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Mufflers are popular in the suppression of noise levels coming from various machinery. The most common
parameters for the evaluation of the performance of mufflers are transmission loss, noise level, and insertion loss.
The transmission loss is evaluated for tapered side outlet muffler using finite element analysis without consi-
dering the fluid-structure interaction. This study includes analytical modelling and acoustic modelling of the
side outlet muffler and transmission loss is in excellent agreement with the reference paper. The feasibility of
the acoustic model is also verified with the experimental work on simple expansion chamber muffler. The same
finite element analysis is extended for the tapered side outlet muffler. The transmission loss of the tapered side
outlet muffler in the given frequency range is found 8.96 dB better than the side outlet muffler. The acoustic
pressure level and sound pressure level contours for the tapered side outlet muffler give a clear picture of
wave propagation inside the muffler. The effect of the cut-off frequency on the transmission loss of the tapered
side outlet muffler can be seen from the contours. This study can be helpful in the determination of the
performance of the mufflers in terms of transmission loss, the performance of mufflers above cut-off frequency,
and design improvements in the muffler to avoid the higher-order modes of the sound wave.
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1. Introduction

The traditional reactive mufflers use different ex-
pansion chambers for noise suppression. The expan-
sion chambers introduce discontinuity in the shape
of the muffler. The discontinuities in mufflers, such
as sudden area expansion, duct extensions, sudden
area contraction, etc. result in extra impedances caus-
ing impedance mismatch. The impedance mismatch is
the basis for the reactive mufflers for their operation.
The principle of noise cancellation of conventional muf-
flers is presented in the literature (Banerjee, Jacobi,
2013; 2015; Keskar, Venkatesham, 2017; Mimani,
Munjal, 2016; Kani et al., 2019; Perrey-Debain
et al., 2014). The transfer matrix method is well-known
and very elementary in any textbook based on acous-
tics or muffler design (Wu et al., 1998; Seybert,
Cheng, 1987; Wu, Wan, 1996). Munjal (1975) and
To (1984) used the 4-pole method for the prediction
of the performance of mufflers. Lamancusa (1988) de-

rived the coefficient of transmission loss for several
cases of double expansion chambers. Suwandi et al.
(2005) proposed the plane wave transmission line prin-
ciple to calculate the transmission loss of different cases
of mufflers.

The analytical methods developed earlier for the in-
vestigation of mufflers are valid for plane waves only
(Munjal, 1987). The higher-order modes of the wave
inside the muffler cannot be analyzed with the analy-
tical methods (Åbom, 1990). This limitation of ana-
lytical methods can be eliminated with the help of 3-D
analytical techniques and computational techniques.
Selamet and Ji (1998) proposed a 3-D analytical
method for the mufflers having offset inlet and outlet to
study the effect of multidimensional wave propagation
on the effectiveness of mufflers. The finite element ana-
lysis (FEA) is the most popular computational tech-
nique for the acoustic analysis of mufflers. The FEA
was first applied by Young and Crocker (1975)
for a simple expansion chamber muffler. Kagawa
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and Omote (1976) performed FEA for circular cross-
section mufflers but failed to predict the performance
of complex mufflers. Craggs (1989) analysed a rect-
angular duct system with a 3-D FEA and reduced the
system size resulting in a low computational memo-
ry requirement. Saharabudhe et al. (1991) used the
sub-structuring principle along with the matrix con-
densation technique to analyse expansion chamber
mufflers using 3-D finite elements. Bilawchuk and
Fyfe (2003) compared different modelling methods
for mufflers and concluded that FEA was the best
among the methods. The FEA also plays an impor-
tant role in the shape optimization (Chang et al.,
2004; Chang, Chiu, 2010; Chiu, 2011) of the mufflers
(Barbieri, Barbieri, 2006; Kuskinen et al., 2010;
Chang et al., 2018). Mimani and Munjal (2012) ana-
lyzed an elliptical-shaped silencer with an end inlet
and side outlet using an impedance matrix approach.
The effects of port locations, and the chamber length
on the transmission loss of elliptical chamber muffler
were presented. A comparison of circular and elliptic
chambers was also presented and results were com-
pared with FEA.

In the present study, the acoustic modelling of a ta-
pered side outlet muffler was done. Initially, the ana-
lytical modelling of a side outlet muffler with a straight
expansion chamber was done and the transmission
loss of the muffler was compared and validated with
(Zhang et al., 2020) and with a maximum percent-
age error of 0.016%. Further, the acoustic modelling of
the side outlet muffler with a straight expansion cham-
ber was also done using FEA. The grid independency
test is done by taking transmission loss as the param-
eter. The transmission loss of the side outlet muffler
from FEA is compared and validated with (Zhang
et al., 2020) and the maximum percentage error found
is 0.19%, which is well under the acceptable range. This
FEA model is also verified with the experimental work
on simple expansion chamber muffler (Tao, Seybert,
2003). After this, the validated FEA was extended for
a tapered side outlet muffler. The transmission losses
of both mufflers are compared and a gain of 8.96 dB is
observed in the case of the tapered side outlet muffler.
The transmission loss curve, acoustic pressure level
contours, and sound pressure level contours are pre-
sented and discussed. The contours confirm the exci-
tation of higher-order modes inside the tapered side
outlet muffler above the cut-off frequency.

2. Analytical modelling for the side outlet
muffler

The analytical modelling of a side outlet muffler
requires pressure equation, particle velocity equation,
transfer matrices, characteristic impedance, etc. In the
first part, a generalized procedure is presented for

a muffler system with N + 1 components for its trans-
mission loss formulation. In the second part, the ex-
pression for transmission loss of the side outlet muffler
is evaluated.

2.1. Transmission loss for muffler system
with N + 1 components

The formulation for the transmission loss of muf-
fler requires the equation of pressure and equation of
particle velocity of sound waves. Let the muffler system
consists ofN+1 components as shown in Fig. 1. The di-
rection of wave propagation is from left to right. The
extreme of the left side is the inlet and the extreme of
the right side is the outlet of the muffler. The pressure
of the wave at the inlet of the muffler is the combined
outcome of the incident wave and the reflected wave.
The pressure of the wave at the outlet is the result of
the incident wave only. It is because of the assumption
of anechoic termination at the outlet of the muffler.

Fig. 1. A muffler system with its components.

The pressure distribution (Lee et al., 2019) for
a one-dimensional propagating wave is:

P (x) = AN+1 ⋅ e
−ikx

+BN+1 ⋅ e
ikx, (1)

where AN+1 and BN+1 are the coefficients of the inci-
dent wave and reflected wave, i =

√

−1, k is a wavenum-
ber (ratio of angular velocity and speed of sound), and
x is the direction of wave propagation. The particle ve-
locity for a one-dimensional propagating wave can be
achieved by the ratio of pressure and impedance. The
particle velocity (Lee et al., 2019) for the wave can be
given by:

v(x) =
AN+1 ⋅ e

−ikx
−BN+1 ⋅ e

ikx

ρ ⋅ c
, (2)

where ρ (1.225 kg/m3
) and c (343 m/s) are the density

(medium is air) and velocity of sound in the medium,
respectively. Mostly, mass velocity is used for this kind
of study. Hence, mass velocity can be written as:

V (x) =
AN+1 ⋅ e

−ikx
−BN+1 ⋅ e

ikx

Y
, (3)

where Y = c/S (known as characteristic impedance),
S is the area of the cross-section perpendicular to the
wave direction. At the inlet of the muffler, pressure is
the combined effect of the incident wave and reflected
wave. Therefore, pressure and mass velocity at the inlet
can be written as (Munjal, 1987):
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PN+1 = AN+1 +BN+1, (4)

VN+1 =
AN+1 −BN+1

YN+1
. (5)

At the entry of the outlet of the muffler, there is no
reflected wave and hence pressure and velocity equa-
tion can be written as (Munjal, 1987):

P1 = A1, (6)

V1 = P1/Y1. (7)

The variables (sound pressure and volume velocity)
at the inlet can be related to the outlet with the help of
the transfer matrix T. The parameters PN+1, P1, VN+1,
V1 are the sound pressure at the inlet, sound pressure
at the outlet, volume velocity at the inlet, and volume
velocity at the outlet respectively. The relation can be
given as:
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⎥
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. (8)

From the given overall transfer matrix, one can re-
late the pressure and velocity at the inlet and outlet
with the components of the transfer matrix:

PN+1 = T11 ⋅ P1 + T12 ⋅ V1, (9)

VN+1 = T21 ⋅ P1 + T22 ⋅ V1. (10)

By using the boundary conditions at inlet and outlet
in Eqs (9) and (10), relations among the coefficients of
the incident waves, reflected waves, and characteristic
impedance can be established:

AN+1 +BN+1 = T11 ⋅A1 + T12 ⋅
A1

Y1
, (11)

AN+1 −BN+1 = YN+1 ⋅ {T21 ⋅A1 + T22 ⋅
A1

Y1
} . (12)

AN+1 and BN+1 can be obtained from Eqs (11)
and (12). The transmission loss (Munjal, 1987) can
be written as:

TL = 20 ⋅ log{
AN+1

A1
} . (13)

2.2. Transmission loss for simple expansion chamber
with axial inlet and side outlet

The transmission loss of the acoustic muffler can
be enhanced by incorporating changes in its design.
Side outlet configuration in the expansion chamber in-
creases the transmission loss of the muffler. Figure 2a
shows the position of the outlet in the expansion cham-
ber. The outlet is perpendicular to the inlet of the muf-
fler.

a) b)

Fig. 2. Simple expansion chamber having side outlet:
a) with stations, b) with dimensions (Zhang et al., 2020);

all dimensions are in mm.

The S1 and S2 are the cross-sectional areas of the
inlet/outlet and expansion chamber of the muffler, re-
spectively. L1 is the length of the expansion chamber
up to the centre of the outlet and L2 is the length from
the centre of the outlet to the end of the expansion
chamber. The 2× 2 transfer matrix for this configura-
tion is given by (Zhang et al., 2020):

T =

⎡
⎢
⎢
⎢
⎢
⎢
⎣

a∗ − b∗ ⋅ c∗ i ⋅ Y ′
⋅ b∗

i

Y ′
⋅ {b∗ + a∗ ⋅ c∗} a∗

⎤
⎥
⎥
⎥
⎥
⎥
⎦

, (14)

where

a∗ = cos (kL1) , b∗ = sin (kL1) , c∗ = tan (kL2) ,

and Y ′ is the characteristic impedance of the expansion
chamber of muffler. From Eqs (11) and (12) one can
get:

AN+1 +BN+1 = cos (kL1) − sin (kL1) ⋅ tan (kL2) ⋅A1

+i ⋅ Y ′
⋅ sin (kL1) ⋅

A1

Y1
, (15)

AN+1 −BN+1 =
i

Y ′
⋅ YN+1

⋅{sin (kL1) + cos (kL1) ⋅ tan (kL2)}

⋅A1 + cos (kL1) ⋅A1, (16)

where YN+1 = Y1 is the characteristic impedance of the
inlet/outlet. Equations (15) and (16) can be used to
find the ratio of AN+1 and A1. Replacing cos (kL1),
sin (kL1), and tan (kL2) with P , Q, and R, respec-
tively:

AN+1

A1
= P −

1

2
⋅Q ⋅R +

i

2
⋅Q(

Y1
Y ′

+
Y ′

Y1
)

+ i ⋅
Y1
Y ′

⋅
1

2
⋅ P ⋅R, (17)

TL = 20 ⋅ log

⎧
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. (18)

Equation (18) gives the expression for transmission loss
of side outlet muffler configuration.
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3. Acoustic modelling

The acoustics analysis of the side outlet muffler
is done in the ANSYS workbench (student version).
The acoustic analysis of the muffler is carried out in
the harmonic acoustics module. In acoustic modelling,
Navier-Stokes equations of fluid momentum and the
flow continuity equations are used for the formula-
tion of acoustic wave equations (Mechanical APDL
[MAPDL]: 2020 R1).

From the law of conservation of mass, the flow con-
tinuity equation is:

∂ρ

∂t
= −∇ ⋅ (ρv) +Q, (19)

where v, ρ, Q, and t are the velocity vector in the x-,
y-, and z-directions, density, mass source [kg/m3t], and
time, respectively.

From the law of conservation of momentum, the
Navier-Stokes equation is:

ρ
dv
dt
= −∇p +∇ ⋅ S + ρb, (20)

where S, p, and b are viscous stress tensor, pressure,
and body force, respectively.

The fluid momentum (Navier-Stokes) equations
and continuity equations are simplified to get the
acoustic wave equation with certain assumptions like
compressible and irrotational fluid medium, absence
of body forces, small pressure disturbance of the fluid
medium, and no mean flow of the fluid.

The linearized continuity equation is:

∇ ⋅ va = −
1

ρc2
∂2pa
∂t2

+
Q

ρ
. (21)

The linearized Navier-Stokes equation is:

∂va

∂t
= −

1

ρ
∇pa +

4

3

µ

ρ
∇(−

1

ρc2
∂pa
∂t

+
Q

ρ
), (22)

where va, pa, c, and µ are the acoustic velocity, acous-
tic pressure, speed of sound, and dynamic viscosity of
the medium, respectively.

From Eqs (21) and (22) acoustic wave equation can
be formulated as:

∇ ⋅ (
1

ρ
∇pa) −

1

ρc2
∂2pa
∂t2

+∇ ⋅ [
4

3

µ

ρ
∇(

1

ρc2
)
∂pa
∂t

]

= −
∂

∂t
(
Q

ρ
) +∇ ⋅ [

4

3

µ

ρ
∇(

Q

ρ
)]. (23)

Initially, the side outlet muffler has been simulated
using FEA. The validated FEA is then extended for
a tapered side outlet muffler.

3.1. Side outlet muffler

The geometry of the side outlet muffler is created
in the design modular of the workbench. The outlet of
the muffler is perpendicular to the inlet which is shown
in Fig. 2b. The diameters of the inlet pipe, expan-
sion chamber, and outlet pipe are 15 mm, 60 mm, and
15 mm, respectively. The lengths of the inlet pipe, ex-
pansion chamber, and outlet pipe are 30 mm, 180 mm,
and 30 mm, respectively. The flow domain for the
sound propagation is discretized into FLUID221 tetra-
hedral (10-node acoustic solid) elements. The range
of frequency of analysis is from 0 Hz to 4000 Hz. The
grid size (6 divisions per wavelength) is selected based
on the maximum frequency of interest. The grid in-
dependency test is done by varying the grid size. The
parameter considered for the grid independency test
is the transmission loss of the muffler. A grid size of
7.5 mm with 10897 tetrahedral elements is chosen for
the acoustics analysis.

The radiation boundary condition is applied at the
inlet and outlet of the muffler. The radiation boundary
condition takes care of the anechoic termination. The
surface velocity condition is applied at the inlet of
the muffler to create the source of the disturbance
in the medium. The surface velocity is taken as 10 m/s.
The walls of the domain are set to the rigid wall to ap-
ply the Neumann boundary conditions. Ports are de-
fined to calculate the transmission loss of the muffler.

Fig. 3. Computational flow domain of tapered side outlet
muffler, all dimensions are in mm.

3.2. Tapered side outlet muffler

The modification is proposed in the shape of the
expansion chamber of the side outlet muffler to in-
crease the transmission loss of the muffler. The plane
wave analysis of the tapered expansion chamber muf-
fler (Vishwakarma, Pawar, 2021) is the basis for this
modification. The details of the dimensions of the ta-
pered side outlet muffler are given in Fig. 4. The diam-
eter of the expansion chamber is varied from 30 mm to
60 mm within a length of 135 mm till the centre of the
outlet.

The remaining length of the expansion chamber has
a constant diameter of 60 mm. The dimensions of the
inlet and outlet pipes remain the same. The centre of
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Fig. 4. Comparison of transmission loss of side outlet
muffler.

the outlet pipe is 45 mm from the end of the expan-
sion chamber. The proposed muffler is examined using
the same boundary conditions as those described pre-
viously. A grid size of 3.8 mm with 55 280 tetrahedral
elements is selected for the simulation.

4. Results and discussion

The transmission loss obtained from the analyti-
cal modelling of the side outlet muffler is shown with
a light orange coloured dashed line, from Zhang et al.
(2020) is shown with a grey coloured solid line, and
from FEA is shown with a light blue coloured dotted
line (Fig. 4). There is an excellent match of curves ob-
tained from analytical modelling, FEA, and (Zhang
et al., 2020). After careful observation, it is found
that results deviate from each other by a very minute
amount at each frequency which can be ignored. The
values of maximum transmission loss obtained from
analytical modelling and (Zhang et al., 2020) are
62.70 dB at 1907 Hz, and 62.71 dB at 1907 Hz, respec-
tively, with a maximum percentage error of 0.016%.
It indicates that the analytical modelling of the side
outlet muffler is valid and can be extended for the
other mufflers. The FEA curve shows fair agreement
with (Zhang et al., 2020) up to the cut-off frequen-
cy (Munjal, 1987) of the muffler. The cut-off fre-
quency of the side outlet muffler comes out to be
3349.89 Hz. The maximum value of transmission loss
of the side outlet muffler from FEA is 62.83 dB at
1909 Hz. The percentage error between transmission
losses from FEA with (Zhang et al., 2020) is 0.19%
and with analytical modelling is 0.21%. This compar-
ison validated the FEA of the side outlet muffler with
Zhang et al. (2020). The FEA curve has two abrupt
peaks above the cut-off frequency. The frequencies of
the two abrupt peaks are 3353 Hz and 3490 Hz. The
reason behind this is the excitation of the higher-order
modes (Falin et al., 2010; Mimani, Munjal, 2012)
which represent the pressure variation in the transverse
plane (Munjal, 1987). The plane wave corresponds to
the (0, 0) mode of the wave. The higher modes can be
of the type (0, 1), (1, 0), etc. There is no abrupt peak in
the analytical curve of the side outlet muffler because

it is based on the assumption of plane wave analysis
and it does not account for the effect of higher-order
modes.

The FEA model is also validated with the work by
Tao and Seybert (2003) on simple expansion cham-
ber muffler. The frequency range in this study is from
0 Hz to 3000 Hz. The comparison of transmission loss
of simple expansion chamber muffler obtained from the
FEA with the experimental work by Tao and Seybert
(2003) is shown in Fig. 5. There is an excellent match
of transmission loss curves throughout the entire fre-
quency range. The matching of curves indicates the
feasibility of the FEA model for the reactive mufflers.
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Fig. 5. Comparison of transmission loss of simple expansion
chamber muffler.

The comparison of the transmission losses of the
side outlet muffler (dotted blue coloured line) and
the tapered side outlet muffler (solid orange coloured
line) is presented in Fig. 6. The FEA of the side out-
let muffler and tapered side outlet muffler is done us-
ing the same boundary conditions. In the first one-
third of the frequency range (from 0 Hz to 1333 Hz),
it can be seen that the tapered side outlet muffler has
a wide (from 0 Hz to 1049 Hz) working frequency range
as compared to the side outlet muffler (from 0 Hz to
955 Hz). The performance of the side outlet muffler is

Fig. 6. Comparison of FEA of side outlet muffler and ta-
pered side outlet muffler.
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better than the tapered side outlet muffler in the fre-
quency range from 0 Hz to 806 Hz. The tapered side
outlet muffler shows better performance in the fre-
quency range from 807 Hz to 1000 Hz. The first peak
values in the transmission loss curves of the side outlet
muffler and tapered side outlet muffler are 18.86 dB
at 508 Hz and 16.29 dB at 563 Hz, respectively. The
first trough values in the transmission loss curves of
the side outlet muffler and tapered side outlet muf-
fler are 0.52 dB at 955 Hz and 4.69 dB at 1045 Hz. In
the 1334 Hz to 2905 Hz frequency range, the side out-
let muffler has a wider working frequency range (955–
2867 Hz) as compared to the tapered side outlet muf-
fler (1045–2903 Hz).

The second trough values in the transmission loss
curves of the side outlet muffler and tapered side outlet
muffler are 0.70 dB at 2867 Hz and 4.26 dB at 2903 Hz.
The comparison of the trough values in the transmis-
sion loss curves indicates that the tapered side outlet
muffler has a better ability in noise suppression. The
side outlet muffler shows the peak of transmission loss
at 1909 Hz whereas, for the tapered side outlet muf-
fler, it is at 1930 Hz. The maximum transmission loss
for the tapered side outlet muffler comes out to be
71.79 dB. The tapered side outlet muffler shows a bet-
ter response to higher-order modes of the sound wave

a) b)

c) d)

Fig. 7. Acoustic pressure contours at: a) 563 Hz, b) 1930 Hz, c) 3349 Hz, d) 3462 Hz.

as there is only one abrupt peak (at 3462 Hz) in the
transmission loss, whereas the side outlet muffler has
two abrupt peaks (at 3353 Hz and 3490 Hz). There
is also a decrement in the transmission loss value at
the abrupt peak. The reason behind the suppression
of the peak is the tapered section of the muffler. There
is a continuous change in the characteristic impedance
of the tapered side outlet muffler along the length of
the muffler because of the varying area section in the
expansion chamber.

The acoustic pressure contours of the tapered side
outlet muffler at different frequencies are shown in
Fig. 7. The contours are shown at 563 Hz, 1930 Hz,
3349 Hz, and 3462 Hz frequencies. The 563 Hz and
1930 Hz are the frequencies for the maximum trans-
mission loss of the tapered side outlet muffler below the
cut-off frequency. The frequencies such as 3349 Hz and
3462 Hz are the cut-off frequency, and maximum trans-
mission loss frequency for higher-order modes, respec-
tively. The low-frequency sound waves produce lower
acoustic pressure, whereas the high-frequency sound
waves produce higher acoustic pressure. The maxi-
mum acoustic pressures at 563 Hz, 1930 Hz, 3349 Hz,
and 3462 Hz are 1531.5 Pa, 6768.2 Pa, 7572.8 Pa, and
6935.2 Pa, respectively. The first three acoustic pres-
sure values are for plane waves, but the fourth acoustic
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pressure value is for non-planar waves. The acoustic pres-
sure value at 3462 Hz is lower than the previous value
because of the transverse distribution of the pressure of
the higher-order mode. The transmission loss, acoustic
pressure values, and sound pressure values at the above
frequencies are listed in Table 1.

The sound pressure level contours at the above four
frequencies are shown in Fig. 8. The sound pressure
level is the most commonly used indicator of acous-
tic wave strength. The red and blue colour bands are
for the maximum and minimum sound pressure levels
inside the muffler. The acoustic wave strength is vary-
ing along the length of the tapered side outlet muf-
fler. This happens because of the impedance mismatch
phenomenon. The sound pressure level contours are
different for different frequencies of the sound wave.
The transmission loss of the tapered side outlet muf-

Table 1. Variation of transmission loss, acoustic pressure, and sound pressure level with frequency.

Variables/Frequencies 563 Hz 1909/1930 Hz 3349 Hz 3462 Hz

Transmission loss [dB]
Side outlet muffler 18.74 62.83 at 1909 Hz 36.74 21.34

Tapered side outlet muffler 16.29 71.79 at 1930 Hz 15.37 64.22
Acoustic pressure [Pa] 1531.5 6768.2 7572.8 6935.2

Maximum Sound pressure level [dB] 161.92 169.46 169.39 169.46
Minimum Sound pressure level [dB] 123.89 86.94 99.88 86.94

a) b)

c) d)

Fig. 8. Sound pressure levels at: a) 563 Hz, b) 1930 Hz, c) 3349 Hz, d) 3462 Hz.

fler is maximum at 1930 Hz, Fig. 8b shows the vari-
ation of sound pressure level at this frequency. The
maximum and minimum sound pressure at this fre-
quency is 169.46 dB and 62.99 dB, respectively. The
169.46 dB is at the inlet and 62.99 dB is at the out-
let of the tapered side outlet muffler. The variation
of sound pressure level inside the muffler at the four
mentioned frequencies indicates that the tapered side
outlet muffler is best effective for the sound wave with
frequencies near 1930 Hz.

The transmission loss curve, acoustic pressure con-
tours, and sound pressure level contours for the tapered
side outlet muffler in the 0–4000 Hz are presented in
Figs 6–8, respectively. This range of frequency is cho-
sen to analyse the effect of higher order modes on the
transmission loss of the muffler. Through the careful
observation of the curve and contours, it is found that
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the tapered side outlet muffler is effective for the 807–
1000 Hz or 1915–1966 Hz frequency sound waves. The
application of the mufflers in the automobiles depends
upon the type of internal combustion engine used in
the automobiles. An optimized designed muffler should
be working to dampen the sound wave over some range
of frequency, which in turn is parallel to speed of the
engine. The speed of the engine also determine the ve-
locity of flow of the exhaust gases inside the muffler.
The fluid-structure interaction has been not considered
in this study. The side outlet mufflers are most com-
monly used in Nitro-racing cars. The proposed tapered
side outlet muffler can reduce the noise from the en-
gine of Nitro-racing cars effectively as compared to the
side outlet muffler.

5. Conclusions

The analytical modelling and acoustic modelling
(using FEA) of the side outlet muffler were done and
the performance of the muffler in terms of transmission
loss is compared with the Zhang et al. (2020). The an-
alytical modelling and FEA replicate the transmission
loss of the side outlet muffler with fair accuracy. The
percentage errors found in the above two modelling in
comparison with the Zhang et al. (2020) are 0.016%
and 0.19%. After the validation of the FE model, it
was extended for the tapered side outlet muffler. The
shape of the expansion chamber of the tapered side
outlet muffler is made tapered up to 135 mm in length.
The variation of diameters of the expansion chamber is
from 30 mm (at starting) to 60 mm (at the end). The
remaining length (45 mm) of the expansion chamber
has a constant diameter of 60 mm. This modification
leads to the better performance of the muffler.

The tapered side outlet muffler has effectiveness in
the 0 Hz to 1049 Hz frequency range which is wider
than the side outlet muffler (0 Hz to 955 Hz). The
transmission loss of the tapered side outlet muffler is
8.96 dB more than the side outlet muffler. Also, due
to a change in the shape of the expansion chamber,
there is a shift in the frequency of sound for the maxi-
mum transmission loss. The tapered side outlet muf-
fler is effective for a sound wave with frequencies near
1930 Hz. The acoustic pressure level and sound pres-
sure level contours inside the tapered side outlet muf-
fler are evaluated at 563 Hz, 1930 Hz, 3349 Hz, and
3462 Hz. There is plane wave propagation inside the
tapered side outlet muffler below 3349 Hz (cut-off fre-
quency). The acoustic pressure levels at the frequen-
cies below 3349 Hz are clearly showing the presence
of plane waves only. But above the cut-off frequency,
the higher-order modes start to propagate. At 3462 Hz,
there is a decrement in the acoustic pressure level due
to the transverse pressure distribution of higher-order
modes. The acoustic wave strength can be seen from
the sound pressure level contours. The sound pressure

level contours also confirm the excitation of non-planar
sound waves above the cut-off frequency. This study of-
fers the advantage in the prediction of the transmission
loss of the mufflers. The side outlet mufflers save space
and improve muffler performance. This muffler is ef-
fective for the engines where the frequency of sound
waves is of the order of 800–1000 Hz or 1915–1966 Hz.
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