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Abstract: Engine noise, as a source of sound pollution for humans and the environment, can be
reduced by designing a high-performance muffler. This study presents a novel, organized design
process of that muffler for the KTM390 engine as a case study. The acoustic simulation analysis is
performed in COMSOL software and aerodynamic analysis is performed in ANSYS Fluent. The
features of the muffler considered in this designing process are the overall length of the muffler,
the presence of baffles and related parameters (baffle distance, baffle hole diameter, and baffle hole
offset), and the effects of extended tubes. In order to evaluate the acoustic performance of the muffler,
an objective function has been defined and measured on two frequency ranges, 75-300 Hz and
300-1500 Hz. For evaluating the aerodynamic performance of that, the amount of backpressure is
analyzed to achieve a maximum of 3.3 kilopascals for this muffler. The selection of the appropriate
parameters includes comparing the resulting transmission loss curves and quantitative evaluation of
objective functions (for transmission loss) and backpressure. This organized design process (i.e., tree
diagram) leads to an increase in the efficiency of designing mufflers (for example, 41.2% improvement
on backpressure).

Keywords: engine noise; high-performance muffler; organized process; acoustic performance;
aerodynamic performance backpressure; tree diagram; objective function; transmission loss

1. Introduction

Sound pollution causes mental and physical issues for the people exposed to it. Harm-
ful effects on human hearing, increased heart rate, insomnia, and similar issues result from
sound pollution. Therefore, noise reduction is significant in environments that deal with
humans [1]. One of the main contributors to sound pollution is the internal combustion
engine. This is because when fuel burns inside the engine, it generates a lot of sound noise.
Small engines with power up to 70 kw have wide usages, such as motorcycles and small
passenger cars [2]. The engine in this study is in that range. Three methods generally
applied for sound reduction are reactive, dissipative, and hybrid methods. The reactive
method using a Helmholtz resonator is effective for low-frequency sound. The dissipative
method is desirable for the mid- and high-frequency range attenuation. It uses absorbent
material to dissipate sound energy. The hybrid method combines two previous methods
and includes both advantages [3]. A muffler can dampen this noise in engines.

Conventional methods of muffler performance evaluation are based on the transfer
matrix method which calculates the transmission loss of the mulffler, but its applications
are limited to simple geometries. They are unsuitable for industrial mufflers with complex
geometries; hence, using computer-aided engineering (CAE) and finite element method
(FEM) is essential and valuable [4].

There is a trade-off between acoustic performance and backpressure in designing a
mulffler [5]; therefore, it is necessary to analyze aerodynamic and acoustical properties
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simultaneously. The process of computational fluid dynamics (CFD) simulation is capable
of predicting the aerodynamic backpressure due to the muffler structure [6]. Simulations
help to determine significant parameters in noise attenuation. It improves cost and time
consumption with respect to the traditional trial and error method [7]. In this work,
two types of software based on FEM methods, COMSOL and ANSYS Fluent, are used.
COMSOL Multiphysics software is widely used for acoustic performance analysis of
mulfflers. The Pressure Acoustics module in COMSOL is applied to solve the problem in
the frequency domain [8]. It can reduce computational effort because transmission loss
is directly calculated using the acoustic power at the inlet and outlet of the muffler [9].
Also, ANSYS Fluent is broadly utilized for computational fluid dynamic analysis in the
muffler; for example, Kalita et al. (2022) designed the mufflers in ANSYS design and
performed an analysis in ANSYS Fluent with velocity inlet condition [10]. Raj et al. (2021)
applied ANSYS as a CFD tool to validate the backpressure in different muffler designs [11].
Kumar et al. (2021) used pressure conditions as inlet and outlet boundary conditions and
thermal analysis and backpressure were simulated using ANSYS Fluent for a muffler [12].
The acoustical performance criterion is transmission loss (TL). It is defined as a reduc-
tion of sound intensity when passing through an acoustic barrier and calculated using the
following equation [13]:
TL = 10Log;,W;/ W, 1)

where W; and W, are inlet and outlet power, respectively. The TL is calculated in each step
of the muffler design including any physical change in the proposed muffler that affected
the acoustical performance of the mufflers [14-18]. There is wide research discussing these
parameters and investigating muffler performance by TL. For example, Panigrahi et al.
(2005) investigated TL of different thicknesses and placement of absorptive lining in a
single expansion chamber muffler [14]. Similarly, Ranjbar et al. (2016) assessed the effect
of absorption layer material and thickness on TL. It was shown in that study that the
overall TL of the cylindrical muffler would increase with the increment of the absorptive
layer [15]. In another study, Nag et al. (2016) analyzed the diameter for a single inlet single
outlet expansion chamber and showed that increasing diameter caused improvement in
TL [16]. Further, Amuaku et al. (2019) focused on chamber perforations and inlet and outlet
diameter variations on TL for an elliptical shape muffler and conclude that perforation
has a more significant impact on performance [17]. Kulkarni et al. (2022) evaluated the
increase in outlet extended length of a double expansion chamber muffler for constant inlet
extended length and obtained a decrease in average transmission loss [18]. We benefit from
TL as an evaluation option in each step of designing to analyze the output result and to
find the best selection for designing a muffler in our process.

The aerodynamic criterion is backpressure, which is described as the difference be-
tween the inlet and outlet pressure of the mulffler. The outlet pressure is the ambient air
pressure. The backpressure must be determined at a specific mass flow rate and inlet
temperature [13,19]. Munjal et al. (2017) analyzed plug-mulffler with cross-flow perforated
section to achieve lower backpressure and maintain high desirable transmission loss [20].
Prajapati et al. (2016) investigate mufflers with various internal structures for a specific
engine and compare their backpressure to select the best one [21]. Chaudhari et al. (2016)
analyzed backpressure for a muffler and its two modified versions due to differences in
inlet pipe extension length and cross-section shape. Praveen et al. (2017) demonstrated
the performance of mufflers utilizing backpressure at different input mass flow rates [22].
Backpressure against input velocity was investigated by Middelberg et al. (2004) for simple
expansion, double expansion, and extended inlet and outlet tube mulfflers [23]. As a result,
backpressure has often been utilized to compare different muffler schemes and less work
has been expended in evaluating the impact of different factors on backpressure in mufflers.
In this study, we focus on it more and calculate backpressure for various parameter values.

As mentioned earlier, various parameters can be involved in the muffler’s design,
such as diameter and length, the number of chambers, the number of outlets, internal
configuration, and effective perforation percentage [14-18,20,21]. The combinational effects
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of these parameters on muffler performance can be complex to track. Thus, having an
appropriate method that can separate the effects of these parameters can be beneficial.
A tree diagram can be employed for this purpose. In short, in databases, whenever
discrete functions must be evaluated in order, decision trees and diagrams are frequently
used [24]. The ability of the process parameter analysis tree to analyze the composition
of raw materials based on their type relies on the decision tree [25]. In this work, we
use a customized tree diagram to organize the combinational effects of the mulffler in the
design process.

In addition, the muffler performance criteria are required to be quantitative to evaluate
various design schemes’ performance in this tree clearly; as a result, the objective function
is created for TL. For example, Barbieri et al. (2006) have applied an objective function
for shape optimization in multiple frequencies for a muffler with a single expansion and
extended inlet and outlet tube [26]. Azevedo et al. (2018) use TL at single and multiple
(sum of TL at three discrete frequencies) frequencies, and Ferrandiz et al. (2020) use average
TL at a frequency range as an objective function for topology optimization [27]. In this
study, we employed an objective function to compare the performance of different muffler
designs, which sets us apart from previous studies by Barbieri et al., Azevedo et al., and
Ferrandiz et al., who only applied it for topological and shape optimization. We devised
the objective function to cover two distinct frequency intervals: the first corresponds to the
desired frequency range, and the second encompasses the other frequency range, which
are both specified in our designing method.

It is significant to consider both TL and backpressure for comparing different muffler
designs. For example, Hatti et al. (2010) applied some thumb rule formulas to design
mufflers and used the TL curve to choose a design qualitatively [19]. Chandran (2021)
analyzed different automotive mufflers with various internal structures and selected the
best design by comparing their calculated backpressure [11]. Similarly, Kalita et al. (2021)
perform the same comparison for the backpressure of different designs in various input
velocities [28]. In this work, we use both aerodynamic and acoustic aspects of muffler
performance simultaneously, to make an efficient and general judgment between different
mutffler designs.

It is important for a designer to consider effective parameters to improve designing
a mulffler corresponding to them. For example, Barbieri et al. (2006) used sensitivity
analysis on a single expansion and extended inlet and outlet tube muffler before shape
optimization [26]. Shen et al. (2017) applied sensitivity analysis for a reactive muffler [29]
Similarly, in this work, by changing each parameter in a reasonable range and calculating
the corresponding objective functions and backpressure, we get comprehensive results
on how sensitive the objective functions and backpressure respect to the parameter in
proposed muffler design.

2. Characteristics, Assumptions, and Requirements
2.1. Characteristics

The petrol engine KTM390 4-stroke was selected as a case study. The engine character-
istics are mentioned in Table 1.

Table 1. Engine characteristics [30].

Characteristic Detail
Engine type KTM 390 4-stroke
Cylinder volume 373.2 cc
Number of cylinders Single
Maximum power 43.5 HP = 32.44 kW /9000 rpm
Bore 89 mm

Stroke 60 mm
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The first step in designing a mulffler is determining the effective volume of the mufflers.
In order to find that, the engine specifications, as shown in Table 1, play an important
role, especially cylinder volume, because of its role in the amount of exhausted gas in each
cycle [31]. Engine firing frequency (EFR) is calculated based on engine rpm and the number
of strokes. Using harmonic frequencies of the EFR has been a solution to determine the
frequency region of interest on the transmission loss diagram [19].

2.2. Assumptions

Simulation results can be greatly impacted by assumptions; thus, assumptions that
are more realistic lead to more reliable results. These realistic assumptions have been
considered based on previous research [32-35]. Some of them, such as the outlet engine’s
temperature and pressure, can be estimated using sensor-based measurement. To avoid
complexity, we assume simple assumptions in this work.

Those are categorized as the acoustical assumptions and computational fluid dynamic
assumptions, with the below details.

Acoustical assumptions contain:

Air ideal gas for fluid inside the muffler;

Uniform air temperature inside the mulffler equal to 420 °C (typical exhaust gas
temperature in internal combustion engines is around 400 °C [32]);

Inner pressure equals 1 atm.

Computational fluid dynamic assumptions consist of:

Incompressible flow of inside air;

Turbulence flow with Reynold-averaged Navier-Stokes equation (RANS) and k-epsilon
model;

Steady-state fluid;

The inlet mass flow rate equal to 0.1627 kg/s;

Outlet pressure equals 1 atm (zero value of gauge pressure).

Munijal [33] states that the temperature gradient through the muffler can be safely
ignored from a practical design point of view. Exhaust gas is a mixture of different gas
types with a sum concertation of less than 0.6% and molecular weight close to that of air;
therefore, we can approximate it as air [34]. The Fluid Flow is considered an incompressible,
steady-state, and ideal model and the k-epsilon turbulent model is used [30,35]. The inlet
mass flow rate of the muffler is a critical parameter in the CFD simulation. It is necessary
to measure this parameter precisely for a more accurate simulation. Here, for simplicity, it
is approximated from engine characteristics (See Appendix A).

Another parameter that should be specified for designing a muffler is the overall
shape. Two common shapes are widely used, cylindrical and elliptical [36], and have their
own advantages. For example, mufflers with elliptical cross sections can be utilized for
effectively using space inside a car and provide enough clearance between the vehicle
and the ground [37,38], while the cylindrical muffler has lower breakout noise (the noise
transmitted through the side walls of the muffler) because of its rigidity [39]. In comparison
to circular chambers with the same cross-section, the transmission loss collapses at a lower
frequency in an elliptical muffler because the cut-off frequencies of higher order modes
are lower (the lower the cut-off frequency, the higher the eccentricity of the ellipse) [40].
Therefore, both types of mulfflers can be applicable. In this study, to avoid unnecessary
complexity in simulation due to the geometry of elliptical mufflers against the circular type
(determination of two minor and main diameters for elliptical geometry compared to only
one diameter for the circular one), the cylindrical muffler will be studied.

2.3. Requirements

Requirements refer to conditions that the muffler must meet to function effectively.
Those include the muffler’s volume and allowable backpressure [41].
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50min

Inlet port

e  Muffler’s volume

A proper muffle design typically has a volume between 12 and 25 times the engine
cylinder volume [42]. Here, 20 times are chosen randomly (finding the optimal volume is
not the focus of this article).

Vin =20 x Vg 2)

where

V,u is muffler volume,

Vs is engine cylinder volume.

According to Equation (2), in our case, Vs = 373.2 cc; therefore, V), is calculated as
7464 cc.

e Allowable backpressure at both ends of the muffler

The backpressure, also known as pressure drop, in internal combustion engines has
a recommended upper limit. This allowable backpressure limit is 3.3 kilopascals for an
engine up to 50 horsepower. This is considered in the muffler performance evaluation [43].
If it exceeds this limit, the efficiency of the engine’s power is reduced.

3. Material and Methods
3.1. Simulation Models

The models of acoustic and CFD simulations are defined in the following two sections.

3.1.1. Acoustic Simulation Model

The dimension of the input and output tubes of the muffler, including length and
diameters, are constant during the simulation of different parameters; see Figure 1.

_

50mim

Outlet port

Figure 1. Simulation model definition of the mufflers.

A pressure acoustic model in the frequency domain is defined in COMSOL to simulate
transmission loss in the muffler. The model specifications are as follows:

e All the volume is considered as pressure domain (use a single variable pressure
acoustic for that);

e  The outside and internal walls are sound hard boundary conditions (normal velocity
is zero);

e  Inlet port condition includes the combinational of an incoming and outgoing plane wave;
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e  Outlet port condition includes outgoing plane waves.

The model applies a free tetrahedral mesh element with a maximum element size
equal to the speed of sound divided by five times the considered highest frequency [44].
The mesh of the muffler in acoustic simulation is shown in Figure 2a.

-‘-.. OO
A“\\\“ oav w‘fﬂm'v

‘."n 5 AV /
%ﬁ§whwﬂw’WﬂF

ﬁ@»

Y

;
' i (.-*

| !
et
5 #m'"# e

K35

A

o
A AT,

7

=
%
2

(a) (b)

Figure 2. Muffler mesh for simulations: (a) acoustic mesh and (b) CFD mesh.

A modified Helmholtz equation for the acoustic pressure p is applied to simulate the
acoustic behavior of the muffler [17].

Vp\_ @’ _
(=) - ©

where
p is the density,
w is the angular frequency,
c is the speed of sound.

3.1.2. CFD Simulation Model
The boundary conditions of the CFD model in Fluent software are assumed as follows:

Mass-flow boundary condition is applied at the inlet;
Pressure-outlet boundary condition is applied at the outlet;
The wall function for exterior and interior surfaces is considered.

The pressure-based solver with steady time and the pseudo transient option is used in
ANSYS Fluent. Unstructured tetrahedral elements are applied in simulation because of the
complexity of geometry. ANSYS meshing was used to mesh geometry with linear order
elements. The outer surfaces of inlet and outlet tubes and cylindrical chamber consist of
5 boundary layers. The maximum element size of the mesh is 3-5 mm. In Figure 2b, the
CFD simulation mesh is shown.

In this study, the turbulent k — ¢ method for turbulence modeling is utilized in ANSYS
Fluent. Two variables, k and ¢, which stand for the kinetic energy and dissipation rate,
respectively, are presented in the turbulent flow field. The turbulent viscosity is derived
from the below equation [45]:
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k2
ue = Cup " (4)
where
pt is the turbulent viscosity,
Cy is the experimental coefficient.
The following quasi-experimental equations are solved by ANSYS Fluent to find the
values of k and ¢ [45]:

o+ puk; = (i + g—;k,j),j+G+B — pe;

, 2 %)
p% + puje ; = (y + i,ge,j) FCIEG+ i1 C) B~ Canp

where

C1, Cy, and Cj are experimental coefficients,

0¢ is turbulent Schmidt number,

0y is turbulent Prandtl number,

G is the amount of turbulent kinetic energy produced when the mean flow interacts
with the turbulent flow field,

B stands for the generation of buoyancy loss.

Ci1zGand Czp% describe the processes of shear generation and viscous dissolution,
respectively, and C; (1 — C3) ; B shows buoyancy effects.

The constants Cq, Cy, Cy,, 0%, and o have the following values [46]:

C1 = 1.44, C2 = 192, Cy = 0.09, O = 1.0 and O = 1.3.

The results of these simulations are used for analyzing the muffler’s performance in
each step of the design.

3.2. Objective Functions

The evaluation of design parameters can be an important process for identifying the
factors that need to be controlled for high-performance mulfflers. The objective function can
be used to accomplish that. An objective function is a mathematical formula represented
by f(x), where x is the set of design parameters and is used to optimize or evaluate a
system or process [26]. These provide consistent and accurate measurements of acoustic
performance, as well as a quantitative comparison of the simulation results.

In the context of mulffler design, f(x) is a measure of the acoustical performance of
the muffler and x is the set of design parameters that define the muffler geometry. The
following objective function formula is selected to compare transmission loss curves for ith
frequency interval in noise reduction [47].

fie) = TL() = [ TL(f)aF ©
fi—firrJfia

where

f is a frequency variable.

fi is the end of ith frequency interval

fi—1 is the beginning of ith frequency interval

Usually, the first few harmonics of the engine firing frequency (EFR) constitute the
effective frequency range of interest. It means the dominant contribution of the noise is in
that frequency range [36]. If measured sound data from the engine is available, this desired
region can be specified more precisely. Using Equation (4), where Engine rpm is 9000 for
the KTM 390 4-stroke engine, the calculated EFR equals 75 Hz. Accordingly, the first four
harmonics of the EFR are considered for the desired region, including frequencies 75, 150,
275, and 350 Hz.
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« Engine rpm

EFR=n 120

@)

where

EFR is engine firing frequency,

n is a factor equal to 1 for a four-stroke engine (equal to 2 for a 2-stroke).

According to Equation (3), objective functions obj1 and obj2 are defined for frequency
ranges of 75 to 300 Hz and greater than 300 Hz, respectively (see Equations (5) and (6)). The
objective function obj1 is defined to contain the desired frequency region. For comparing
different mufflers, these objective functions are evaluated in sequence. It means that first,
the value of the obj1 should be acceptable so that the obj2 value can be used for comparison.
Backpressure must also be specified as a constraint.

. 1 300
objl = fi(x) = 300 —75 /s TL(f)df (8)
‘ 1 1500

obj2 = fo(x) = 1500 — 300 /00 TL(f)df )

Furthermore, defining and evaluating these two objective functions in this order has
a practical advantage. When the objls have an insignificant difference, the obj2 is useful
for comparing the mufflers” performance. In such instances, comparing obj2 provides an
option for mulffler performance evaluation.

3.3. Muffler Initial Length

The overall dimensions of the muffler are determined by considering the volume
limitation. The muffler’s volume is constant and the overall geometry is cylindrical. The
length variable, shown in Figure 3, is selected by analyzing the variation of the transmission
loss curve due to the length variable’s effect on the transmission loss in the specified
frequency range. It is observed by increasing length values that obj1 and obj2 will decrease.
Greater values of length cause an increase in obj1 and obj2. Zero point of transmission loss
maintains constant around frequency 1320 Hz; see Figure 4.

Figure 3. Muffler’s overall length parameter.
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Figure 4. Effect of Length L on TL and comparison with analytical published data (dashed lines).

The analytical Equation (7) represents TL for a simple expansion chamber with length
L [48]. The validation of results is shown in Figure 4, where there is a strong adaption

between simulated results and analytical values for TL.
TL = 10Log <1 + wsin kL)

where
m is the effective area ratio equal to square of diameter ratio,
k is the wave number,
L is chamber’s length.

(10)

In order to evaluate how the muffler performance factors (including obj1, 0bj2, and
backpressure) are affected by the corresponding parameter (within a specified range), we
define criteria to measure the relative distance from the maximum value in percentage for
each performance factor. It is called the percentage deviation of maximum (PDM) and its

formula is as follows:

PDM(%) = Eivmax = Bivmin 100 j21, 2, 3

Ei —max

where

(11)

i = 1refers to obj1, and Eq_,,y and Eq_,;,, are maximum and minimum values of obj1

for various values of the considered parameter,

i = 2 refers to obj2, and Ey_ 4 and E;_ 5, are maximum and minimum values of ob;2

for various values of the considered parameter, and

i = 3 refers to backpressure, and E3_;, and E3_j;, are maximum and minimum

values of backpressure for various values of the considered parameter.

The total dimension quantities resulting from the simulation with the help of compu-
tational measurement are shown in Table 2. Backpressure, obj1, and obj2 change (PDM %)
by 68.9%, 23.5%, and 57.8%, respectively. Therefore, the more suitable length in terms
of obj1, obj2, and backpressure was 200 mm where the highest obj1 and obj2 and lowest

backpressure values were obtained.



Metrology 2023, 3 263

Table 2. Simulation results of length L.

Parameter “L” Obj1 Obj2 Backpressure (kpa)
200 mm 11.9 14.7 3.13
400 mm 10.9 9 8.18
600 mm 9.1 6.2 10.07

The backpressure column in Table 2 is extracted from CFD simulations that are shown
in Figure 5. It is seen that the maximum pressure which is inside the chamber and vicinity
of the outlet tube can be more than the backpressure. The maximum inside pressure, and
backpressure increase with decrement in the chamber’s diameter (equivalent to the increase
in the length with constant volume).
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Figure 5. CFD simulation for different values of L in muffler. (a) L = 200 mm; (b) L = 400 mm;
(c) L = 600 mm.
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In this step, a 200 mm length was selected and will be used in the next steps of
simulation. The initial dimension according to this selection is considered for the rest of the
design process of the mulffler.

3.4. Methodology of Design and Analysis of a Muffler

As mentioned above, there are many factors which are affecting on of the muffler’s
performance. Therefore, a method for organizing those factors in a proper sequence leading
to designing a muffler with good performance is presented. This process starts with
primary geometry and then other features are added to complete the designing process
with more details. Each feature includes some parameters named “subfeatures” which
affect the overall performance of the muffler. In each feature, some analyses are performed
on the subfeatures in order to select the best. Then, we proceed to the next feature.

A tree diagram, depicted in Figure 6, was used to show the designing process in
an understandable way. In this figure, each rectangle represents a different state (with
its specified subfeatures values) of the muffler (each state may have specific geometry,
dimensions, or parameters), and each branch (in a diamond shape) indicates a decision on
whether a feature should be added to the upper state of the muffler (the state before the
diamond decision) or not. Then, a process on each feature to specify the best sub-feature
(equivalent to the process of choosing a value for a related parameter) is conducted to
optimize the muffler performances. Circles in the tree diagram represent this processing
unit. The last step is considering all selected states which are placed in the tree leaves,
including b1, c1, al, b2, and initials in Figure 6, and identifying the best state based on the

performance evaluation of the results.

No

Add Feature 2

Initial

Figure 6. Sample tree diagram format for methodological analysis.

According to the organized process in Figure 6, we need to find the simulation results
for each change of features and subfeatures, and then by analyzing and comparing the
simulation results, a desirable feature and subfeature are considered and the corresponding
muffler states are specified. The process continues until all the mentioned features of the
muffler will be considered. The simulation results of each step are discussed as follows, and
at the end, according to these obtained results and analysis, this figure will be transformed
and detailed. The initial state in this study is determined by optimizing the length of the
muffler, which was specified in Section 3.3. The main features are baffle and extended tube
length with their subfeatures, which will be analyzed and specified in the next part.
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4. Results and Analysis

The performance results of the designed mulffler for each feature and subfeature are
analyzed and compared based on the methodology analysis mentioned in Figure 6. There-
fore, the simulation results of each feature and subfeature are presented and discussed in
this section. Accordingly, the best amount of those features is selected based on comparing
the backpressure, obj1, and obj2 results, and finally, this process will be summarized in a
tree diagram similar to Figure 6 while it is carried out for this case study.

4.1. First Feature: Baffle

Various parameters of baffles, including a cut of ratio, number of holes, and distance,
effectively reduce the muffler’s sound and pressure drop [49]. This section evaluates the
baffle’s presence, its appropriate location, and fluid passage in the muffler. A detailed
investigation of the baffle parameters on sound reduction is outside the scope of this article.
The baffle location, diameter, and hole location parameters are investigated as a case study,
illustrated in Figure 7.

@)

(b) (0

Figure 7. Different parameters in baffle. (a) Baffle distance, B_d; (b) baffle hole diameter, BH_d;
(c) baffle hole offset, BH_o.

4.1.1. First Subfeature of Baffle: Baffle Distance

Figure 7a shows the parameter B_d, which represents the distance of the baffle from
the entrance, and Figure 8 represents the considered various amounts of this distance.

(b) (©

Figure 8. Different configurations of parameter B_d: (a) 50 mm; (b) 100 mm; (c) 150 mm.

Table 3 shows the simulation results for various baffle distance values where the hole
diameter of the baffle is 80 mm. Changing the value from 50 to 150 mm can affect obj1
and obj2 by 1.7% and 4.1%, respectively, and backpressure by 11.5% (PDM % according to
Equation (11)). Figure 9 depicts the transmission loss curve as the parameter B_d changes.
The minimum point of the graph decreases from 790 Hz to around 700 Hz as the parameter
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Table 3. Simulation results of baffle distance, B_d.

Parameter “B_d” Obj1 Obj2 Backpressure (kpa)
50 mm 11.6 20.8 3.75
100 mm 11.4 21.7 3.32
150 mm 11.6 20.8 347
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Figure 9. Effect of baffle distance on TL.
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Furthermore, the backpressure results based on CFD simulations are shown in Figure 10.
Accordingly, the pressure on the right side of the baffle is greater than that on the left side
of the baffle. The pressure distribution inside the muffler shows areas with the highest
pressure occurring around the outlet. In Figure 10, it can be seen that the backpressure
is not significantly changed from (a) to (c) by increasing the B_d from 50 mm to 150 mm.
Based on the performance results in Table 3, obj1 has insignificant change, and ob;2 and the
backpressure slightly improved; therefore, a value of 100 mm is chosen for baffle distance

(B_d) in this step.
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Figure 10. CFD simulation for different values of B_d in muffler. (a) B_d = 50 mm (b) B; = 100 mm;
(c) B_d = 150 mm and the dashed circles for specifying the highest pressure areas.
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4.1.2. Second Subfeature of Baffle: Baffle Hole Diameter

Figure 7b illustrates the parameter baffle hole diameter (BH_d) and its various amounts
considered for this study are depicted in Figure 11. The transmission loss curve is drawn
with the change of the BH_d parameter; see Figure 12. By increasing the values from
40 to 160 mm, the graph’s minimum point increased from 430 Hz to around 1190 Hz. The
transmission loss curve converges to the muffler without a baffle, as shown in Figure 3
(with a length of 200 mm).

50

(b)

Figure 11. Geometry of different values of BH_d: (a) 40 mm; (b) 80 mm; (c) 160 mm.
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Figure 12. Effect of baffle hole diameter on TL.

Table 4 shows the values of the objective functions. Obj1 and Obj2 values have changed
by 15.1% and 52.6%, respectively, and backpressure has changed by 78.5% (PDM % in
Equation (11)). The backpressure significantly increases in the diameter of 40 mm; therefore,
it is inappropriate and far from the requirement of 3.3 kpa. A diameter of 80 mm, compared
to 160 mm, has a little lower value of 0bj1, while 0bj2 has a significantly higher value. In
addition, its backpressure is low; therefore, it is selected.
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Table 4. Simulation results of baffle hole diameter (BH_d).

Parameter “BH_d” Obj1 Obj2 Backpressure (kpa)
40 mm 10.1 30.8 15.42
80 mm 11.4 21.7 3.32
160 mm 11.9 14.6 3.98

Moreover, according to the results of CFD simulations as illustrated in Figure 13a, the
right side of the baffle shows significant negative pressure (approximately 14 kpa), and the
mulffler has a very high value of backpressure (15.42 kpa). Increasing the diameter from
Figure 13a—c lead to a decrease in the pressure difference between both sides of the baffle,
and consequently, the highest pressure areas around the outlet are being appeared from
(a) to (c). In addition, the negative pressure area in Figure 13a is eliminated in (b) and (c)
by increasing the BH_d from 40 mm to 80 mm and 160 mm, respectively. In consequence,
(b) and (c) in Figure 13 are better choices, and considering the Table 4 analysis, the baffle’s
hole diameter (BH_d) equal to 80 mm is selected and will be used in the following steps
of simulation.

contour-1 ! contour-1
Static Pressure St sive Static Pressure
1.80x 10* 5.67 x 10° 6.24x10°
- -
1.48 x 10° 4.75x10° 5.27x10°
1.15x 10° 3.84x10° 4.30x10°
8.26x 10° 292 x10° o_: 333x10° / ‘
1 ol e
5.00x 10* 2.00x 10° 2.36x10° .
o T
1.75x 10 R} 1.09 x 10° i 139x10° 4

~1.51x10° 1.73x10? 421x10°

-4.77 x 10 -7.42x 10? | -5.50x10°

-8.03 x 10° -1.66 x 10* -1.52x10*

~1.13x10* -257x10° -2.49x10°

_1.45x10* -3.49x 10 -3.46x 10*
% pascal "

(a) (b) ()

pascal

Figure 13. CFD simulation for different values of BH_d in muffler. (a) BH_d = 40 mm;
(b) BH_d =80 mm; (c) BH_d = 160 mm and the dashed circles for specifying the highest pres-
sure areas.

4.1.3. Third Subfeature of Baffle: Baffle Hole Offset

The parameter baffle hole offset (BH_o) is shown in Figure 7c and its different values
for analysis are plotted in Figure 14. With the increase in BH_o, the minimum point of the
graph decreases from 690 to about 600 Hz; see Figure 15.

() (b) ()

Figure 14. Effect of hole offset on TL. Offset hole is (a) 25 mm; (b) 50 mm; (c) 75 mm.
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Figure 15. Effect of baffle hole offset on TL.

According to Table 5, obj1 and 0b;2 changed by 2.6% and 13.8%, respectively, while
backpressure changed by 71.3% (PDM % in Equation (11)). Due to this increase in this
parameter, the backpressure increased significantly. When the 20 mm value of BH o
in Table 5 is compared to the corresponding values of the selected muffler in Table 4
(BH_d equals 80 mm), obj2 improves slightly (6%) but backpressure increases significantly
(31.3%). Therefore, the zero value of BH_o is chosen.

Table 5. Simulation results of baffle hole offset (BH_o).

Parameter “BH_o” Obj1 Obj2 Backpressure (kpa)
20 mm 114 23.1 4.83
40 mm 11.3 25.0 13.57
60 mm 11.1 26.8 16.85

In addition, the results of CFD simulations illustrated in Figure 16 show that increasing
BH_o from (a) to (c) results in significantly higher values of the backpressure, indicating
more flow resistance. As a result, deviation of the flow from the straight path can have a
considerable degradation effect on aerodynamic performance. According to the pressure
distribution inside the mulffler in Figure 16, areas with the highest pressure occur in the
closest points around the baffle hole.

The simulation results in Figures 15 and 16 and Table 5 show that the zero value of
baffle hole offset is more effective. Thus, this subfeature is not considered for designing
this muffler.

4.2. Second Feature: Extended Tube Length

The effect of extension length can be applied to the baffle’s hole, and the inlet and
outlet pipes separately. In addition, this effect should be analyzed on the muffler with and
without the baffle. These various states of the applied extension tube length on the muffler
are illustrated in Figure 17.
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Figure 16. CFD simulation for different values of BH_o in muffler. (a) BH o = 20 mm;
(b) BH_ 0 =40mm; (c) BH o = 60 mm and the dashed circles for specifying the highest
pressure areas.

(b)

Figure 17. Different parameters for extension tube length. (a) Inlet and outlet extension length
(IOE_L) with baffle; (b) inlet and outlet baffle extension length (BIOE_L); (c) inlet and outlet extension
length (IOE_L) without baffle.

4.2.1. First Subfeature of Extended Tube: Inlet and Outlet Extension Length with Baffle

The inlet and outlet extension length parameter (IOE_L) is represented in Figure 17a for
the mulffler with the baffle. By increasing the length of the inlet and outlet pipes (equally),
the minimum point of the graph remains at around 700 Hz, but both the right and left sides
of this point have increased, see Figure 18.

According to Table 6, obj1 and 0bj2 have increased by 5% and 23.6%, respectively. In
addition, backpressure has decreased by 35.4% (PDM % in Equation (11)). In other words,
all three factors have improved. Therefore, the value of 70 mm is desirable.

Table 6. Simulation results of inlet and outlet extension length (IOE_L) for the baffled muffler.

Parameter “IOE_L” Obj1 Obj2 Backpressure (kpa)
10 mm 11.4 223 2.85
40 mm 11.5 28.8 2.54

70 mm 12.0 29.2 1.84
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Figure 18. Effect of inlet and outlet extension length in muffler with baffle on TL.

Additionally, according to CFD simulations in Figure 19, the maximum amount
of pressure distribution takes place around the intersection of the right wall and outlet
extended pipe. Increasing the extension length brings about reducing the backpressure
since the flow path has been guided more straightly. As a result, in this step, the value of
the inlet and outlet extension length for the muffler with a baffle equal to 70 mm is selected.
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Figure 19. CFD simulation for different values of IOE_L in muffler. (a) IOE_L = 10 mm;
(b) IOE_L = 40 mm; (¢) IOE_L = 70 mm and the dashed rectangle shows the flow path.

4.2.2. Second Subfeature of Extended Tube: Baffle Inlet and Outlet Extension Length

The parameter BIOE_L shows the extended length of the baffle’s hole; see Figure 17b.
The minimum point of the transmission loss curve is reduced from 600 Hz to 340 Hz by
increasing the BIOE_L parameter; see Figure 20.

Based on the simulation results in Table 7, obj1 is reduced by 20.1%. Obj2 at first
increases and then decreases in the range of 40.3% (PDM % in Equation (11)). The back-
pressure has also increased by 17.6%. Because of the priority of obj1 to obj2, the value of
10 mm is the best choice.
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Figure 20. Effect of baffle hole extension length on TL.
Table 7. Simulation results of inlet and outlet extension length (BIOE_L) of the baffle’s hole.
,}E;g;ez?,r Obj1 Obj2 Backpressure (kpa)

10 mm 11.1 25.2 4.17

40 mm 10.1 422 4.84

70 mm 8.8 38.1 5.06

Additionally, as observed in the CFD simulations in Figure 21, an increase in the
extension length of the baffle hole from (a) to (c) causes higher values of the backpressure
and more pressure difference between the region’s right and left sides of the baffle. This
simulation analysis shows that increasing the BIOE_L does not improve the muffler perfor-
mance. Thus, in this step, baffle inlet and outlet extension length (BIOE_L) equal to 10 mm

is chosen.
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Figure 21. CFD simulation for different values of BIOE_L in muffler. (a) BIOE_L = 10 mm;
(b) BIOE_L =40 mm; (c) BIOE_L = 70 mm.
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4.2.3. Third Subfeature of Extended Tube: Inlet and Outlet Extension Length without Baffle

By increasing the length of the inlet and outlet pipes in the muffler without a baffle
(see Figure 17c), the minimum point of the transmission loss curve, which is evident in
Figure 22, remains constant at around 1340 Hz. The transmission loss curve rises as a result
of this increase, as shown in Figure 22.
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Figure 22. Effect of inlet and outlet extension length in muffler without baffle on TL.

According to Table 8, increasing the IOE_L parameter from 10 to 70 mm enhances obj1
and obj2 by 1.6% and 44.6%, respectively, while decreasing backpressure by 33.6% (PDM %
in Equation (11)). Since all three factors have improved for the parameter value 70 mm,
this subfeature and its value were picked.

Table 8. Simulation results of inlet and outlet extension length (IOE_L) in muffler without baffle.

Parameter “IOE_L” Obj1 Obj2 Backpressure (kpa)
10 mm 11.9 15.0 244
40 mm 11.9 17.6 1.95
70 mm 12.1 27.1 1.62

For more details, according to Figure 23, CFD simulations of IOE_L variations without
baffle, the maximum amount of inside pressure happens around the intersection of the right
wall and extended outlet tube. The increase in the extension length leads to a decrease in
backpressure and maximum pressure. This can have the same reason for increasing IOE_L
with baffle, as shown in Figure 19, where the flow path can be guided more straightly.

To compare these results with another study’s results, consider Middelberg et al. (2004)
work relevant to our work in regard to the muffler shape and geometries. He compared
three different configurations of mufflers, including a simple expansion chamber (similar to
Figure 3), extended inlet/outlet pipes (similar to Figure 14c), and a baffle in the middle of
the chamber (similar to Figure 8b), and concluded that extended inlet/outlet pipes muffler
had significantly less backpressure than others [23]. Similarly, in our study, extended
inlet/outlet pipes mufflers (see Figure 17c) have the lowest backpressure against two others
(the backpressure column in Table 8 for extended inlet/outlet pipes mufflers has much
lower values than Tables 2 and 4 for simple expansion chamber and middle baffle mufflers).



Metrology 2023, 3

274

contour-1
Static Pressure

436 10°
375x10°
3.14x10°
252%10°
191 10°
130x10°
6.90 10°

| 7.79x10°
-534x10°
-1.15x10*

= 2
paseal~1.76% 10

(a)

contour-1

Static Pressure contour-1
2.96x10° Static Prossure
257x10° 205 40"
217x10° 177x10°
1.78x 10 1.49x10°

1.39x10° ! 1.21x10°

d . X
9.92 x 107 )\ 9.25 x 10

) y
y i N 5.98x10° ‘ 6.44x10° |
J [
2,04 % 10° 3.62x 10
l -1.89 x 107

pascal

8.11x 10"

-5.83 x 10° -2.00x 10?

-9.77 %10 -4.81x 10°

pascal ~7.63 x 107

(b) (c)

Figure 23. CFD simulation for different values of IOE_L in muffle without baffle.
(a) IOE_L =10 mm; (b) IOE_L = 40 mm; (c) IOE_L = 70 mm.

4.3. Resulted Tree Diagram

Based on the simulation results above in this work, designing a mulffler for the KTM90
engine, the tree diagram sample in Figure 6 is transformed into Figure 24.
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Figure 24. Tree diagram of simulation results. L: length of muffler, B_d: baffle distance, BH_d: baffle
hole diameter, BH_o: baffle hole offset, IOE_L: inlet and outlet extension length, BIOE_L: baffle inlet
and outlet extension length. The corresponding color for initial, al, b1, b2, and b3 states are purple,
green, red, blue, and yellow, respectively.

In this regard, simulation results (Table 2) of the primary muffler (Figure 3) show
that the total dimension with a length equal to 200 mm performs better than other lengths
(initial state on Figure 24). The initial state without considering any other feature follows
the purple color line highlighted in Figure 24. After that, a single baffle feature is added.
Its subfeatures, including location, hole diameter, and the hole’s offset, are simulated in
Section 4.1. As a result, the baffle location in the middle (B_d equals 100 mm) with BH_d
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equal to 80 mm and zero value of BH_o parameter, which has better performance in obj1,
obj2, and backpressure, was selected (state al in Figure 24).

Following that, an extension tube feature is appended. Its related subfeature includes
inside and outside extension length. State al without the extended tube is marked by
green color in Figure 24. State b3 (highlighted in yellow color) is the mulffler with the
optimized length of the inlet and outlet extension tube without baffle. It is illustrated
in Figure 17c, and Section 4.2.3 shows its corresponding simulation results. Adding an
extension in the baffled muffler (add to state al) can be done in two ways. First state where
the extension tube is just on the baffle hole as shown in Figure 17b. The optimized length of
the output extension tube in this state (analyzed and obtained in Section 4.2.2) is the muffler
in state b2 (picked out in blue color) of the tree diagram (Figure 24). In the second state,
the extension tube is only on the inside and outside tubes of the muffler; see Figure 17a.
State b1 (highlighted in red color) in Figure 24 includes the details of the selected inlet and
outlet extension length (in Section 4.2.1), in addition to the details of the selected baffle
(state al).

Finally, the performances of the leaves’ states in Figure 24 are compared as presented
in Table 9. Accordingly, states b1 and b3 bring about more efficient performance on obj1
and led to a much lower backpressure value than 3.3 kpa (allowable limit according to
requirements in Section 2.3), while state bl causes a higher value of obj2. Therefore, state b1l
has the best performance and is the ultimate design chosen for the muffler.

Table 9. Comparison of leaves in tree diagram.

State Obj1 Obj2 Backpressure (kpa)
initial (Figure 3) 11.9 14.7 3.13
al (Figure 7b) 114 21.7 3.32
b1 (Figure 17a) 12.0 29.2 1.84
b2 (Figure 17b) 11.1 25.2 4.17
b3 (Figure 17¢) 12.1 27.1 1.62

4.4. Muffler Efficiency and Parameter Effectiveness

By defining muffler efficiency percentage as follows, the design process performance
efficiency in terms of objective functions and backpressure is summed up:
.. o _Ei_Eifim' .
ef ficiency (%) = ——— x 100, i=1,2,3 (12)
Ei_ini
where

i = 1refers to obj1, and E; and E;_;;,; are values of obj1 for the design and initial state,

i = 2 refers to 0bj2, and E; and E,_;,; are values of 0bj2 for the design and initial state,
and

i = 3 refers to backpressure, and E3 and E;_;,; are values of backpressure for the
design and initial state.

The performance efficiency of the different designed muffler states is compared in
Table 10. The plus sign for obj1 and o0bj2 shows improvement, while the minus sign for
backpressure indicates enhancement. Therefore, the quantitative efficiency on obj1, 0bj2, and
backpressure are improved by +0.8%, +98.6%, and —41.2%, respectively, in selected states.

The muffler design process can be more reliable by using the organized tree diagram
method and less susceptible to miss-tracking different parameters’ effects on muffler
performance. As a case, if state bl missed and state b3 was selected (because of the higher
value of 0bj1 and less backpressure against other remaining states), we have a degradation
in performance efficiency of obj2 equal to 14.2%, respectively.
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Table 10. Comparison of improved performance criteria among different muffler states (bold percent-
ages pointed out for improvement).

State Obj1 Obj2 Backpressure (kpa)
initial 0 0 0
al —4.2% +47.6% +6.1%
b1 (selected) +0.8% +98.6% —41.2%
b2 —6.7% +71.4% +33.2%
b3 +1.7% +84.4% —48.2%

Evaluating the transmission loss trend with changing a parameter, gives us a compre-
hensive understanding of the parameter’s effect. PDM % (according to Equation (11)) of
the muffler performance (obj1, 0bj2, and backpressure) for the selected parameters of the
design is calculated (within the range of parameter values) and summarized in Table 11.

Table 11. Comparison of PDM % of muffler performance for different parameters.

o . o . PDM % of

Parameter PDM % of Obj1 PDM % of Obj2 Backpressure
L (Figure 3) 23.5% 57.8% 68.9%
B_d (Figure 7a) 1.7% 4.1% 11.5%
BH_d (Figure 7b) 15.1% 52.6% 78.5%
BH_o (Figure 7c) 2.6% 13.8% 71.3%
IOE_L (Figure 13a) 5% 23.6% 35.4%
BIOE_L (Figure 13b) 20.1% 40.3% 17.6%
IOE_L (Figure 13c) 1.6% 44.6% 33.6%

It is found that objective functions are highly dependent on L, BH_d, and BIOE_L and
slightly dependent B_d. Similarly, the backpressure is highly dependent on parameters L,
BH_d, and BH_o and slightly dependent on B_d.

5. Conclusions

A well-organized method for designing a muffler was proposed and acoustic and aero-
dynamic performances of the muffler in each step of designing were analyzed in COMSOL
and ANSYS Fluent with suggested quantitative assessments obj1, obj2, and backpressure,
and, accordingly, the suitable parameters were selected. This process has been performed
for designing a mulffler for the KTM390 engine as a case study. Considering obj1, obj2, and
backpressure in an organized manner for evaluation and selection of suggested features
and subfeatures led to a new method for designing a high-performance muffler design.

By using this method, the selected design muffler has an improvement against the
initial muffler on acoustic performance obj1 and 0bj2 equal to 0.8% and 98.6%, respectively,
and 41.2% enhancement of backpressure in terms of aerodynamic performance assessment.
It is observed that acoustic performance assessments are highly dependent on parameter L
(length of the mulffler), BH_d (baffle hole diameter), and BIOE_L (baffle inlet outlet exten-
sion length) while slightly dependent on B_d (baffle distance). In addition, backpressure
is essentially affected by L, BH_d, and BH_o (baffle hole offset) and is slightly dependent
on B_d.

This work can be extended to consider other features of the muffler, for example
adding absorption and perforations, and finding the most suitable options for a desirable
muffler with analysis of the muffler performance accordingly. Additionally, this method
provides the possibility of evaluating the order of adding features in the tree diagram
method and its effect on performance which can save time and costs associated with
physical prototyping and testing.
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Appendix A

The value of the mass flow rate is approximated in this work. The calculation formula
is described in Equation (A1).

P=pxAxV = 32,440W=px

7(0.089)2 y <9000 x 0.12 m

1 s ) — p=2897kpa (Al)

where

P is engine power,

p is the average cylinder pressure,

A is the cross-sectional area of the piston,

V is the average linear speed of the piston.

It is assumed to be an ideal gas. The temperature equals 420 °C, and the density is
1.453 kg/m3. Therefore, the input mass flow rate of the muffler is calculated according to
the following equation.

m=pxAxV= 0.1627% (A2)
where

m is inlet mass flow rate to the mulffler,
p is the density of pressurized fluid inside the cylinder.
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