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in reducing it. Among various designs, a three-pass perforated is a muffler design that is often used Accepted @ 02" Dec. 2024
to reduce noise in the vehicle exhaust system. However, a good muffler design should also consider Published :  26™ Feb. 2025
minimizing the pressure drop, where these two requirements conflict. To solve this problem, a
multiobjective optimization approach was applied using a non-dominated sorting genetic algorithm KEYWORDS
(NSGA-II) to find the optimal muffler design solution. Analysis of Variance (ANOVA) was also Multiobjective Optimization
presented in this study as a statistical tool to determine the muffler design parameters that have a Three-Pass Perforated Muffler
significant effect. To predict the acoustic transmission loss (TL) and fluid pressure drop (PD) inside Transmission Loss
the muffler, the three-pass perforated was simulated and experimentally verified. The results Pressure Drop
present two optimal muffler designs that were selected and discussed. The best designs are TL and NSGA-II

experiment no.26. The best design TL, produced a muffler with a noise reduction capability (TL)
better than the initial design by 9 dBA or 48%, with a PD improvement of 87.3 Pa or 2%.
Experimental design no. 26 offers mufflers with noise reduction capability (TL) better than the initial
design by 3.2 dBA or 18%, with an improvement in PD of 19.9 Pa or 0.5%. These results offer an
alternative muffler design solution that has better noise reduction capability with a small increase in
PD. ANOVA results with a significance level of 0.05 show that the design hole diameter parameter
has a significant influence on TL performance, as evidenced by a p-value smaller than 0.05.
Meanwhile, the ANOVA results for PD performance concluded that none of the design parameters
or their interactions had a significant influence on PD performance. Only the design parameter
center width and its squared interaction are assumed to have a significant influence, considering
the p-value is close to 0.05.

1. INTRODUCTION

The past decade has dramatically increased the number of motor vehicles; consequently, noise pollution and exhaust
gas emissions have become a serious problem [1]. Noise pollution is a disturbing noise that needs to be reduced for
comfort purposes [2]. Motor vehicles, as the main means of transport in urban areas, have become a source of disturbing
noise and have a negative impact on health [2]. The engine exhaust system accounts for approximately 32 percent of the
total noise sources [1], [3]. It occurs when high-pressure engine exhaust gas passes through the exhaust pipe and flows
out into the surrounding normal atmospheric pressure. As a result of changes in pressure, a noise phenomenon occurs
which we often hear when a motor vehicle engine is operating [4]. Thus, optimizing muffler design has become an
important focus area in recent years to improve engine exhaust system performance. Among various muffler designs, the
three-pass perforated muffler design is often used in engine exhaust systems because it reduces noise with reasonable
back pressure [5]-[7]. However, these dual objectives conflict and require a multiobjective optimization approach.

Multiobjective optimization refers to an approach in finding the optimal solution to a problem. The basic difference
between single-objective and multiobjective lies in the objective function, where each objective function conflicts with
each other. So, this approach will produce optimal solutions that do not dominate each other [8]. Noise and back pressure
are two contradictory things, and a multiobjective optimization approach is suitable for finding the optimal solution to
this muffler problem. Acoustic transmission loss is a performance parameter that is often used to represent the ability of
a muffler to reduce noise [9]-[11]. It is very important to reduce noise pollution, which has a negative impact on humans
and the environment [2], [12], [13]. Meanwhile, fluid pressure drop, also known as backpressure, is the extra pressure
exerted by the muffler on the engine, which needs to be minimized in the design stage because it can increase fuel
consumption and reduce engine power [14], [15].

Research with a multiobjective optimization approach using evolutionary algorithms such as genetic algorithm has
been widely used to optimize various types of muffler designs [14], [16]-[18]. The results show that this approach is
efficient and effective for optimizing muffler designs that emphasize on criteria and constraints that conflict with each
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other. However, research that really focuses on three-pass perforated tube mufflers is still limited, even though this type
is often used in vehicle engine exhaust systems [5]-[7]. These limitations indicate that there is a significant gap for further
research in exploring the optimal potential of this commercial muffler design. Therefore, to fill this lacuna, this current
research aims to optimize the three-pass perforated tube muffler design to improve acoustic transmission loss performance
and reduce fluid pressure drop with a multiobjective optimization approach using an NSGA-II.

2. MUFFLER DESIGN PROBLEM

There are two types of mufflers: reactive mufflers and dissipative mufflers. Reactive mufflers adopt the principle of
sound wave cancellation to reduce engine noise. Reactive mufflers consist of chambers, partitions and plates with inlets
and outlets that allow the incoming sound waves to reflect off each other and sound cancellation occurs [19]. This muffler
is preferred because of its durability compared to dissipative mufflers, which use an absorbent material installed inside
the muffler to reduce the sound waves. This absorbent material generally has a short-term service life [20], [21]. Besides,
engine exhaust gas generally has a low frequency, so reactive mufflers have suitable characteristics that reduce this noise
[16]. Therefore, for a more sustainable solution, reactive mufflers are preferred.

Three-pass perforated tube muffler is a type of reactive muffler that is often chosen for use in engine exhaust systems
because of its ability to reduce noise with reasonable back pressure [5]-[7]. Reducing noise and backpressure are two
opposing issues in the muffler design process. Research results by Siano et al. [14] show that when the muffler design
can reduce noise, the resulting back pressure tends to be high, and vice versa. High back pressure can increase fuel
consumption and reduce engine power. Meanwhile, noise also needs to be maximally suppressed. The sound quality of a
vehicle is important in today's modern car era because it can be a differentiator between vehicles, giving an overall
impression of the vehicle’s quality[14].

The ability of the muffler to reduce engine noise is related to the acoustic performance of the muffler as an acoustic
filter in the engine exhaust system. Among the various ways to evaluate muffler performance, transmission loss (TL) is
the most frequently used method in many studies, considering its ease of analysis theoretically and numerically [9]. TL
is the ratio between the incoming sound power to the transmitted sound power [10], [11], [22]. Mathematically, we can
predict TL using Eq. (1), where d is the inlet/outlet diameter, D is the muffler diameter, L is the length of the muffler
chamber, and k is the number of waves, as presented in Figure 1. However, this equation can be used only for simple
muffler designs, not for complex muffler designs such as three-pass perforated designs. Thus, there are many studies that
use a numerical simulation approach to predict TL [1], [14], [18].
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Figure 1. Muffler simple design
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In reducing engine exhaust gas noise, the muffler causes a large pressure drop (PD) [23]. Because the deflected exhaust
gas flow follows the muffler flow to reduce noise, it causes a large pressure to drop in the exhaust system. This pressure
drop causes muffler back pressure towards the engine. Like TL, PD can be predicted using mathematical calculations,
such as Eq. (2). Where, p is exhaust gas density (kg/m®), U is the mean flow velocity (m/s), K is obtained using Eqg. (3),
where this value depends on the geometry of the muffler, then d is the inlet/outlet diameter (m), D is the muffler diameter,
and L is the length of the muffler expansion section (m) [10]. However, this equation also cannot be used in complex
designs such as three-pass perforated mufflers. Some researchers prefer to use numerical simulation [14], [24]-[26].
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PD is the difference between the pressure at the exhaust manifold and the cross-section at the exhaust outlet [27]. The
amount of PD that occurs in the system will be in line with the muffler back pressure to the engine. Therefore, this
parameter is often used in several studies on mufflers to predict the back pressure that occurs [16], [28]. TL and PD are
two parameters of muffler performance in terms of noise reduction and minimizing back pressure that conflict with each
other. Therefore, a multiobjective optimization approach is used to solve this muffler design problem to find the right
design.
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3. MULTIOBJECTIVE OPTIMIZATION USING NSGA-II

When an optimization problem consists of one objective, it is called single-objective optimization. Meanwhile, if the
optimization problem consists of more than one objective, then it is called multiobjective optimization. However, the
fundamental difference in multiobjective optimization is that each objective conflicts with each other [8]. The genetic
algorithm (GA\) is a search algorithm whose working method is inspired by Darwin's ideas about natural selection and
evolution [18]. It was originally proposed by Holland [29] in 1975 and until now has been widely used in various fields
of study to solve optimization problems [30]. NSGA-II, developed by Deb [31], is a multiobjective optimization algorithm
that implements an elite maintenance strategy and is an explicit mechanism for maintaining diversity. Like conventional
GA, NSGA-II starts by randomly creating a population of individuals representing the design parameters, which then
uses selection, crossover, and mutation processes to form a population of offspring. In contrast to conventional GA, which
selects solutions based on fitness function values, NSGA-II performs selection based on non-domination ranking and
crowd distance.

In general, the basic stages of multiobjective optimization are presented in Figure 2 [8]. The first step is formulating
the optimization problem, including the function, optimization objectives, and specified boundaries. In this section, we
must have functions or equations to complete the optimization goal. After getting the function, optimizer software can
conduct the optimization process computationally. The optimizer software will generate multiple trade-off solutions or
Pareto fronts. These multiple trade-off solutions are optimal solutions that do not dominate each other or optimal muffler
design solutions that do not dominate each other's TL or PD objectives. The second step is to select a solution based on
higher-level information [8].
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Figure 2. Two steps multiobjective optimization
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4. MULTIOBJECTIVE OPTIMIZATION PROBLEM FORMULATION

A multiobjective optimization problem has a number of objective functions which are to be minimized or maximized
[8]. Mathematically, the multiobjective optimization problem formulation for a three-pass perforated muffler design is
described in Eq. (4). The objective function is to maximize TL and minimize PD, which means that the desired muffler
design has high noise reduction capability (maximum TL) and a low-pressure drop (minimum PD). The limits used are
the design parameter size limits presented in Table 1 and Figure 3, which indicate the location of each design parameter.
Based on the objective function and constraints described, the program is then written. NSGA-II is used as a search
algorithm to find the optimal muffler design solution that provides maximum transmission loss and pressure drop [31],
[32]. The flowchart of the NSGA-II algorithm and its implementation process is shown in Figure 4. In the calculation,
the population size is set to 200, with a selection function using a tournament size of 4. The crossover fraction is 0.8,
utilizing a two-point crossover function, and the mutation function is constraint-dependent. The migration direction is set
to forward, and the distance crowding measure uses the default setting. The stopping criterion, or maximum number of
iterations, is set to 100 times the number of variables, resulting in a maximum of 500 iterations.

Maximize TL = f(My, F,, Cy, Ry, Hy)
Minimize PD = f(M,, F,, Cyy, Ry, Hy)
Subject to110 < M,; < 170
80 <F, <120 4)
170 < C,, <210
80 <R, <120
4 <H,;<8

Table 1. Design parameters
Design Parameters (mm)  Lower Bound  Upper Bound

Muffler diameter (M) 110 170
Front width (E,) 80 120
Centre width (C,,) 170 210
Rear width (R,,) 80 120
Hole diameter (Hy) 4 8
0o H
oD
M, \
E, ) [ ' R,

Figure 3. Design parameters for 3D three-pass perforated tube muffler visualization
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Figure 4. Flowchart of the NSGA-II algorithm

5. RESEARCH FLOWCHART

In general, the flow of this research is visualized in the form of a flowchart in Figure 5. A more detailed explanation
of the flowchart stages is as follows. The muffler design process begins with creating a 3D three-pass perforated muffler
using CAD software, followed by simulation using commercial software to obtain Transmission Loss (TL) and Pressure
Drop (PD) values. These simulated values are compared with experimental results to verify the accuracy of the simulation
model. If the simulation results align with the experimental data, the research progresses; otherwise, the simulation
settings are adjusted.
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An experimental design is then formulated using the Central Composite Design (CCD) model, which involves five
design parameters at three levels, resulting in 27 muffler design experiments. These designs are simulated to gather TL
and PD values, which are used to create a polynomial regression model. This model serves as the fitness function for
optimization through NSGA-II, which generates a Pareto front of non-dominated solutions for both TL and PD. The
optimal designs identified are verified experimentally to assess their real-world performance. Finally, ANOVA is applied
to the regression equations using Minitab software to identify significant design parameters, providing valuable insights
for future research and more accurate muffler design.

/

Create a 3d three- Pareto Front
pass perforated tube /
muftler design ?
* Call NSGA T to Select one or more
Numerical find the pareto front design solutions
simulation of TL |« solution to TL and llsil}g higher-level
and PD PD information
+ TL and PD
Muffler prototyping l'uncliuuf: of the (_)plim.uvm d'csign
approximate verification
* model
Experimental ¢
verification Construct approximate
model based on ANOVA on the
sunulation results for regression equation
TL and PD

No T

Simulation of 27
mutfler designs for

he simulation
results are agree
reasonable?

End

TL and PD
Malkes central 27 muftler
composite design designs
(CCD) following CCD

Figure 5. Research Flowchart

5.1  Simulation and Experimental Verification

TL and PD simulations using commercial software have been carried out in several studies [5], [27]. The assumptions
set in the simulation are limited to conditions that occur at an engine speed of 1000 rev/min. It refers to the stationary
rotation of a vehicle and the vehicle noise measurement standard according to ISO [33]. The exhaust gas temperature is
set at 172° C, the pressure before the muffler is set at 4100 Pa, and the broadband noise function is activated with the
sound speed set at 346 m/s. These measurements are obtained from experimental measurement results. The K-epsilon
model was chosen because it accurately represents engineering turbulence for industrial applications. Most engineering
flows are turbulent, including engine exhaust systems [34]. After the simulation process is complete, a real muffler is
made and then verified experimentally. The engine used is a commercial car engine with the engine specifications shown
in Table 2.

Special tools are needed to measure TL experimentally, and it tends to be difficult to implement with improvised tools.
Therefore, the insertion loss (IL) measurement scheme was chosen in this study because it is relatively easier to
implement. To calculate TL with the IL measurement, the scheme is presented in Eq. (5). Where r is the distance from
the sound source to the measuring instrument, IL is the difference in sound power at the same point with and without
using a muffler [1].

TL = IL + 10,0g(47r?) (5)
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Table 2. Engine specification
Engine parameters  Specifications

Power 94 HP at 6000 rev/min
Torque 118 Nm at 4800 rev/min
Displacement 1.242cc/1.21
Cylinders 4 Cylinder

Bore and Stroke 73 mmand 74.2 mm
Compression ratio  11:1

Fuel Gasoline

The IL measurement scheme was adopted from several studies, as shown in Figure 6. The standard followed is the
Internal Combustion Engine Exhaust Muffler Measurement Method from China Standards, Beijing, China [1], [35]. Other
relevant research using a similar scheme is shown in [18], [36]. The numbers show 1) engine, 2) thermometer, 3) fluid
manometer, 4) muffler, 5) sound level meter, and 6) computer. The measurement procedure was conducted with the
following steps: 1) operating the engine with a stable engine speed until the engine reaches engine operating temperature;
2) noise measurements are carried out using a sound level meter at a distance of 0.5 m, at an angle of 45° and at a height
parallel to the muffler; 3) in the same way, measure the noise again without using a muffler and only using a straight pipe
that has the same diameter and length. The location of the sound level meter and muffler must always be kept in the same
position [35].

3

N

Figure 6. Schematic of test bench

5.2  Experimental Verification Analysis

As presented in Table 3, The difference between the simulated TL and the experimentally measured TL shows a
difference of 0.6 dBA or 4.7%. Meanwhile, the difference between the simulated PD and the PD measured experimentally
shows a difference of 278 Pa or 8%. Errors that occur can be caused by material and manufacturing factors in the muffler
manufacturing process. The percentage difference between the simulation and experimental results is still in the normal
category [1], [19].

Table 3. Comparison of TL and PD experiments and simulations

o Standard Deviation Average
Description
TL (dBA) PD (Pa) TL (dBA) PD (Pa)
Experiments 0.8 122.2 12.7 3456
Simulations - - 13.3 3734

5.3  Approximate Model

The idea behind approximate models is to create an engineering method used as an explicit model to evaluate the
objective function [18]. Although TL and PD values can be evaluated through computer simulation, processing all muffler
designs still takes a long time. In this research, a computer, model 30BEAO01AID, equipped with an Intel(R) Xeon(R) W-
2145 CPU @ 3.70 GHz, 16 GB of RAM, and operating system Windows 10 Pro 64-bit, was used to carry out these
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simulations and run the NSGA-I11 algorithm. Given the standard specifications of this setup, processing times were still
substantial, making it necessary to develop an approximate model. A polynomial equation was created to evaluate TL
and PD, and CCD was chosen as the design to distribute each experiment. This design is often used in research that aims
to create approximate models based on polynomial equations [37]. In Table 4, CCD designs with a total of 27 muffler
designs have been created, with 26 non-center point designs and one center point. There is no repetition of running the
experiment at the center point because this is a simulation that has the same value for each measurement, in contrast to
real experimental measurements, which are closely subject to variance [38].

Table 4. Central composite design

RUN Muffler Front Centre Rear Hole Simulation

diameter width width width diameter  TL (dBA) PD (Pa)
1 110 80 170 80 8 22.0 3672.2
2 110 80 170 120 4 154 3690.7
3 110 80 210 80 4 215 3763.8
4 110 80 210 120 8 19.6 3702.4
5 110 120 170 80 4 13.6 3672.2
6 110 120 170 120 8 20.3 3656.4
7 110 120 210 80 8 20.4 3755.6
8 110 120 210 120 4 154 3689.4
9 170 80 170 80 4 14.8 3665.3
10 170 80 170 120 8 24.1 37155
11 170 80 210 80 8 21.7 3732.8
12 170 80 210 120 4 15.9 3644.3
13 170 120 170 80 8 21.6 3672.7
14 170 120 170 120 4 14.5 3632.2
15 170 120 210 80 4 135 3643.8
16 170 120 210 120 8 23.8 3740.9
17 110 100 190 100 6 20.2 3683.0
18 170 100 190 100 6 17.8 3689.0
19 140 80 190 100 6 19.7 3652.8
20 140 120 190 100 6 19.3 3654.5
21 140 100 170 100 6 185 3744.1
22 140 100 210 100 6 16.7 3721.2
23 140 100 190 80 6 18.1 3648.9
24 140 100 190 120 6 175 3720.6
25 140 100 190 100 4 14.7 3677.0
26 140 100 190 100 8 23.0 3640.9
27 140 100 190 100 6 18.4 3720.8

When 27 experiments have been simulated, and the TL and PD values have been obtained for each experiment, the
next step is to create an approximate polynomial equation model to replace the simulation model in calculating TL and
PD for the five design parameters. Further, in Montgomery [38], it is possible to show how to create approximate models
from existing data. The approximate polynomial equation model that has been built is presented in Eq. (6) and Eq. (7).
This approximate model needs to be checked for the coefficient of determination (R?), it is the amount of error between
the value predicted by the approximate model and the value obtained using simulation. (R?) values for both TL and PD
are presented in Figure 7. R? for TL is 0.96, then for the R? PD value, the value is 0.77. The greater the R? value, it
indicates the level of accuracy. Therefore, it can be concluded that the approximate models are close to simulation models,
so simulation models can be replaced with approximate models. This approximate polynomial equation model will be
used as a fitness function in the optimization process using NSGA-II.

TL = —29.3 — 0.337M, — 0.867F,, + 1.134C,, + 0.109R,, — 0.74H, + 0.000527M? + 0.00244F2
—0.00231C2 — 0.00181RZ + 0.081H2 + 0.000594M,F,, — 0.000594M,C,, ©)
+0.001406M R, + 0.01677M,H, + 0.000109F, C,, + 0.001547F,R,,
+0.01453F, H, — 0.000734C,,R,, — 0.01641C,,H, + 0.00672R,, Hy
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PD = 7779 — 1.78M, + 9.3F,, — 45.5C,, — 0.9R,, — 39.0H, + 0.0038M2 — 0.0722F2 + 0.1253C2
+0.0055R2 — 5.90H2 — 0.0013M,F,, — 0.0150M,C,, + 0.0149M,R,, + 0.319M,H,

+0.0151F, C,, + 0.0087F,R,, + 0.202F, H; — 0.0205C,,R,, + 0.209C,, H, Y

+0.110R,, H,
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Figure 7. Determination coefficient (R?) of approximate model TL (a) and PD (b)

6. RESULT AND DISCUSSION

6.1  Optimization Result

NSGA-I1 will produce optimal muffler design solutions for TL and PD. We strive to obtain mufflers with high noise-
reduction capabilities and low-pressure drops. However, these two things contradict each other. NSGA-II will produce
optimal solutions that consider both aspects. These solutions are points that will form a pattern of optimal trade-off
solutions or Pareto fronts in Figure 8 [39]. The Pareto front is a set of optimal solutions in the case of multiobjective
optimization where these solutions do not dominate each other in their respective objective functions. [40]. In Figure 8,
TL and PD trends showed contradictory patterns. When the muffler design solution has a high TL value, the PD value is
also high. Meanwhile, if the muffler design solution has a low PD value, the TL value is also in line.

Meanwhile, we expect results with high TL and low PD. However, these solutions are the most optimal solutions for
this case, where these solutions are not dominated by each other in both objectives. The next step is to choose based on
higher-level information. Choosing based on higher-level information refers to selecting a solution with various high-
level non-technical and qualitative considerations [41]. As a result, three selected designs and one standard design, which
became the initial design before being optimized, are displayed in Table 5.
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Figure 8 and Table 5 present the initial design, the selected, and the best TL and PD. The initial design was a standard
commercial three-pass perforated exhaust design. The initial design is displayed to see the position or condition of the
initial muffler design before optimization. The best TL design (solution 28) has the highest TL value of the 70 muffler
design solutions offered. Compared with the initial design, this design can increase the reduction value by 11 dBA.
Meanwhile, the best PD design has the best PD value of the 70 solutions offered. Compared with the initial design, this
design can reduce pressure by 58 Pa. Then, the final option is a selected design. This design offers an increased reduction
value of 8 dBA with a constant pressure drop. The selected design was chosen because it also considered the size of the
muffler. The selected design has the smallest size compared to the best TL and PD designs. In Figure 8 and Table 5, the
initial design, the selected optimum, the best TL, and the best PD designs are presented. The initial design was a standard
commercial three-pass perforated exhaust design displayed to show the position or condition of the muffler before
optimization. The best TL design (solution 28) has the highest TL value among the 70 muffler design solutions offered.
Compared with the initial design, this design achieves an 11 dBA increase in noise reduction. Meanwhile, the best PD
design offers the lowest pressure drop among the 70 solutions, reducing the pressure drop by 58 Pa compared to the initial
design.

28
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@ Best TL (solution 28)
264 O BestPD (solution 70) L2 ©
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Figure 8. Pareto front

Table 5. List of the muffler parameters for the initial, selected, best TL and PD solutions

Configuration Muffler Fr_ont Ce_ntre Rgar _Hole TL PD
Diameter ~ Width Width Width Diameter (dBA) (Pa)
Initial design 140 110 190 110 4 154 3626.8
Best TL (sol. 28) 170 120 179 120 8 26.3 3677.3
Best PD (sol. 70) 170 120 188 82 4 13.7 3569.1
Selected (sol. 39) 111 80 186 98 8 23.3 3626.8

The selected optimum was determined by identifying a design that maintains the same PD value as the initial design
while improving TL performance. This approach was inspired by the method used by Siano et al. (2013), which
emphasizes selecting a solution from the Pareto front where the pressure drop does not deteriorate, yet the TL performance
is enhanced. Unlike other solutions that achieve high TL values at the expense of a worsening PD, the selected optimum
balances both objectives effectively. Specifically, the selected design offers an 8 dBA increase in noise reduction while
maintaining a constant pressure drop and is further preferred due to its smaller size compared to the best TL and PD
designs. Acoustic elements such as future mufflers will need to meet the needs of higher noise reduction, lower back
pressure, and smaller muffler volumes [42]. Considering that the solution obtained above is based on an approximate
model built based on simulation results, the design must be verified to get the actual value.

6.2  Verification of Optimum Designs

Verification of the results is intended to validate the optimum design predictions provided by NSGA-II. The three best
optimal designs are TL, PD, selected and experiment no. 26, standard design as initial design, created and simulated using
commercial software. In this section, the TL and PD results of each design are compared with each other to determine the
optimal non-dominated design. Table 6 compares the best PD design with the initial design, where the initial design
dominates PD’s best design objectives. Therefore, the best PD design is not included as a non-dominated optimal solution.
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Non-dominated solutions relate to solutions that are not dominated or superior to other solutions [8]. Then, a comparison
between selected and experiment no. 26, where experiment no. 26 dominates both selected objectives. Therefore, the
selected is not included as an optimal non-domination solution.

From the previous comparison results, three optimal non-dominated designs were found. There are initial designs,
best TL, and experiment no.26. An interesting fact is that the initial design is included in the non-dominated optimal
design because its PD value is the best compared to other solutions. Another solution, TL's best design, offers a muffler
design with noise reduction capabilities that are better than the initial design by 9 dBA or 48% but with an increase in PD
of 87.3 Pa or 2%. Meanwhile, experimental design no. 26 offers a muffler with noise reduction capabilities that are better
than the initial design by 3.2 dBA or 18%, with an increase in PD of 19.9 Pa or 0.5%.

Each optimal design has advantages in each TL and PD, neither dominating nor outperforming each other. The initial
design is good in terms of PD value, but it is bad in terms of TL value. Meanwhile, The best TL is good in terms of TL
value but bad in terms of PD value. Then, experiment no. 26 is good in terms of TL compared with the initial design but
bad in terms of PD values. Compared with the best TL, it is bad in terms of TL value but good in terms of PD value. That
is the concept of non-dominated solutions, where each solution is not dominated by other solutions [8], [41].

Table 6. Optimum design verification result

Configuration Muffler Fr_ont Ce_ntre R_ear _Hole TL PD
diameter width width width diameter (dBA) (Pa)
Initial design 140 110 190 110 4 17.8 3621.0
Best TL (sol. 28) 170 120 179 120 8 26.4 3708.3
Best PD (sol. 70) 170 120 188 82 4 17.7 3646.2
Selected (sol. 39) 111 80 186 98 8 20.6 3673.5
Experiment no. 26 140 100 190 100 8 23.0 3640.9

If studied more deeply, the best TL solution is the muffler with the best TL performance. However, based on its
dimensions, this muffler has a large size or volume, which means it also has a large weight. Meanwhile, future muffler
designs are expected to have smaller designs [42]. Meanwhile, experiment no. 26 has a lower TL value than the best TL
design. However, this design is better in terms of PD value and has a smaller muffler size, which means it has a smaller
weight. Therefore, this design is preferred for a more sustainable solution [42]. The design is not much different from the
initial design. This design does not require modification when used directly on a vehicle. Then, ANOVA was performed
to determine whether each design parameter had a statistically significant influence on TL and PD performance.

6.3 Analysis of Variance

Analysis of Variance (ANOVA) is a popular method used to carry out statistical tests in experiments involving two
or more groups [43]. With ANOVA, researchers can find out the muffler design parameters that significantly influence
TL or PD. These results will be helpful for future research in determining which design parameters need to be given more
attention or considered. In this research, Minitab software was used to ANOVA muffler data on TL and PD with a
significance level of 0.05. The results of the respective TL and PD ANOVA are presented in Table 7 and Table 8.

For the TL, of the five design parameters, only the H,; design parameter has a P-value smaller than 0.05 or rejects Ho.
Meanwhile, the four design parameters have a P-value greater than 0.05 or accept Ho. Then, the interaction between
parameters shows that the interaction of design parameters M, H, has a significant influence on TL. This means that
statistical testing with a significance level of 0.05 concludes that the design parameters H,; and the interaction M;H, have
a significant influence on the TL value [38]. These results align with Fan and Ji [7], showing that adding holes to the
components inside the muffler can affect the resonance and shift it to a higher frequency. Shifting the resonance to a
higher frequency can reduce the noise coming out of the muffler because the engine exhaust noise is at a low frequency
[16].
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Table 7. ANOVA TL

Source of Variation DOF Sum of Squares Mean Squares P-Value

Model 20 249015 12451 0.01
Linear 5 190989 38198 0.00
M, 1 0.03 0.03 0.90
E, 1 8405 8405 0.05
Cy 1 0.76 0.76 0.49
R, 1 0.03 0.03 0.90
Hy, 1 181769 181769 0.00
Square 5 5385 1077 0.62
M3 1 0.55 0.55 0.56
F? 1 2320 2320 0.25
c2 1 2095 2095 0.27
RZ 1 1288 1288 0.38
H3 1 0.26 0.26 0.69
2-Way Interaction 10 52641 5264 0.06
M,F, 1 2031 2031 0.28
M,;C,, 1 2031 2031 0.28
MyR,, 1 11391 11391 0.03
M,H, 1 16201 16201 0.02
E,C,, 1 0.03 0.03 0.89
E,R,, 1 6126 6126 0.08
F,Hy 1 5406 5406 0.10
CyR, 1 1381 1381 0.36
C,Hy 1 6891 6891 0.07
R, H, 1 1156 1156 0.40
Error 6 8604 1434
Total 26 257619

Further research by Fan and Ji [6] refers to more specific components, the same as this research. Considering changes
to the perforation area or number of holes in the muffler inlet or outlet can move the resonance to a higher frequency,
resulting in a lower sound coming out of the muffler than before. Huang et al [5] also revealed the same thing, where
decreasing the perforation area or holes in the muffler channel can reduce the resonance to a lower frequency, and
increasing the perforation area can move the resonance to a higher frequency. Visually, the influence of the design
parameter H,; on the TL value is presented in the form of a 3D surface plot in Figure 9, by setting the plot position of
other design parameters at the midpoint. In Figure 9, it can be seen that changes in size in H,; significantly affect the TL
value compared to changes in size in other design parameters.
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Figure 9. 3D surface graphs H; design parameters with others

The ANOVA results for TL are different from those for PD. The PD ANOVA results, as shown in Table 8, show that
there are no design parameters, either inter, that are stated to significantly influence PD. However, the design parameter
C,, and its square C2 have the smallest value and are close to a p-value of 0.05, which means that this design parameter
has quite an influence on the PD value. Changing the size of the design parameter C,, will affect the number of holes in
that area. This causes an increase in the movement of exhaust gas from the channel to the chamber, which influences the
PD value, which is in line with Siano et al. [14], which revealed that an increase in the perforated area in the pipe affects
the decrease in pressure in the muffler because it causes an increase in the transfer area between the channel and the
chamber. Fan and Ji [6] show that the holes in the channels inside the muffler can affect the exhaust gas flow velocity
inside, where changes in the exhaust gas flow velocity inside the muffler affect the back pressure [44]. Back pressure and
PD are two things that are the same. In several previous studies, the PD parameter was used to represent the back pressure
generated in the muffler [16], [28]. Visually, the influence of C,, on the PD value is presented in the form of a 3D graphic
surface in Figure 10, by setting the plot position of other design parameters at the midpoint.

In Figure 10 (a) and (b), it can be seen that changing the size of the design parameter, C,, produces an up and down
response which forms a curved surface. This is different from changes in the design parameters, M, and R,, regarding the
PD response, where there is no meaningful change in the PD value. Then, in Figure 10 (b) and (d), changing the size of
the design parameter C,, produces a more varied and wavy response compared to the previous image and it can be seen
that there is a significant change in PD from low to high. The changes in response seen from varying muffler design
parameters demonstrate the importance of understanding how each parameter affects the acoustic and pressure
performance of the muffler. To gain further insight, it is also important to review the key parameters that have been
identified in previous studies as significant factors in improving muffler performance. The study conducted by Chao et
al. [16] showed that increasing dimensions such as length, width, and height and reducing the duct diameter resulted in
better acoustic performance and pressure drop. In another study, Siano et al. [14] show that a design that compromises
the best acoustic performance and pressure drop can be achieved by reducing the size of the center chamber width and
inlet and outlet diameters and increasing the perforated area of each chamber.
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Table 8. ANOVA PD
Source of Variation DOF Sum of Squares Mean Squares ~ P-Value

Model 20 29376 1469 0.53
Linear 5 8736 1747 0.40
My 1 1237 1237 0.39
E, 1 828 828 0.48
Cy 1 4138 4137 0.14
R, 1 68 68 0.84
H, 1 2466 2466 0.24
Square 5 7882 1576 0.45
M3 1 29 29 0.89
F? 1 2040 2040 0.28
c2 1 6139 6139 0.08
RZ 1 12 12 0.93
H3 1 1360 1360 0.37
2-Way Interaction 10 12758 1276 0.58
MyF,, 1 10 10 0.94
M,C,, 1 1289 1289 0.38
MyR,, 1 1282 1282 0.38
MyH, 1 5845 5845 0.09
E,C, 1 583 583 0.55
F,R, 1 195 195 0.73
F,H, 1 1043 1043 0.43
CwR,, 1 1079 1079 0.42
CwHy 1 1122 1122 0.41
R, Hy 1 310 310 0.66
Error 6 8558 1426
Total 26 37935

In addition, some further studies highlighted the importance of using perforated sections in improving acoustic
performance at certain frequencies. For example, Fan and Ji [6], [7] found that the addition of a hollow section to the tube
can improve acoustic attenuation at certain frequencies, while Huang et al. [5] showed that a rigid inlet or outlet tube
inside the center chamber can eliminate the tip resonator and improve acoustic attenuation in the mid-frequency range.
Interestingly, Mohammad et al. [4] emphasized that the perforated parameter is the most recommended factor in muffler
noise reduction. Based on these findings, some of the key parameters that are significant for improving the acoustic
performance and pressure drop of mufflers include the physical dimensions (Iength, width, height), channel diameter, the
use of perforated tubes, and the configuration of the center chamber and inlet/outlet. A deep understanding of these
parameters' influence is critical in designing efficient and effective mufflers in the future.
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Figure 10. 3D surface graphs C,, design parameters with others

7. CONCLUSION

This research involves problem-solving in the three-pass perforated muffler design, which has trade-off conditions for
reducing noise and minimizing backpressure solved using a multiobjective optimization approach using NSGA-II. This
research uses the TL and PD muffler evaluation method using commercial software, and the results are validated
experimentally. The results show values that are not much different from the simulation. CCD was chosen as the
experimental design model, which resulted in 27 different muffler designs to be simulated. An approximate polynomial
regression model was built based on simulation results from 27 muffler designs. This approximate model is used as a
fitness function in the optimization process using NSGA-II.

NSGA-II produces a series of optimal muffler design solutions for TL and PD of around 70 muffler design solutions.
Several optimal muffler design solutions are selected, verified, and compared with the initial or standard design. The
optimal muffler solutions are the best design TL, and the experimental design no. 26. The best design, TL, offers a muffler
with better noise reduction capabilities than the initial design of 9 dBA or 48% but with an increase in PD of 87.3 Pa or
2%. Experimental design no. 26 offers a muffler with noise reduction capabilities that are better than the initial design by
3.2 dBA or 18%, with an increase in PD of 19.9 Pa or 0.5%. These results offer an alternative muffler design solution
with better noise reduction capabilities and a small increase in PD. Then, ANOVA results with a significance level of
0.05 show that the design parameter hole diameter (H, has a significant influence on TL performance. This is proven by
the p-value being smaller than 0.05. Meanwhile, the ANOVA results for PD performance conclude that none of the design
parameters or their interactions significantly influenced PD performance. Only the design parameter C,, and its quadratic
interaction is felt to have a significant influence because the p-value is close to 0.05.
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