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Installing silencers in factories is crucial to the prevention of hearing damage caused by
engine noise. For facilities with limited space, elliptical mufflers—known for their shape
flexibility—are ideal. In real-world scenarios, factories often face multiple sources of
intermittent venting noise. Traditionally, individual mufflers are installed at each noise source,
which significantly increases manufacturing costs and consumes valuable site space. To address
this issue cost-effectively and efficiently, in this study, we developed a smart venting flow-
altering system, incorporating a single elliptical silencer with sensors, actuators, and a controller.
The system intelligently directs venting flows into the muffler using a combination of solenoid
valves, relays, microphones, a controller, and an advanced elliptical muffler design. The muffler
incorporates multiple chambers, baffles, extended perforated/nonperforated tubes, sound-
absorbing wool, and an eccentric inlet. A finite element method-based mathematical model was
developed to predict the sound transmission loss of the system. To optimize noise reduction
performance, several parameters were evaluated, including the diameter of the eccentric inlet,
lengths of extended tubes, perforation ratios, muffler body length, elliptical axis dimensions,
and acoustic flow impedance. This smart system offers a cost-effective and space-efficient
solution to managing noise from multiple intermittent venting noise sources. The findings of this
study provide valuable guidance for acoustic engineers seeking to tackle similar industrial noise
challenges.

1. Introduction
Mufflers with acoustical wool have been widely used and researched for noise abatement.()

Johnson et al. predicted the sound absorption coefficient on the basis of acoustical flow
impedence, porosity, curvature, and viscous characteristics length.’) Champoux and Allard
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advanced the method for the analysis of sound-absorbing properties using the thermal
characteristics of sound.® Lafarge et al. established the Johnson—Champoux—Allard model to
estimate the sound-absorbing coefficient.) Sullivan and Crocker researched how to increase
acoustical performance using perforated tubes.®) A series of theories and numerical techniques
have been presented using coupled equations to address acoustical problems in using mufflers
for noise abatement.*®) To understand the flow effect, Munjal!® and Peat!) proposed a
generalized numerical decoupling method. Sathyanarayana and Munjal predicted the noise
radiation of an engine exhaust system on the basis of a hybrid approach.(!?) These previous
research studies focused on a muffler with a simple geometrical shape. However, extensive
studies of the acoustical effect from multiple noise sources based on the plane wave theory have
not been conducted. Chiu and Chang conducted the acoustical simulation of a gun muffler
inserted into an extended tube using the finite element method (FEM).(!3 However, the
acoustical performance of the muffler with an elliptical shape has not been studied sufficiently
yet. To decrease the manufacturing cost of silencers and address noise from multiple sources,
Lan et al. proposed a screw muffler with two inlets and one outlet.!) They proposed a smart
duct-switching system to effectively manage the air-flow path by controlling an electric valve
and using a sound sensor.!¥) To accommodate silencers installed in constrained spaces while
maximizing acoustic performance, an elliptical-section muffler is required. Traditionally, in
handling multiple intermittent venting noise sources, a dedicated muffler is used for each noisy
venting source. However, from an economic standpoint, this approach leads to excessive costs in
both manufacturing and land usage. To address these issues, in this study, we developed a smart
venting flow-altering system that integrates a single elliptical-section muffler with sensors,
actuators, and a controller. Each venting noise source is connected to the muffler via individual
pipes (as illustrated in Fig. 1). To intelligently manage the venting flow, a microphone is installed
in each pipe. The controller continuously monitors the sound levels from all pipes in real time.
When an intermittent venting noise event occurs, the sound level detected by the microphone in
the corresponding pipe exceeds a preset threshold. In response, the controller activates a relay
system that triggers the solenoid valve in that pipe, opening the venting gate and directing the
noisy airflow into the elliptical muffler for sound attenuation. This smart system offers an
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Fig. 1. (Color online) Schematic of a smart duct switching system used in dealing with the problem involving three
sources of intermittent venting noise.
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economical solution for noise reduction from multiple venting noise sources, simplifying
installation and minimizing cost. The acoustic performance of the proposed system was
evaluated using finite element modeling (via COMSOL Multiphysics), providing a foundation
for the future development of efficient and cost-effective noise control solutions.

2. Structure of Smart Venting Flow-altering System

To demonstrate the smart system for handling multiple sources of intermittent venting noise,
a scenario with three such sources is presented, and the schematic of the smart venting flow-
altering system is shown in Fig. 1. As shown in Fig. 1, three microphones and three openable
gates, each equipped with a solenoid valve, are installed on three separate pipes connected to
their respective venting devices. These pipes direct venting noise into a shared tank, which has a
single outlet connected to the elliptical muffler within the smart system.

3. Mathematical Model

An elliptical muffler, sound tubes, and an eccentric inlet are included in the system (Fig. 2).
As shown in Fig. 2(a), to attenuate the sound wave energy around the perforated tube, the space
between the pipes is filled with sound-absorbing wool.

COMSOL, a commercial package based on FEM, is used in the muffler’s acoustical
simulation. On the basis of a three-dimensional acoustical field, the boundary condition in the
acoustical field used in the acoustical model in COMSOL is

n.{i(vp, _q)} -0, (M)

c

where p,. is the air density, g (preset to zero) is the dipole source, and c is the sound speed.
The boundary condition for the acoustical field of the tube in a solid boundary of the
COMSOL model is described by Egs. (2) and (3).

”‘{L(sz _Q)}Z_(ptl _Ptz)iz_? @

1
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The Johnson—Champoux—Allard model is used to analyze the acoustical behavior of porous
acoustical wool in the system described by Eq. (4).
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Fig. 2. (Color online) Elliptical muffler with extended tubes and eccentric inlet/outlet. (a) Two- and (b) three-
dimensional sectional views.

Peofp =Py | 1+

4ol 1/2
o, a
: 0P 1+ 12 oo277/320 , @)
J Po@Cy, O-OA ®

where ¢ is the porosity of the material, o is the flow impedance, 7 is the curvature level, and a.,
is the shearing viscosity.
The bulk factor (K,) is presented as

v F
Keﬁ": . 1> (5)
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where 4 and A' are the viscous and thermal characteristic lengths, respectively. The governing
equation of the sound wave propagating inside the muffler is
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The sound transmission loss (71) is defined as

TL =10log Wiy . (7

out

The FEM model of the muffler with one chamber and extended tubes is established to
calculate 7L. The accuracies of the FEM (COMSOL package) models for the muffler with
internally inserted perforated and nonperforated extended tubes are verified by the experimental
data shown in Figs. 3 and 4.05-17) The accuracy of the FEM (COMSOL package) model for the
muffler filled with sound-absorbing wool is verified by the experimental data shown in Fig. 5.07)
The TLs calculated using the FEM (COMSOL package) model and the experimental data

80
— COMSOL
€ Experiment

m 60F
Z
g
5]
8
g
=

0 1 1 * 1 | 1 1 1

0 500 1000 1500 2000 2500 3000 3500 4000

Frequency (Hz)
@)
160
30
5 30
1= 350000000 50000000 ]
40 40
( vnit: mm )
(b) (©

Fig. 3.  (Color online) (a) TLs of muffler with one chamber and extended tubes and its structure [(b) and (c)].("?
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Fig. 4. (Color online) (a) 7Ls from Coustyx-FEM model, experimental data, and COMSOL model; (b) dimensions
of muffler with extended tube.
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Fig. 5. (Color online) (a) TLs from experimental data, inverse method, direct method, and COMSOL model; (b)
dimensions and properties of the sound-absorbing wool.(1®)
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coincided well (Fig. 3). The FEM model also shows similar 7Ls to the COMSOL model (Fig. 4).
When including the sound-absorbing wool, the 7Ls of the FEM (COMSOL package) model and
the experimental data also coincide well.

4. Results and Discussion

The results of simulation using the diameter of an eccentric inlet as a design parameter (Fig.
6) reveal that 7L increases with the diameter of the eccentric inlet (Fig. 7). The different lengths
of the first extended tube in the second and fourth chambers (Fig. 8) do not significantly affect
TL, whereas the largest length (0.03 m) causes larger 7Ls and TL fluctuations at frequencies
higher than 2000 Hz (Fig. 9). For different perforation ratios of the eccentric inlet in the third
chamber (Fig. 10), the TLs and their fluctuations are similar (Fig. 11). TLs are similar for the total
lengths of the muffler’s body (0.41 and 0.44 m), whereas 7Ls for the length of 0.49 m are
different from those for the different total lengths (Figs. 12 and 13). The lengths of the muffler’s
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Fig. 6. (Color online) The selected parameter D (the diameter of an eccentric inlet).
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Fig. 7. (Color online) 7L with respect to frequency at different Ds.
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Fig. 8. (Color online) The selected parameter L (the lengths of the first extended tube in the second and fourth
chambers).
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Fig. 9. (Color online) 7L with respect to frequency at different Ls.
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Fig. 10. (Color online) The selected parameter P (the perforation ratio of the eccentric inlet in the third chamber).
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Fig. 11. (Color online) 7L with respect to frequency at different Ps.
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Fig. 12. (Color online) The selected parameter L3 (the length of the muffier’s body).
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axes affect TLs significantly. There is no specific trend of 7L for different lengths of the axes
(Figs. 14 and 15). The acoustical flow impedance of less than 10000 kg/m3-s does not affect 7L
significantly. However, T with the acoustical flow impedance of 10000 kg/m?'s fluctuates more
and becomes larger (Figs. 16 and 17).

The simulation and experiment results of 7L show that 7L is affected by various geometrical
factors, including the diameter of an eccentric inlet, the lengths of the first extended tube in the
second and fourth chambers, the perforation ratio of the eccentric inlet in the third chamber, the
length of the muffler’s body, the lengths of the two elliptical muffler’s axes, and the acoustical
flow impedance of the sound-absorbing wool. 7L of the elliptical muffler increases when the
acoustical flow impedance increases. The different values of the other parameters cause 7Ls to
show different values. In general, the larger the values of the parameters, the larger the 7 and
its fluctuation. However, the different perforation ratios of the eccentric inlet in the third
chamber do not cause significantly different 7'Ls.

When addressing intermittent venting noise, the conventional approach of using a separate
silencer for each noise source leads to high manufacturing costs and excessive use of space. To
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Fig. 14. (Color online) The selected parameters for 4 and B (the lengths of the muffier’s axes).
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Fig. 16. (Color online) The selected parameter R (the acoustical flow impedance of the sound-absorbing wool).
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Fig. 17. (Color online) TL with respect to frequency at different Rs.

effectively reduce these impacts, a smart system utilizing a single muffler is proposed. This
system integrates solenoid valves with open gates, microphones, relays, a microcontroller, and
one elliptical muffler. Each microphone monitors the noise level at its respective pipe. When the
detected sound exceeds a predefined threshold—indicating venting—the microcontroller
activates the corresponding solenoid valve via a relay system to open the gate, directing the
noisy airflow into the muffler for attenuation. To facilitate installation in confined spaces, an
elliptical muffler is selected owing to its shape flexibility, making it well-suited for the smart
noise control system.

5. Conclusions
For facilities with limited space, elliptical mufflers—valued for their shape flexibility—are

ideal. In practice, factories often contend with multiple sources of intermittent venting noise.
Traditionally, separate mufflers are installed at each source, significantly increasing
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manufacturing costs and occupying valuable site space. To address these challenges cost-
effectively and efficiently, in this study, we developed a smart venting flow-altering system that
employs a single elliptical silencer along with sensors, actuators, and a controller.. The system
intelligently routes venting flows into the muffler using solenoid valves, relays, microphones, a
controller, and an advanced elliptical muffler design. To optimize noise attenuation, key
parameters were analyzed, including the diameter of the eccentric inlet, extended tube lengths,
perforation ratios, muffler body length, elliptical axis dimensions, and acoustic flow impedance.
Simulation and experimental results indicate that 7L is affected by multiple geometric
parameters, including the diameter of an eccentric inlet, extended tube lengths, perforation
ratios, muffler body length, elliptical axis lengths, and acoustical flow impedance. Generally,
larger parameter values increase 7L and its fluctuations, except for perforation ratios.
Additionally, increased acoustical flow impedance enhances 7L. Consequently, this smart
system provides a cost-effective and space-efficient solution for managing noise from multiple
intermittent venting noise sources. The findings of this study offer valuable insights for acoustic
engineers facing similar industrial noise challenges.
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