailed acoustical field 

represented by five points is depicted in Figure 4. Based on Sullivan and Crocker’s derivation 
[6], the continuity equations and momentum equations with respect to inner and outer tubes at 
nodes 1 and 2 are as follows. 
Inner tube:     

 
Figure 4  The acoustical mechanism of a perforated intruding inlet tubes. 
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momentum equation: 
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Outer tube:     
continuity equation 
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Assuming that the acoustic wave is a harmonic motion 
tjexPtxp ω⋅= )(),(                                                   (12) 

Under the isentropic processes in ducts, it has 

2)()( ocxxP ⋅= ρ                                                     (13) 

Assuming that the perforation along the inner tube is uniform (ie. 0/ =dxdς ), the acoustic 
impedance of the perforation ( oρ oc ς ) is 
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where ς  is the specific acoustical impedance of the perforated tube. According to the 
experience formula of ς  developed by Sullivan [6] and Rao [10], the empirical formulations 
for the perforate tube with and without mean flow have been adopted in this study. 
By substituting Eqs.(12)~(14) into Eqs. (8)~(11), we have  
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Eliminating 1u  and 2u  by the differentiation and substitution of Eq.(15) yields 
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Developing Eq.(16a), we obtain 

024
'
2312

'
11

''
1 =++++ ppppp αααα                                       (17a) 

028
'
27

''
216

'
15 =++++ ppppp αααα                                        (17b) 

Let 1
1'

1 y
dx
dpp == ,  2

2'
2 y

dx
dpp == ,  31 yp = ,  42 yp =                       (18) 

According to Eqs. (17) and (18), the new matrix between {y’} and {y} is 
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which can be briefly expressed as 
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[ ] 44xΩ  is the model matrix formed by four sets of eigen vectors 14xΩ  of [ ] 44xΝ . 

Substituting Eq.(21) into (20)and then multiplying [ ] 1−Ω by both sides yields 
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Eq.(20) can be thus rewritten as 
{ } [ ]{ }Γ=Γ χ'                                                        (23) 
Obviously, Eq.(23) is a decoupled equation. The related solution can then be written as 
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Using Eqs.(9),(11),(20) and (24), the relationship of acoustic pressure and particle velocity is 
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Substituting x=0 and x=Lc1 into Eq.(25) and doing rearrangement yield 
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    Eq.(26) can be represented by the new symbols 1p , 2p , 3p , 4p , 1u , 2u , 3u  and 4u  
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The equation of mass continuity between point 3 and point 5 with mean flow is expressed in 
equation (28) 
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A concept of static enthalpy deduced by Munjal [19] is described as 
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Substituting Eq. (29) into Eq. (28), we have 
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The equation of momentum for steady flow is 

( ) ( )

44125

2
55

3
55

11

5
2
555113333

2
33

)1(2

21

pScuc
c

SYMK
c
Sc

pMSScuMScpMS

oo
o

e

o

oo

−






 −
−−=

++++

ργ

ρ
                           (31) 

The equation of energy conservation for steady flow is 
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With the rigid wall at boundary, we have    
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By substituting and eliminating parameters 2p , 2u , 3p , 3u , 4p , 4u , the simplified equations 

become 
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Combining Eqs(34a,b) into a matrix form yields 
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3.3 Transfer Matrix of a Perforated Intruding Outlet Tube 
Similarly, for a perforated intruding tube shown in Figure 5, its geometry is symmetrical to 
the above perforated intruding outlet tube. As derived in Eqs. (8)~(35), the acoustical pressure 
and acoustical particle velocity at points 7 and 8 is 
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104,3102,393,31,37 )( ucTTpTTpXTTTTuc oooo ρρ +++=                         (36c) 

 

Figure 5  The acoustical mechanism of a perforated intruding outlet tube. 

104,4102,493,41,48 )( ucTTpTTpXTTTTuc oooo ρρ +++=                        (36d) 

By substituting and eliminating parameters ( 7p , 7u , 8p , 8u , 9p , 9u ) in Eq.(41), the simplified 

equations become 
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Combining Eqs(37a,b) into a matrix form yields 
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3.4 Sound Transmission Loss 
For combining above Eqs., the total transfer matrix assembled by multiplication is  
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3.5 Overall Sound Power Level 
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3.6 Objective Function 
By using the formulas of Eqs.(40)(41), the objective function used in the SA optimization 

was established. 
(A) STL maximization for a one- tone (f) noise 

( )109876543211 ,,,,,,,,,,, RTRTRTRTRTRTRTRTRTRTfQOBJ =                 (42) 

 (B) SWL minimization for a broadband noise 
To minimize the overall SWLT, the objective function is  

( )109876543212 ,,,,,,,,,,, RTRTRTRTRTRTRTRTRTRTfQSWLOBJ T=            (43) 

 
4. Model Check 

Before performing the SA optimal simulation on mufflers, an accuracy check of the 
mathematical model on a one-chamber muffler with perforated intruding tubes is performed 
by Wang et al. [14]. As indicated in Figure 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. 
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Figure 6  Performance of a one-chamber muffler equipped with perforated intruding tubes  
[Experimental data is from Wang et al. [14]]. 

 
5. Case Studies 

In this paper, the noise reduction of a space-constrained fan room is exemplified and 
shown in Figure 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 depress the 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 a broadband noise is executed, a 
reliability check of the SA method by maximization of the STL at a targeted one tone (250 Hz) 
has been carried out. As indicated in Figure 7, to appreciate the acoustic performance, two 
kinds of low back-pressure mufflers (one, a simple expansion muffler; and the other, a muffler 
hybridized with non-perforated intruding tubes) are accessed and optimized.  As shown in 
Figures 1 and 2, the available space for a muffler is 0.4 m in width, 0.4 m in height, and 1.6 m 
in length. The flow rate (Q) and thickness of a perforated tube (t) are preset at 0.05 (m3/s) and 
0.001(m), respectively.  

Table 1   Unsilenced SWL of a fan inside a duct outlet. 
Frequency - Hz 125 250 500 1000 2000 4000 

SWLO - dB 115 120 116 102 96 88 

 
Figure 7  Two kinds of low back-pressure mufflers [(1) a one-chamber simple expansion 

muffler; (2) a one-chamber muffler hybridized with non-perforated intruding tubes]. 
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6. Simulated Annealing Method 
The basic concept behind simulated annealing (SA) was first introduced by Metropolis et 

al. [20] and developed by Kirkpatrick et al. [21]. The simulated annealing (SA) algorithm is a 
local 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 temperature 
while cooling it slowly. Slow cooling allows the particles 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 a random initial solution. The scheme of SA is a 
variation of the hill-climbing algorithm. As indicated in Figure 8, all downhill movements for 
improvement are accepted for the decrement of the system’s energy. Simultaneously, SA also 
allows movement resulting in solutions that are worse (uphill moves) than the current solution. 
This is done in order to escape from the local optimum.  

 

Figure 8  SA algorithm from a physical viewpoint. 
As indicated in Figure 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 change in 
the objective function (or energy) is negative, ie., 0≤∆F , a new solution will be 
acknowledged as the new current solution with the transition property pb(X’) of 1; if it is not 
negative, then the new transition property (pb(X’)) varying from 0~1 will be calculated by the 
Boltzmann’s factor (pb(X’) = )/exp( CTF∆ ) as shown in Eq. (44).  



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

>∆
∆−

≤∆
= 0),exp(

0,1
)'( f

CT
F
F

Xpb                                     (44a) 

)()'( XOBJXOBJF −=∆                                        (44b) 

 
Figure 9  New random solution in a perturbed zone. 

where the C and T are the Boltzmann constant and the current temperature. Additionally, 
compared to the new random probability of rand(0,1), if the transition property (pb(X’)) is 
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greater than a random number of rand(0,1), the new uphill solution, which results in a higher 
energy condition, will then be accepted; otherwise, it is rejected. The uphill solution at a 
higher temperature will therefore have a better chance of escaping from the local optimum. 
The algorithm repeats the perturbation of the current solution and the measurement of the 
change in the objective function. As indicated in Figure 10, each successful substitution of the 
new current solution will lead to the decay of the current temperature as 
Tnew = kk * Told                                                            (45) 
 
7. Results and Discussion 
7.1 Results 

To achieve good optimization, two kinds of SA parameters, including the cooling rate (kk) 
and the number of iterations (Iter) and ( pm ) are varied step by step during optimization. Two 
results of optimization (one, pure tone noises used for SA’s accuracy check; and the other, a 
broadband noise occurring in a fan room) are described below. 
7.1.1 Pure Tone Noise Optimization 

 
Figure 10  Flow diagram of a SA optimization. 

Seven sets of SA parameters are tested by varying the values of the SA parameters. The 
simulated results with respect to a pure tone of 250 Hz is summarized and shown in Table 2. 
As indicated in Table 2, the optimal design data can be obtained from the last set of SA 
parameters at (kk, itermax) = (0.96, 1000). Using the optimal design in a theoretical calculation, 
the optimal STL curves with respect to various SA parameters are plotted and depicted in 
Figures 11. As revealed in Figure 11, the STLs are roughly maximized at the desired 
frequencies. 
Table 2  Optimal STL for a one-chamber muffler with perforated intruding tubes at various 

kk and itermax (targeted tone of 250 Hz). 
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7.1.2 Broadband Noise Optimization 
By using the above SA parameters, the muffler’s optimal design data for one-chamber 

mufflers hybridized with perforated intruding tubes used to minimize the sound power level at 
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 reduced from 
122.4 dB(A) to 80.1 dB(A). Using this optimal 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 Figure 12.  
Table 3  Optimal SWL for a one-chamber muffler with perforated intruding tubes at various 

kk and itermax (broadband noise). 
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Figure 12  Comparison of the optimal STL with respect to original noise level at kk=0.96 and 
itermax=640 [broadband noise]. 

 
To appreciate the acoustic performance, two kinds of low back-pressure mufflers (a 

one-chamber simple expansion muffler and a one-chamber muffler hybridized with 
non-perforated intruding tubes) are optimized. As indicated in Table 4, the resultant SWL 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 theoretical calculation, the optimal STL curves with respect to three kinds of optimized 
mufflers are plotted and compared with original SWL shown in Figure 13. 
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Table 4  Comparison of acoustical performance with respect to three kinds of optimized 
mufflers within a same space-constrained situation (broadband noise). 

 

 
Figure 13  Comparison of the optimal STLs of three kinds of mufflers with respect to 

original noise level [broadband noise]. 
7.2 Discussion 

   To achieve a sufficient optimization, the selection of the appropriate SA parameters 
set is essential. As indicated in Table 2, the best SA set at the targeted pure tone noise of 250 
Hz has been shown.  The related STL curves with respect to various SA parameters are 
plotted in Figure 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 Figure 12 can also 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 SWLT is shown in Table 4 and plotted in Figure 
13. It is obvious that the one-chamber muffler hybridized with perforated intruding tubes is 
superior to the other mufflers. As can be observed in Table 4, the overall sound transmission 
loss of the one-chamber muffler with perforated intruding tubes reaches 43.9 dB. However, 
the overall sound transmission loss of the one-chamber simple expansion muffler and the 
one-chamber muffler with non-perforated intruding tubes are 28dB and 12.8 dB. 
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8. 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 technique, 
a plane wave theory, a four-pole transfer matrix, and a SA optimizer.  Two kinds of SA 
parameters (kk, itermax) play essential roles in the solution’s accuracy during SA optimization. 
As indicated in Figure 11, the tuning ability established by adjusting design parameters of 
mufflers is reliable.  

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 assessed. As indicated in Table 4, the resultant SWLT 
with respect to these mufflers is 94.2 dB, 80.1 dB, and 109.4 dB. As shown in Table 4 and 
Figure 13, it is quite obvious that the acoustical mechanism using perforated intruding tubes 
inside the muffler’s cavity has the 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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