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ABSTRACT

Introduction: A significant contributor to noise pollution in urban areas is automobile exhaust systems,
wherein mufflers, as passive devices, are designed to mitigate the noise produced. The dimensions,
shape, and configuration of the muffler, along with its associated components and pipes, influence its
effectiveness in sound transmission loss. This study investigates the impact of varying the length of the
muffler’s connecting pipes and their associated holes on sound transmission loss in reactive mufflers,
utilizing software simulation for analysis.

Material and Methods: The research utilized COMSOL 5.5 to simulate the effects of different geometric
factors on sound transmission loss in mufflers. Modifying factors such as the length of connecting pipes
and the existence of holes led to the development of various designs. Analysis of the results was conducted
to assess the impact of each parameter on sound attenuation, enabling a straightforward comparison of
acoustic efficiency.

Results: Studies demonstrate that changing the form of pipes at different frequencies produces diverse
outcomes. Introducing a perforation prior to the tube and utilizing elongated connecting tubes with
expansion chambers can enhance transmission attenuation. On the other hand, transmission loss
decreases with longer pipes that lack holes. Lower pitches experience minimal attenuation, whereas
higher pitches undergo more loss. Reactive mufflers work best at certain frequencies, where the length of
the connecting pipe affects both the acoustic mass and the effectiveness of the muffler.

Conclusion: The results obtained from this study can inform the optimal design of mufflers aimed at
enhancing their efficacy in sound transmission loss. Furthermore, it is essential to consider the synergistic
impact of the geometrical configurations of the internal pipes within the muffler to minimize sound
emissions from the exhaust outlet.
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1. INTRODUCTION

The internal combustion engine, invented in the
late 19th century, generates significant noise that
poses environmental problems due to the strong
sound pressure created during combustion. This
noise can lead to both hearing and non-hearing
problems, as well as physical and mental issues such
as hearing loss and stress for individuals exposed
to it. Approximately 600 million people worldwide
are affected by noise pollution, including 2 million
workers in Iran exposed to noise levels exceeding 85
dB. Various occupations, such as drivers and pilots,
are particularly prone to vehicle noise exposure.
To mitigate this issue, sound control equipment,
such as mufflers, is essential to reduce the noise
output from vehicle engines before it reaches the
surrounding environment.

Muftlers play a crucial role in passive sound
control by preventing the transmission of sound
waves. They are available in two types: absorption
and reactive, with the latter being commonly used in
vehicles. Reactive mufflers work by interfering with
destructive sound waves and altering the acoustic
impedance along the flow path. This helps reflect
a significant portion of incoming acoustic energy,
thereby reducing noise levels. The long lifespan and
ability to target specific frequencies make reactive
mufflers an effective solution for controlling noise
pollution from internal combustion engines.

Baffle mufflers, a type of cylindrical muffler
with welded baffles, divert exhaust gases to reduce
sound. Studies indicate they can improve sound
transmission loss by 50%. While various muffler
types are available for sound control, they have
limitations, such as pressure drops that can affect
engine performance. As a result, designers focus on
minimizing pressure drops by optimizing muffler
geometry. A suitable muffler not only reduces noise
but also maintains optimal engine pressure.

Factors studied in mufflers include sound
transmission loss, sound level reduction, and
functionality. Sound transmission loss, measured
in decibels, is a key parameter for evaluating
muffler performance. Computer simulations are
now widely used in product design to improve
efficiency and performance.

In this study, software simulation was employed
to investigate the impact of connecting pipe length
and holes on sound transmission loss and pressure
drop in reactive muftlers. The goal was to develop a
simple and accurate simulation method for optimal
muffler design. The research aims to enhance
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the understanding of muffler performance and
improve design techniques for better sound control
and engine efficiency.

2. MATERIAL AND METHODS

1. This research involved the design and
simulation of six distinct muffler models to
explore how variations in the length of connecting
pipes and their perforations influence sound
transmission loss within the muffler system. The
analysis was conducted using the Finite Element
Method (FEM) following the creation of three-
dimensional models in COMSOL software. After
constructing the muffler designs in the software,
the relevant boundary conditions and governing
equations were established, allowing for a thorough
comparison and examination of the simulation
results.

2. The investigation focused on six muffler
models, each featuring three expansion chambers,
connecting pipes, as well as inlet and outlet
pipes, complemented by delta-shaped baffles. A
representation of the CAD model for these mufflers
is illustrated in Figure 1.

3. Meshing refers to the technique of
partitioning an infinite geometric domain into
a finite set of elements and nodes. In the context
of this study, quadrilateral mesh elements were
employed. The maximum length of each element
was established based on the wavelength and its
corresponding count. It is essential to maintain
a minimum of eight elements per wavelength for
effective finite element analysis. To achieve this, the
speed of sound at the specified temperature was
first computed using Equation 1, followed by the
application of Equation 2 to determine the length
of the shortest wave at the calculated temperature.

1
¢ = (yRT)z

r=S

f

According to the equations outlined, the sound
velocity at a temperature of 523 K was determined
to be 458 m/s, while the wavelength corresponding
to a frequency of 3000 Hz was calculated to be 15
cm. To ensure a minimum of eight elements within
the shortest wavelength examined, the maximum
allowable dimensions of the mesh were set to 19
mm.

4.The numerical challenge within the examined
frequency spectrum was addressed using the
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Pressure Acoustics, Frequency Domain module
available in COMSOL Multiphysics software. To
derive the acoustic pressure for the numerical
analysis, a reformulated version of the Helmholtz
equation was employed.

5. The Port boundary condition was employed
to represent the entry and exit of sound waves at the
holes of the muffler, serving as the interface for the
elements under investigation. Additionally, sound
hard boundary conditions were applied to the walls
of the connecting pipes and the internal surfaces
of the muffler, as well as to the partition walls of
the existing expansion chambers and baftles. This
approach was chosen because the transmission of
sound through these walls during the simulation
process was considered negligible.

3. RESULTS AND DISCUSSION

The research findings indicate that at lower
frequencies, the transmission loss across the
various models examined is minimal; however,
this loss increases with rising frequency, aligning
with previous studies. This observation suggests
that reactive mufflers exhibit optimal acoustic
performance within specific narrow frequency
bands, particularly at higher frequencies. The
variability and selectivity of a muffler’s acoustic
efficiency can be attributed to three primary factors:

1.  Boundary conditions

2. Geometric characteristics

3. The environmental condition of the fluid
contained within the muffler

The acoustic properties of a muffler can be
analyzed through three parameters: acoustic
compliance, acoustic resistance, and acoustic
mass. The operational principle of the muffler
resembles that of a Helmholtz resonator, wherein
the attenuation of sound energy is achieved
through the interaction of sound waves and their
vibrations. To elucidate the pronounced decrease in
transmission loss observed at certain frequencies,
one can examine the acoustic quality factor of the
muffler, which parallels the damping ratio found in
mechanical vibration systems. The modulation of
volume within the muffler is contingent upon this
acoustic quality factor, and the interplay between
the quality factor and acoustic impedance reveals
that an increase in the quality factor corresponds
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to a decrease in acoustic impedance, and vice versa.

The magnitude of acoustic impedance is
influenced by the ratio of the resonance frequency
($£_0$) to the sound frequency ($f$). The notable
drop in transmission loss at specific frequencies,
such as 2500 Hz in muffler model A, can be
attributed to the resonance frequency of the
muffler exceeding the frequency of the sound being
analyzed. When the resonance frequency surpasses
the sound frequency, the muffler’s effectiveness
in reducing sound transmission is significantly
enhanced

4. CONCLUSIONS

This research examined the performance and
efficiency of various reactive mufflers through
simulation, allowing for comparative analysis. The
utilization of modeling software facilitated the
exploration of the acoustic characteristics of the
mufflers without incurring the additional costs or
time associated with physical prototype testing. This
approach streamlines the design process, enabling
quicker enhancements aimed at improving sound
transmission loss within mufflers.

A comprehensive analysis of the findings from
this investigation reveals both the independent
and synergistic impacts of the connecting pipe’s
length and the presence of an aperture at varying
frequencies on sound transmission loss. Specifically,
the introduction of a hole in the pipe linking the
first and second expansion chambers—particularly
in configurations where the connecting pipes either
lacked a longitudinal gap or exhibited an overlap—
resulted in increased sound transmission loss.
Conversely, in designs where the distance between
these two pipes was maintained at 20 mm, this effect
was found to be detrimental. This phenomenon
may be attributed to the interaction of sound waves
emanating from two sources at the terminus of the
connecting tube, as well as the presence of holes
within this conduit.

Furthermore, extending the length of the pipe
that connects the second and third expansion
chambers, while simultaneously incorporating
a hole in the pipe linking the first and second
chambers, was observed to enhance the muffler’s
transmission loss. The relationship between
sound reduction in a muffler and the cosine of
the angle formed by the fluid’s exit direction
and the theoretical line connecting the inlet and
outlet of an expansion chamber suggests that
increasing the length of the connecting pipe
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from the first to the second chamber may lead
to greater transmission loss. This phenomenon
arises as the angle between the fluid’s flow in the
connecting pipe and the theoretical line linking
the perforated section of the pipe to the entrance
of the tubes leading to the second and third
expansion chambers increases.
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Consequently, the findings indicate that when
designing mufflers, careful consideration of the
connecting pipe’s length and its interaction with
perforations, along with other influential factors,
can facilitate the strategic use of these perforations
to enhance sound transmission loss at specific
target frequencies.
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6. Acoustic Compliance
7. Acoustic Resistance

8. Acoustic Mass

9. Acoustic quality Factor
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