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Abstract: Computational analysis of flowing exhaust gases inside a  
non-perforated silencer chamber of a commercially available three-cylinder 
inline four-stroke spark-ignition engine and in a modified perforated design 
was conducted and their respective levels of performance were predicted. Study 
on the existing and proposed silencer designs was carried out by way of 
computational fluid dynamics (CFD) analysis, structural analysis and modal 
analysis. Modal analysis has been performed in order to compute up to six 
fundamental frequencies on the aforementioned structure for analysing the 
response spectra for obtaining the natural frequencies at different modes of 
excitation. A reduction of 23.8% and 23.6% in the maximum values of static 
pressure and total pressure, respectively, has been observed for the proposed 
perforated model against the existing non-perforated silencer. The maximum 
acoustic power level and the maximum surface acoustic power level were 
found to be 9.5% and 7.3% respectively, less for the proposed design. 
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1 Introduction 

In the present scenario, noise pollution has become one of the major environmental 
impacts (Gilani and Mir, 2021; Balasbaneh et al., 2020; Thakre et al., 2020). Increase in 
the number of automobiles necessitates the need to minimise the noise producing exhaust 
gas emissions from internal combustion (IC) engines (Qatu et al., 2009; Qatu, 2012). The 
exhaust gases possessing high pressure and temperature are allowed to pass through a 
silencer to attenuate the noise level (Munjal, 1998). There exist many types of mufflers 
such as baffle type, wave cancellation type, resonance type and absorptive type that 
operate by using their respective noise cancellation principles in order to achieve the 
purpose of the silencer (Balamurugan et al., 2015). Many studies in the field of muffler 
design can be found in the recent literature (Kalita and Singh, 2021; Kashikar et al., 2021; 
Mohamad et al., 2021; Kumar et al., 2022; Nag et al., 2022). Chatterjee (2016) reported a 
case study based on computational fluid dynamics approach for certain proposed designs 
of both absorptive as well as reactive type mufflers in which distribution of pressure, 
velocity and turbulent intensities of the flowing fluid inside the silencer were predicted. 
Na et al. (2014) simulated scattering of acoustic plane waves at sudden expansions for a 
three-dimensional duct having a rectangular cross-section with an expanding area using a 
linearised Navier-Stokes equation solver in the frequency domain. Shah et al. (2010) 
developed a model while working on a novel design of an automobile muffler and the 
analysis was carried out using modern Computer Aided Engineering (CAE) tools. 
Effective noise attenuation for a perforated muffler was validated by Parlar et al. (2013). 
Yu and Zhang (2013) proposed a mathematical model for simplifying the problem of 
radiation of sound power by a planar structure kept in a baffle. Lima et al. (2011) 
conducted a parametric optimisation study for reactive silencers using a genetic algorithm 
(GA). Wang et al. (2009) established the use of absorptive material for the reduction of 
transmission losses at resonant frequencies using boundary element method (BEM), finite 
element analysis (FEA) and experimental measurements. Wang (2023) further conducted 
an iterative hybrid analytical approach using both boundary element modelling as well as 
finite element modelling to find out the effect of cross members on sound transmission 
loss in an automotive floor panel where one dimensional acoustic space was considered 
in the structure surface inside the cross members. Liu et al. (2014) studied a plate silencer 
comprising an expansion chamber with two-sided branch rigid cavities covered by plates 
by calculating sound radiation in the duct and cavity and vibration velocity of the plate. 
Cui and Ji (2012) gave an insight on new techniques related to a silencer with fast 
multiple boundary element method (FMBEM). Jiang et al. (2010) divided a large silencer 
into physical modular units for analysis through the impedance matrix synthesis. Nazirkar 
et al. (2014) performed design and optimisation of an automotive muffler by 
incorporating changes such as avoiding natural frequency and use of a double expansion 
chamber. Munjal and Vijayasree (2012) presented an integrated transfer matrix method 
for the analysis of complex mufflers having multiple connecting parts and acoustic 
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elements by taking convective and dissipative effects of mean flow into account. Baruah 
and Chatterjee (2018) studied the structural deformation effects of perforation on an 
elliptical chamber muffler for a 4-stroke, 2-cylinder engine and also computational fluid 
dynamics (CFD) simulations of the exhaust gases through a typical muffler model 
(Baruah and Chatterjee, 2019). Caradonna (2011) performed a Computational Aero-
Acoustic (CAA) modelling of simple as well as complex exhaust systems, integrated with 
conventional CFD and observed that the noise level was strongest at the outer-peripheral 
region due to the presence of a large pressure fluctuation. Chang et al. (2018) performed 
a numerical assessment of automotive mufflers using FEM, neural networks, by using a 
genetic algorithm. Chatterjee (2021) proposed four alternative design modifications for 
the geometrical configuration of the resonating chamber of a practical muffler, based on 
acoustic performance and reduction of back pressure through a simulation-based 
approach. Hou et al. (2022) suggested a modified corrugated perforated pipe design to 
replace the straight-through perforated pipe muffler for better noise attenuation. They 
analysed the influences of various structural parameters (such as perforation diameter, 
peak height, distance between adjacent peaks, and peak width) based on the transmission 
loss using multiple linear regression analysis. 

Present work focuses on the analysis of flowing hot exhaust gases inside a silencer 
chamber of a commercially available three-cylinder inline four-stroke spark-ignition 
engine (Maruti OMNI) through the CFD approach. Structural (FEM-based strain and 
deformation subject to constraint conditions) and modal analyses (up to six fundamental 
frequencies) are also carried out for the perforated and non-perforated silencer and the 
results are validated in view of future practical application. Vibration analysis is carried 
out for studying the fatigue and thermal failure as well as to obtain the points of mounting 
on the basis of maximum strain deformation. 

2 Governing principles 

Certain theoretical aspects related to the present analysis are briefly discussed here. 

2.1 Computational fluid dynamics 

In the computational fluid dynamics (CFD) approach, numerical methodologies have 
been applied for solving Navier-Stokes equations that govern fluid flow and energy 
transfer. They are derived by applying conservation laws of mass (continuity), 
momentum, and energy to a fluid control volume. The said equations take the nonlinear 
partial differential form as shown in equation (1) (Tu et al., 2018): 

2( ) ΓV S
t

∂ + ⋅∇ − ∇ =
∂ φ φ
φ φ φ  (1) 

Moreover, governing equations on turbulence, combustion, species transport, etc. may be 
incorporated as per nature of the problem being handled. The computational domain is 
divided into non-overlapping control volumes generating a computational mesh. The size, 
shape and resolution of control volumes may influence the level of convergence, 
computational effort and accuracy of the CFD solution. The CFD solution is generated by 
solving the governing equations on the computational mesh by conducting simulations 
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until the state of convergence is reached. On reaching the state of convergence, CFD 
solution can be visualised or may be utilised for other post-processing tasks. 

2.2 Modelling turbulence 

Turbulent flows are found in many real engineering systems. Several approaches having 
different levels of complexity and computational intensity are applied in modelling 
turbulence. The main approaches include: direct numerical simulation (DNS), large eddy 
simulation (LES) and Reynolds-averaged Navier-Stokes (RANS) approach (Tu et al., 
2018). DNS possesses the highest accuracy among the approaches mentioned above. 
However, the computational demand for this approach is very high. LES is the most 
preferred approach for flows with high Reynolds numbers or when the geometry is too 
complex for the DNS approach to be applied (Tu et al., 2018). For most engineering 
problems, influence of turbulence in terms of mean flow parameters is generally 
sufficient to quantify the turbulent flow characteristics (Tu et al., 2018). The  
RANS approach solves statistically-averaged Navier-Stokes equations using turbulent 
transport models. The standard k-ε model (Launder and Spalding, 1974) is the most 
widely used and validated turbulence model that can handle a variety of engineering flow 
problems (Tu et al., 2018). It is a two-equation model representing turbulent kinetic 
energy (k) and the rate of dissipation of turbulent energy (ε) as shown in equations (2) 
and (3) (Versteeg and Malalasekera, 1995). 

3
2kl
ε

=  (2) 

where l is the length scale 
2

t μ
kμ ρC
ε

=  (3) 

where μt is the turbulent viscosity and Cμ is a dimensionless constant. 

2.3 Structural analysis 

General three-dimensional stress is calculated in terms of three normal and three shear 
stress components aligned to the part or assembly coordinate system. The principal 
stresses and the maximum shear stress are called invariants, that is, their values do not 
depend on the orientation of the part or assembly with respect to its world coordinates 
system. The principal strains ε1, ε2 and ε3 as well as the maximum shear strain Ymax can 
also be calculated. The principal strains have the relationship ε1 > ε2 > ε3. 

Equivalent stress (von Mises) is related to the principal stresses as given in  
equation (4): 

( ) ( ) ( )
1

2 2 2 2
1 2 2 3 3 1

2B
σ σ σ σ σ σσ

 − + − + −=  
 

 (4) 

The von Mises or equivalent strain εe is computed as shown in equation (5): 
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( ) ( ) ( )
1

2 2 2 2
1 2 2 3 3 11

1 2e
ε ε ε ε ε εε

υ

 − + − + −=  
+  

 (5) 

2.4 Modal analysis 

A system is characterised by different modes of vibration where each mode has a modal 
frequency and a mode shape. Aim of this analysis is to find the natural frequencies of 
vibration for different modes and to check whether any of these frequencies matches with 
the working frequency range of the system. This analysis helps in checking the 
occurrence of resonance in the muffler and for selection of mounting points in the zone of 
maximum strain deformation. The muffler is considered to be a 6-degrees of freedom 
(DOF) body system as the free vibrations are prominent in the first few harmonics. 

2.5 Acoustic fluid structure interaction 

In acoustic fluid structure interaction problems, the structural dynamics equation can be 
formulated using the structural elements, fluid momentum and continuity equation and 
through equations that are simplified to obtain the acoustic wave equation. 

The acoustic wave equation is given by: 
2

2
2 2

1 0P P
c t

∂ − ∇ =
∂

 (6) 

where c is the speed of sound ( )0K ρ  in the fluid medium. ρ0, K, P and t are mean 
fluid density, bulk modulus of the fluid, acoustic pressure and time, respectively. 

For the propagation of sound in the fluids, viscous dissipation may be neglected that 
is related to the losses wave equation. In that case, discretised structure equation and the 
losses wave equation (6) have to be considered simultaneously in fluid-structure 
integration problems (Everstine, 1997; Greenshields and Weller, 2005; He, 2020; 
Gorakifard et al., 2021). 

3 Design and modelling 

Present work deals with design modifications carried out to an existing silencer model 
through computational modelling and analysis. Dimensions of the geometrical model of 
the three-cylinder inline SI engine have been taken from an existing commercial silencer 
model of a four-wheeler. The technical specifications of the engine and the existing 
silencer model are shown in Tables 1a and 1b, respectively. 
Table 1a Engine specifications 

Parameter Value 
Type of engine 3-cylinder in-line 4-stroke S.I. engine 
Engine speed 5,000 rpm 
Maximum engine frequency 83.33 Hz 
Working frequency range 7.30–83.33 Hz 
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Table 1b Specifications of the existing silencer 

Parameter Value 
Type of muffler Reactive type (offset inlet and outlet pipes) 
Type of resonating chamber Multiple (3 nos. of chambers) 
Cross-section of resonating chamber Circular 
Perforations None 
Baffles None 
Diameter of the resonating chamber 152 mm 
Total length of the resonating chamber 400 mm 
External diameter of the inlet pipe 32 mm 
Internal diameter of the inlet pipe 30 mm 
Total length of inlet pipe 380 mm 
Total length of outlet pipe 565 mm 

Table 2 shows flow physics and boundary conditions applied during computational 
simulations. 
Table 2 Flow physics and boundary conditions 

Flow physics/boundary 
conditions Parameter/model Value 

Material properties Density 7,850 kg/m3 
Thermal expansion coefficient 1.2×10–5 K–1 

Specific heat capacity 460 J/kgK 
Thermal conductivity 6.05×10–2 W/mm/K 

Compressive yield strength 250 MPa 
Ultimate tensile strength 460 MPa 

Poisson’s ratio 0.3 
Bulk modulus 1.67×105 MPa 
Shear modulus 76,923 MPa 

Fluid properties Density 1.225 kg/m3 
Specific heat at constant pressure 1,006.43 J/kgK 

Thermal conductivity 0.0242 W/mK 
Viscosity 1.7894×10–5 kg/ms 

Models/boundary 
conditions 

Turbulence modelling RANS approach with standard 
k-ε turbulence model 

Inlet temperature of air 828 K 
Inlet pressure of air 276 kPa 
Inlet velocity of air 116 m/s 

Outlet temperature of air 343 K 
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Figure 1 Muffler models, (a) non-perforated silencer (existing model) (b) perforated silencer 
(proposed modified model) 

 
(a) 

 
(b) 

Figure 1 shows the configurations of the exiting non-perforated silencer model  
[Figure 1(a)] and the proposed modified muffler model [Figure 1(b)]. No perforation is 
present in the exiting model, whereas in the proposed model, perforations have been 
provided in both inlet and exhaust pipes. Perforation is provided in order to facilitate 
expansion of the exhaust gases. This saves material and makes the silencer light weight. 
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4 Results and discussion 

The results have been presented in the paper under three analyses, the first of which 
includes CFD analysis in terms of contour plots of static and total pressure, velocity, 
turbulent intensity, acoustic power level and surface acoustic power level. Second 
analysis covers structural analysis for stress and strain deformation, and the third gives an 
insight of the performance of the system based on modal analysis. 

4.1 CFD analysis 

Due to pressure and density fluctuations, sound waves emitted from an exhaust system 
possess different frequencies. Attenuation of the said undesirable frequencies is the role 
of the silencer or muffler. The total pressure of exhaust gases has primarily two 
components viz. static and dynamic pressure. Static pressure is usually measured by a 
device moving with the flow whereas dynamic pressure is associated with the velocity of 
flow. This is where the CFD analysis holds significant. In this context, total pressure is 
determined as the sum of static and dynamic pressure. CFD results in this regard are 
shown in Table 3. 
Table 3 CFD simulation results 

Parameter 
Perforated model  Non-perforated model 

(existing model) 
Maximum Minimum  Maximum Minimum 

Static pressure (Nm–2) 1.44×105 1.16×105  1.89×105 1.10×105 
Total pressure (Nm–2) 1.46×105 1.20×105  1.91×105 1.14×105 
Velocity (m/s) 156.8 0  218.6 0 
Turbulent intensity (%) 19.50 0.41  33.60 0.46 
Acoustic power level (dB) 134 0  148 0 
Surface acoustic power level (dB) 126 0  136 0 

4.1.1 Static pressure 
Figure 2(a) illustrates the static pressure profile in the proposed model (perforated). The 
static pressure profile predicted by CFD during present work is found similar to the work 
done by Mohiuddin et al. (2007) as shown in Figure 2(b). In both cases, the fluctuation of 
static pressure shows similar trends. Owing to the stack-up or stagnation of the flowing 
gas inside the expansion chamber, there was an escalation in static pressure because of 
the cross-sectional variation between resonating chamber and the outlet. There is a 
marginal increment of the exhaust velocity as this high pressure forcefully drives out the 
exhaust gas to the ambient environment. This pressure drop causes the velocity to 
increase. 
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Figure 2 Static pressure distribution, (a) static pressure profile of perforated design model
 (b) Static pressure profile of Mohiuddin et al. (2007) (see online version for colours) 

 
(a) 

 
(b) 

4.1.2 Velocity distribution 
The velocity flow field for the existing as well as the proposed model is shown in  
Figure 3. CFD analysis predicted a maximum exhaust gas velocity of 156.8 m/s and 
218.6 m/s for the perforated and non-perforated models respectively. Caradonna (2011) 
also found similar trends as obtained from the present analysis. There is a considerable 
reduction in velocity in the proposed perforated silencer than that of the existing one. 
This corresponds to a substantial reduction in the noise level as well. 

It is observed that in the perforated silencer, release of exhaust gas pressure is well 
facilitated which produces a less pressure distribution throughout the silencer. A 
substantial reduction in velocity, acoustic power and acoustic surface power have been 
observed in the perforated silencer that leads to a considerable reduction in the noise 
level. 
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Figure 3 Velocity flow field (a) existing model (non-perforated) (b) proposed model (perforated) 
(see online version for colours) 

 
(a) 

 
(b) 

4.1.3 Turbulent intensity 
The turbulent intensities of the existing model and the proposed perforated model are 
shown in Figure 4. It is observed that the maximum turbulent intensity has reduced by a 
substantial value (42%) in the proposed design. 
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Figure 4 Turbulent intensity (%), (a) existing model (non-perforated) (b) proposed model 
(perforated) (see online version for colours) 

 
(a) 

 
(b) 

4.1.4 Acoustic power and Surface acoustic power level 
The acoustic power level and surface acoustic power level have also been found to be 
reduced by 9.5% and 7.3% respectively, in the proposed design. The relevant contours 
are shown in Figures 5 and 6 respectively. 

Figure 5 Acoustic power level (dB), (a) existing model (non-perforated) (b) proposed model 
(perforated) (see online version for colours) 

 
(a) 
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Figure 5 Acoustic power level (dB), (a) existing model (non-perforated) (b) proposed model 
(perforated) (continued) (see online version for colours) 

 
(b) 

Figure 6 Surface acoustic power level (dB), (a) existing model (non-perforated) (b) proposed 
model (perforated) (see online version for colours) 

 
(a) 

 
(b) 
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4.2 Structural analysis 

In order to perform structural analysis, pressure and temperature fields generated by the 
CFD analysis were imported to the structural module of ANSYS 14.0 workbench. The 
structural analysis results are shown in Table 4. It is observed that the perforated silencer 
is subjected to higher stress, strain and total deformation when compared with that of the 
non-perforated silencer. This is due to possible decrease in overall strength as a result of 
the presence of perforations in the silencer. However, this effect is negligible as far as the 
benefits gained through noise reduction are concerned. 
Table 4 Results of structural analysis 

Parameters Non-perforated model Perforated model 
Total deformation (mm) 2.904 2.945 
Equivalent strain (mm/mm) 0.029 0.033 
Equivalent (Von-Mises) stress (MPa) 4,645.2 5,221.3 

4.2.1 Deformation behaviour 
It is evident from Figure 7 that the maximum total deformation was found to be 1.4% 
higher for the perforated model when compared against the existing model. 

Figure 7 Static deformation, (a) existing model (non-perforated) (b) proposed model (perforated) 
(see online version for colours) 

 
(a) 

 
(b) 
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4.2.2 Equivalent strain 
As per Figure 8, equivalent elastic strain is found to be 13.8% higher for the perforated 
model when compared against the existing model. 

Figure 8 Equivalent strain, (a) existing model (non-perforated) (b) proposed model (perforated) 
(see online version for colours) 

 
(a) 

 
(b) 

4.2.3 Von Mises stress 
According to Figure 9, von Mises stress was reported to be 12.4% higher in the 
perforated model when compared against the existing model. 

4.3 Modal Analysis 

The main objective of the modal analysis is to determine natural modes and natural 
frequencies during free vibration. The results so obtained are then calibrated with those 
obtained from FEM analysis to justify the material properties and boundary conditions. 
The results of modal analysis are summarised in Table 5. 
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Figure 9 Equivalent (von Mises) stress, (a) existing model (non-perforated) (b) proposed model 
(perforated) (see online version for colours) 

 
(a) 

 
(b) 

Table 5 Modal analysis 

Mode shape 
Frequency (Hz) 

Perforated model Non-perforated model 
Mode shape 1 115.94 113.01 
Mode shape 2 397.25 387.85 
Mode shape 3 454.23 455.59 
Mode shape 4 863.45 855.33 
Mode shape 5 997.24 993.22 
Mode shape 6 1,076.00 1,092.00 

Similar modal trends have been observed in experimental work conducted by Patekar and 
Patil (2012). The comparison among the said experimental observations and 
computational predictions for mode shapes at six natural frequencies are shown in  
Figure 10. 
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Figure 10 Modal frequencies (see online version for colours) 

 

5 Conclusions 

It is observed that reductions of 23.8% and 23.6% are reported with respect to the 
maximum values of static pressure and total pressure respectively, for the proposed 
perforated model of the silencer against the existing non-perforated design. Furthermore, 
maximum velocity was also found to be 28.3% lower in case of the proposed model. 
Moreover, the maximum turbulent intensity was reduced by a margin of 42%. The 
maximum acoustic power and maximum surface acoustic power were also found to be 
9.5% and 7.3% respectively, less in the proposed design. 

As opposed to the above, total deformation, equivalent elastic strain and von Mises 
stress have increased by 1.4%, 13.8% and 12.4% respectively for the perforated model 
when compared against the existing model. This may be due to weakening of the overall 
strength of the silencer due to the presence of perforations. However, this drawback is 
considered to be negligible as far as the benefits gained due to enhanced noise attenuation 
capability of the perforated silencer are concerned. 
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