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Abstract: In recent years, the optimization of diesel engine exhaust mufflers has predominantly
targeted acoustic performance, while the impact on engine power performance has often been
overlooked. Therefore, this paper proposes a parallel perforated tube expansion muffler and conducts
a numerical analysis of its acoustic and aerodynamic performance using the finite element method.
Then, a Kriging model is established based on the Design of Experiments to reveal the impact of
different parameter couplings on muffler performance. With transmission loss (TL) and pressure
loss (PL) as the optimization objectives, a multi-objective optimization study is carried out using
the competitive multi-objective particle swarm optimization (CMOPSO). The optimization results
indicate that this method can simplify the optimization model and improve optimization efficiency.
After CMOPSO calculation, the average TL of the mulffler increased from 27.3 dB to 31.6 dB, and
the PL decreased from 1087 Pa to 953 Pa, which reduced the exhaust noise and improved the fuel
economy of the engine, thus enhancing the overall performance of the muffler. This work provides a
reference and guidance for the optimal design of mufflers for small agricultural diesel engines.

Keywords: diesel engine; muffler; kriging; multi-objective optimization

1. Introduction

In the context of green development in countries around the world, agricultural
machinery has become an important pillar of modern agricultural development [1,2]. Small
diesel engines, with their compact size and high efficiency, have become the core power
equipment in agricultural production. However, the noise pollution they generate is also
increasing [3]. As a key component for controlling exhaust pollution, the performance of
exhaust mufflers has always attracted extensive attention from the relevant researchers.

Currently, many scholars are employing various methods to study the acoustic per-
formance of mufflers. Alsah et al. [4] conducted a simulation study on the acoustic perfor-
mance of a micro-perforated cylindrical plate muffler using the boundary element method.
By combining this with the response surface methodology (RSM), the muffler was opti-
mized, achieving a satisfactory noise reduction effect. Li et al. [5,6] used a two-dimensional
axisymmetric analysis method and an orthogonal analysis to solve the sound propagation
characteristics of a multi-cavity reactive muffler and studied the influence of the muffler’s
structural parameters on the coupling effect of muffler chambers. Some scholars [7-10] have
conducted research on mufflers of various shapes, such as cylindrical mufflers, Helmholtz
mutfflers, perforated tube mufflers, expansion mufflers, etc. Fu et al. [11,12] used the finite
element analysis (FEA) to reveal the influence of the muffler’s structural factor on the
transmission loss (TL). Fan et al. [13] used a one-dimensional numerical method to study
the noise reduction performance of perforated baffles and perforated pores in reactive muf-
flers. Denia et al. [14] found that using an empty extension would result in a quarter-wave
resonance, and that a sound-absorbing material improved high-frequency noise reduction.
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Liu et al. [15] compared the muffler schemes with different channel expansion angles and
different flow area ratios using numerical calculations. Some studies [16,17] have shown
that the geometric position, shape, and number of baffle holes have a significant impact
on the sound attenuation performance. Erkan et al. [18] used a simplex centroid mixture
design combined with the response surface method to carry out the optimization study
of mufflers and found that as the number of baffles increases, the muffler performance
becomes better. Based on past engineering experience, it is possible to design a muffler
with different structures to achieve effective noise reduction [19-21]. It is evident that
the internal structure of the muffler and its configuration significantly impact both the
TL and PL. In muffler optimization design, designers often sacrifice some aerodynamic
performance to achieve optimal acoustic performance. Additionally, the internal structure
of the muffler can take various forms, and the impacts of single and multi-parameter varia-
tions on aerodynamic and acoustic performance differ. Addressing these multi-objective
optimization challenges poses a significant difficulty for practitioners in the field.

In recent years, with the advancement of computer science and technology, some
researchers [22,23] have used topology optimization methods to achieve the local optimiza-
tion of mulfflers. Many studies [24-26] have shown that the Design of Experiments (DOE)
can scientifically and reasonably arrange experiments, thereby reducing the number of
experiments, shortening the test cycle, analyzing the impact of experimental errors, and
improving experimental accuracy. Therefore, it is widely used in engineering optimization.
Renato et al. [27] used particle swarm optimization (PSO) to achieve the optimization of
the acoustic performance of the muffler. Lu et al. [28] proposed a compact micro-perforated
panel muffler with a serial-parallel coupling mode and achieved broadband noise reduction
using a transfer matrix method combined with a multi-population genetic algorithm. Zuo
et al. [29] established an approximate model of TL by correcting the thickness correction
coefficient in the transfer matrix, and combined it with the NSGA algorithm to perform
the multi-objective optimization of the muffler. Experimental results demonstrated the
reliability of this method. Wang et al. [30] proposed two structural optimization schemes
for mulfflers based on GT-POWER, but did not conduct experimental validation. Chang
et al. [31] combined artificial neural network models with genetic algorithms to achieve
the precise optimization of mufflers at target frequencies. This method improves the
optimization efficiency of mufflers. Altabey et al. [32] used deep learning algorithms to
predict the acoustic properties of mufflers with different materials, which enhanced the
optimization efficiency in material selection for mulfflers. Xie et al. [33] optimized the acous-
tic performance of mufflers using a GA-BP neural network algorithm. Hossein et al. [34]
conducted local and global sensitivity analyses on frequency, temperature, area ratio, and
pipe length for the HQ pipe mulffler, and proposed a genetic algorithm to optimize acoustic
performance and geometric shape, achieving favorable results. The rapid development of
the DOE method and computer technology has provided new ideas for the optimization
design of mufflers.

Recent studies indicate that the current optimization research on mufflers typically
focuses solely on acoustic performance. However, aerodynamic performance is also a
crucial indicator for evaluating muffler efficiency. Therefore, this paper comprehensively
considers both aerodynamic and acoustic performance in the optimization process. Firstly,
a parallel perforated tube expansion muffler is proposed. Finite element simulations were
conducted based on rated operating conditions to calculate the PL and TL of the muffler.
Additionally, an engine test bench was set up to validate the reliability of the finite element
analysis. Through this analysis, a Kriging approximation model was developed based on
the DOE. Finally, the CMOPSO was used to perform multi-objective optimization on the
mutffler performance.
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2. Muffler Modeling and Test Verification
2.1. Test
2.1.1. Equipment

The exhaust muffler for small diesel engines must effectively reduce noise while also
considering fuel economy. The exhaust muffler is a parallel perforated tube expansion type,
consisting of an inlet inner tube, two perforated plates, and two parallel straight-through
perforated tubes. The structural scheme is illustrated in Figure 1, and the initial structural
parameters are listed in Table 1.
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Figure 1. Schematic diagram of muffler structure.

Table 1. Basic parameters of the muffler.

Parameters Value
Total length of cavity, L/mm 300
The length of chamber 1, L; /mm 140
The length of chamber 2, L, /mm 90
The length of chamber 3, L3/mm 70
Intake cannula diameter, Ly /mm 60
Diameter of the cavity, D/mm 80
Diameter of the intake pipe, D;/mm 20
Diameter of parallel insertion tube, D, /mm 12.5
Diameter of perforation, D3 /mm 2
Diameter of the exhaust pipe, Dy /mm 20
Diameter of perforations in the perforated 10
plate, Ds/mm

Thickness of porous clapboard J; /mm 1
Thickness of cavity, d, /mm 2
Perforating rate, 8/% 15

The experimental tests in this study are based on the engine test bench built at the
Intelligent Manufacturing Laboratory for Power Systems at universities in Hunan Province,
as shown in Figure 2. The main components of the experimental setup include the following:
a 186 series single-cylinder diesel engine (single-cylinder direct injection, bore * stroke =
86 * 72 mm, rated speed = 3000 r/min, and compression ratio = 19.5), an engine control and
monitoring system (FC2000, XiangYi Power Testing Instrument Co., Ltd., Changsha, Hunan,
China), an eddy current dynamometer (GWD-160 XiangYi Power Testing Instrument Co.,
Ltd., Hunan, China), a muffler, a sound level meter (HS5670B, State-owned Hongsheng,
Rui’an, Zhejiang, China), a spectrum analyzer (Goodwill Electronics Co., Ltd., Taiwan,
China), a pressure sensor (FC2050, XiangYi Power Testing Instrument Co., Ltd.), soundproof
panels, and a computer.
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Figure 2. Muffler performance of test bench: (A) pressure test and (B) acoustic test.

2.1.2. Method

The muffler test was strictly carried out in accordance with the industry standard
JB/T9869-2020 [35], Exhaust Silencers of Internal Combustion for Construction Machinery,
to measure the sound pressure level (SPL) and exhaust back pressure of the exhaust
muffler. The acoustic performance of the exhaust muffler can be judged by the insertion
loss (IL) and TL. These two indicators can reflect the noise reduction performance of the
exhaust muffler in different aspects. The IL can be calculated by measuring the difference
in SPL before and after the installation of the muffler. Considering the experimental
conditions, this paper selects the IL as the test indicator to more accurately assess the noise
reduction performance of the exhaust muffler. The spatial five-point method [11] is used
for measurement and recording.

The air dynamics performance of the exhaust muffler is most directly assessed by
measuring the pressure difference. This measurement is taken at the upstream and down-
stream ends of the muffler within the exhaust system. Before the experiment begins, once
all the equipment has stabilized, the pressure loss (PL) of the muffler is determined. This is
performed by measuring the difference in total pressure at the inlet and outlet ends of the
muffler using a pressure sensor.

2.1.3. Results

By controlling the engine test system, the PL at different inlet velocities of the engine
is measured. Data are recorded only after allowing the equipment to stabilize before each
measurement. Figure 3 shows the PL at inlet velocities of 10 m/s, 20 m/s, 30 m/s, 40 m/s,
50 m/s, and 60 m/s. The figure indicates that the PL increases in a parabolic manner.

The subject of this study is a small, air-cooled single-cylinder diesel engine. Due to its
light weight, compact size, and economic advantages, it is primarily used in agricultural
machinery to drive various farming tools. This paper analyzes the noise spectrum at its
rated speed of 3000 r/min. Figure 4 shows that the exhaust noise of a diesel engine is a
high-frequency noise covering the entire frequency band. Due to the characteristics of the
single-cylinder diesel engine, the SPL of the exhaust noise exhibits irregular variations
within the test frequency range, reaching a maximum of 112.3 dB at 1250 Hz. The original
muffler produced some noise reduction effect within the 25-3150 Hz frequency range, but
the overall noise reduction effect was not ideal.
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Figure 3. Pressure loss of mufflers with different inlet flow rates.
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Figure 4. SPL of noise spectrum at 3000 RPM.

2.2. Simulation Analysis
2.2.1. Grid Division

Before performing the finite element analysis on the muffler, the model needs to be
discretized, which involves mesh generation. Since there are many perforated structures
on the insert pipe and baffle in the exhaust muffler, an unstructured grid (by ICEM) is
used in this paper. The global mesh size is set to 5 mm, the intake and exhaust pipes mesh
sizes at 2 mm, and the dimensions of each hole in the cavity are 0.5 mm. This results in a
standard mesh for the muffler. After mesh checking, it shows that the determinant of the
grid cells is greater than 0.9, the min angle is greater than 18°, and the average mesh quality
is 0.81. The mesh details are shown in Figure 5; the number of mesh nodes is 455,073, the
total number of meshes is 2,540,419, and the overall mesh quality meets the requirement of

calculation accuracy.
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(a) whole grid (b) inlet grid

(C) Outlet grld (d) hole grld
Figure 5. Mesh diagram of muffler.

2.2.2. Pressure Simulation

When using the finite volume method for the numerical modeling of the flow field,
due to the small size of the mulffler studied in this paper and considering its application
scenario in small diesel engine agricultural mufflers, appropriate simplifications were made
for the internal fluid [12]:

(1) The structural walls of the muffler are assumed to be rigid with no-slip boundaries;

(2) The fluid within the muffler chamber is considered to be an ideal gas, and the outer
wall is adiabatic;

(38) The physical parameters of the muffler are constant and invariant, and the influence
of gravity is not considered.

The boundary conditions select the velocity—pressure base solver, with the inlet bound-
ary defined as a velocity inlet condition. The velocity value is determined based on the
actual operating conditions measured for the diesel engine, and a second-order upwind
discretization format is employed. The standard k — & model is used for the turbulence
model, and the pressure loss is calculated using Formula (1).

AP =7p; —pr @

where p;, p; represents the average pressures at the inlet and outlet end faces of the muffler.
The SIMPLE method is chosen for the solution process. Since the tail end outlet of the
exhaust muffler directly leads to the atmosphere, the outlet boundary condition is defined
as a pressure outlet, the relative pressure is 0, and the pressure nephogram is shown in
Figure 6. The overall pressure in the chamber decreases in a stepped manner, reaching
its maximum at the first perforated bulkhead. In the second chamber, the flow is affected
by the perforations, resulting in a sudden change in flow area and causing pressure loss.
Therefore, in subsequent optimizations and improvements, it is necessary to reasonably
adjust the lengths of various structures to ensure the uniformity of the airflow, thereby
enhancing the economic performance of the small diesel engine.
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Figure 6. Pressure nephogram.

2.2.3. Acoustic Simulation

In the acoustic simulation software, a unit velocity excitation is applied to the inlet
of the diesel engine exhaust muffler. The fluid material is defined as air, and the wall
boundary conditions are defined as rigid walls. The walls do not have any acoustic
absorption properties, and the vibration velocity of the medium in the normal direction
on the wall is zero. When defining the Automatic Matched Layer (AML) reflection-free
boundary condition at the outlet, TL is the difference between the incident sound power
level at the inlet end of the muffler and the transmitted sound power level at the outlet end,
which is calculated as in Formulas (2)—(4):

TL = Lygs — Lt = 101g(V0) )
Wi
oS0 + My)?|pil?
Wz - Sllz - Plcl (3)
So(1+ M)’ |pe)?
Wi = S = 4)
02Co

where W; and W; are the incident sound powers at the inlet of the muffler and the reflected
sound power at the inlet, respectively, S; and S, represent the cross-sectional areas at the
inlet and outlet ends of the muffler, P is the medium density, C is the speed of sound, and
M is the Mach number of the airflow. Figure 7 shows the muffler acoustic finite element
mesh model and the SPL cloud diagram inside the structure at 430 Hz.

(a) Acoustic internal grid (b) SPL of 430 Hz

Figure 7. Acoustical finite element mesh and sound pressure cloud diagram.

2.2.4. Model Validation

By using the FC2000 control system, the speed and torque of the diesel engine are
changed. According to the flowmeter readings, different inlet velocities are obtained, and
the pressure values at both ends of the muffler are recorded. As is shown in Figure 8, it can
be seen that the trend in PL closely matches the simulation results, exhibiting a quadratic
parabolic increase. The relative error is about 5.6% (when the inlet speed is below 40 m/s,
the error is about 2.9%). The test results are slightly higher than the simulation results. This
is because during the field test, a section of equal-length pipe is used to guide the exhaust
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gas out, and due to the roughness of the pipe wall and the resistance along the flow path,
PL is caused. Additionally, under the high-speed air flow, regenerative air flow may be
generated, resulting in a certain error in PL.

8000
—e— Experiment
—a— Simulation

6000 -

T

4000

Pressure Loss (pa)

2000

Inlet flow rates (m/s)

Figure 8. Experiment and simulation comparison chart of the PL.

Prior to measuring insertion loss, the engine’s noise radiation is isolated using a
custom-made protective enclosure lined with sound-absorbing material. After ensuring
that the environmental background noise meets the testing criteria, the diesel engine is
started. Next, we wait for the fuel consumption rate and cooling water temperature to
reach stable values before starting to record data. The measurement in this paper is carried
out at the rated speed. Each set of data needs to be recorded three times. Data collection
and collection are performed when the error between the three data points is less than
0.5 dB, ensuring that the test data are reliable. Noise measurements with and without
mufflers were made under the same conditions. Finally, the approximate conversion of TL
is achieved using the conversion Formula (5) between the sound power level and SPL.

TL = Lyt — Luo
IL =Ly — Ly )
Ly = Ly + 20lgr +11

where 7 is the distance from the sound source to the test point; IL is the insertion loss; L1
and Ly, are the SPL before and after the installation of the muffler, respectively; TL is the
transmission loss; and Ly and Ly are the inlet sound power level and outlet sound power
level, respectively.

Figure 9 shows the comparison between the simulation and experimental results of TL.
In the frequency range of 25-3150 Hz, the overall trend of change between the experimental
and simulation results is generally the same. However, at frequencies of 125, 500, 630, and
3150 Hz, the simulated values are greater than the experimental values. The maximum
error occurs at 1250 Hz, with an error value of 4.5 dB. The reason for this phenomenon
might be that there is airflow noise inside the muffler or that the engine’s exhaust tailpipe’s
residual temperature affects the exhaust noise. In summary, the simulated values of the
muffler have a small error with the experimental values, and the results show that the finite
element model developed in this chapter can be used as an alternative model for the TL of
the muffler.
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Figure 9. Experiment and simulation comparison chart of the TL.

2.3. Experimental Design
2.3.1. Data Sampling

Due to the complex internal structure of mufflers, different structural parameters can
lead to varying effects on their performance. Consequently, the optimization process of
mufflers typically appears to be quite time-consuming. The Optimal Latin Hypercube
Design (OLHD) is a type of Design of Experiments (DOE) approach. In this method,
each dimension of the n-dimensional input parameter design space is divided into m
equal-probability sub-intervals, ensuring that each level of a factor is studied only once.
The OLHD ensures uniformity and orthogonality of the sampling points with a minimal
number of samples, which has led to its widespread application [26]. Considering the
spatial constraints when installing and using mufflers in practice and based on muffler
design theory and practical computational efficiency, this study selected 30 sets of design
variables for computation. Some of the data are presented in Table 2.

Table 2. Boundary constraints of structural parameters.

Boundary Value/mm

Design Variable Initial Value/mm
Lower Limit Upper Limit

L, 140 130 150

L, 90 60 120

Ly 60 30 90
D, 12.5 10 15
Dy 20 15 25

0 15 5 25

& 2 1 3

2.3.2. Significance Analysis

Before conducting the structural optimization of the muffler, due to the large number
of silencing units, it is necessary to investigate the primary and secondary effects of the
parameters on the target values to simplify the model, thereby enhancing its performance
and accuracy. A multivariate linear regression analysis was carried out to analyze the
structural characteristics of the muffler, as expressed in Formula (6):

Y = Bo+ Y Bixi+ ) Biuxi + ) Bijxix; ©)
i7
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In the formula, Y represents the target variable, which is the TL or PL; x; and X; are
design variables, which represent the structural parameters of the muffler; and j; denotes
the regression coefficients, indicating the significance of the structural parameters on the
target values. To eliminate the influence of different units among the structural parameters
and to make the assessment of the model more intuitive, the relevant data were normalized.
The formula for normalization is given by Formula (7):

x; — min(x;)

Tx; =
ti max(x;) — min(x;)

@)

Figure 10 illustrates the significance of the mulffler’s structural parameters on the TL
and PL. It can be observed that L2, L4, D2, and 6 have a significant impact on both the
TL and PL, while the other parameters have a relatively minor effect on the TL and PL
(less than 5%). Therefore, to improve the efficiency of subsequent optimizations, the three
parameters with minor impacts are disregarded, and four significant factors are taken as
design variables for optimizing the muffler’s structural parameters.

L2
8%

L4
25%

(a) Significance analysis of muffler struc-  (b) Significance analysis of muffler struc-
tural parameters for TL tural parameters for PL

Figure 10. Significance analysis of muffler parameters.

2.4. Kriging
2.4.1. Model Definition

The Kriging model is capable of interpolating and predicting by using the spatial
correlation of known data points. It takes into account the spatial correlation properties
of the described object, making the interpolation results more scientific and closer to the
actual conditions [36]. The Kriging model consists of two parts: a basis function and a
stationary stochastic process. In the Kriging model, it is assumed that the objective function
is related to the design variables as expressed in Formula (8):

y(x) = f(x)"B+z2(x) ®)

where f(x) is a vector of the regression polynomial basis function; x is the vector of the
design variables, which are the four structural parameters described in Section 3.2;
represents the undetermined coefficients; and z(x) is the fitting error random process with
a mean of 0 and a variance of 02, where its covariance is given by Formula (9):

Cov|z(x;),z(xj)] = o7 [R(6, x;, x;)] ©)
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where 6 represents the unknown correlation parameters; x;, x; refers to any two sets of
independent design variables; and i,j =1, 2, ..., n, where n is the number of sample points.
When a Gaussian stationary stochastic process is used, the correlation function can be
expressed as Formula (10).

Ryc(6k, dx) = exp(—0xdy) (10)

where d; is the distance between two points. The linear regression part uses the least
squares method for calculation. The estimated values of the undetermined coefficients 5

and variance o2 are given by Formulas (11) and (12):

p=(XTR1Xx) 'XxTR" 1Y (11)

o> = (Y~ Xp) R — Xp) (12)

According to the above equations, the value of 6 affects the prediction accuracy of the
Kriging model. Based on the maximum likelihood estimation method, it can be calculated
using Formula (13).

9= — [n Ino? + ln(detR)} (13)

Therefore, for an unknown point x;, its correlation matrix with the sample points is
denoted as 7T, and its predicted value §(x;) can be expressed as Formula (14):

9(x;) = fTB+r"R7(Y — XB) (14)

2.4.2. Response Surface

The mapping relationship between the input parameters and output parameters was
established using the Kriging model. By employing cross-validation error analysis, the
data from the sampling table were substituted into the Kriging model. The RSM of the
Kriging model is shown in Figure 11.

As shown in Figure 11, Ly — Ly has a significant impact on the TL, while Ly — D, has
a major influence on the PL. Without altering the overall dimensions of the muffler, the
influence of multiple structural parameters on the muffler performance is not merely a
simple linear relationship, it can also reduce the error in the muffler performance caused
by a single factor. By establishing the Kriging model response surface, the interdependent
factors among structural parameters were revealed. This approach improves computational
efficiency during mulffler optimization and reduces experimental costs.

2.4.3. Accuracy Verification

To ensure the accuracy of the subsequent optimization model, it is necessary to perform
a precision test on the approximate model once its construction is completed. Through error
analysis, the limitations of the model can be understood, and the conditions under which
the model can provide reliable predictions can be identified. Within the same range of
constraints, an additional five points are selected from the Latin hypercube space, and finite
element calculations are performed for each group. The computed PL and TL are shown
in Table 3, where n1 is the average transmission loss (TL) obtained from acoustic FEM;
ny is the TLp obtained from the Kriging model; m; is the PL obtained from computational
fluid dynamics; m; is the PL obtained from the Kriging model; e; = |ny —ny|/nq; e; =
|mq —my|/my; and e = (e; — e) /2 is the relative error. From Table 3, it can be seen that
the relative errors of the TL, and PL obtained from the two different methods are both
within 5%, indicating that they are acceptable in practical engineering applications.
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Figure 11. Kriging response surface of muffler: (a—f).
Table 3. Experimental parameters and errors.
Symbol Ly/mm Lg/mm 0/% Dy/mm n;/Pa ny/Pa m;/dB m,/dB e
1 116.92 50.46 16.79 10.90 1146 1173 33.4 34.5 2.3%
2 103.08 30.00 11.67 14.10 973 995 35.4 35.8 1.7%
3 7231 33.08 14.74 13.85 980 965 349 36.2 3.3%
4 83.08 74.62 6.54 13.85 929 948 24.6 23.8 2.7%
5 86.15 88.46 19.87 11.28 1145 1091 28.3 26.9 4.9%
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In order to further verify the accuracy of the established Kriging model, the root mean
square error (RMSE) and determination coefficient (R?) were used to evaluate the predictive
ability of the model. The calculation formulas are (15) and (16)

1 [ 2
RMSE = m{ [y — v } (15)
i=1
g (vi — y*)z
RP=1-2L (16)
Y (i —7)

where y; is the true value of the response points; ¥ is the mean value of the response; and
y* is the predicted value. Generally, the closer R? is to 1, the more accurate the model is
considered to be. From Table 4, it can be observed that the RMSE values for both PL and
TL are below 0.1, while the R? values are above 0.9. This indicates that the accuracy of the
Kriging model established in this study meets the required standards.

Table 4. Error analysis of Kriging model.

TL PL
RMSE R? RMSE R?

Error 0.05495 0.96797 0.09451 0.90354

3. Optimization
3.1. Multi-Objective Optimization

Multi-objective optimization problems are common in many fields such as scientific
research and engineering practice. In the optimization of mufflers, researchers focus on its
aerodynamic performance and acoustic performance, and these two objectives are typically
in conflict: as acoustic performance improves, exhaust back pressure tends to increase. The
multi-objective optimization problem is generally described as Formula (17):

min{ i (x), f2(x), ., fu(x)}
st.gi(x)<0,i=1,2,...,p
hi(x) =0,j=1,2,...,9

xp < x <y, x = (X1,%2,...,Xn)

(17)

where f(x) is the optimization goal; m is the number of optimization functions, and m > 2;
¢(x) is the inequality constraint; i(x) is the equality constraint; x = (xq,xp,...,xy) is the
design variable; and 7 is the number of design variables.

When solving multi-objective optimization problems, a set of Pareto solutions will
be obtained. However, there is no absolute optimal solution in this solution set. Decision
makers can only choose a relatively optimal balanced solution based on their specific needs.
This paper adopts an optimal compromise solution based on the distance indicator, and its
principle is shown in Figure 12:

Q7 and Q, represent the optimal solutions on objectives f; and f,; P is the optimal
ideal solution in the target space. However, in many cases, the optimal ideal solution does
not exist. Therefore, the distance degree is used to measure the closeness of the solution to
the ideal solution in the target space, so as to avoid subjective errors.
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Q O Non-dominated solution

® Dominant solution

® [deal solution

The Pareto front

Smin
v/ Q. T ==

fi min /]
Figure 12. Compromise optimal solution based on distance index.

3.2. CMOPSO

Multi-objective particle swarm optimization (MOPSO) is an intelligent search algo-
rithm that simulates the predation behavior of birds. A competitive mechanism-based
MOPSO (CMOPSO) introduces the idea of the competition mechanism, where particles
compete with each other to solve highly nonlinear problems.

CMOPSO can better solve the problems of population convergence and balance, and
at the same time, it combines the evolutionary strategy of the genetic algorithm (GA) to
ensure the diversity of the particles in the search space. More details can be found in
Zhang's [37] paper. The particle learning strategy is shown in Figure 13.

V()= R0V,

O Loser + R, (k)X ()= X,, (1)
O @) Competition [~ Lcarning . ‘;,‘ , '
o 5 », + QR (k,1)(X k(1) X, (1)

X, (+)=X,@0)+V, , (+])

Swarm P(t) Winner

A 4

Updated loser

= GA Updated winner
Learning ~ selection, crossover,
and mutation

Swarm P(t+1)

Figure 13. Learning strategy of CMPOSO.

In the loser learning strategy, Ry (k, t), Ry(k, t), R3(k, t) is a random number generated
in [0, 1]; X;(t) is the average position of all particles in the group, which is global; and ¢
is the parameter that controls the update of the loser position. The process diagram of
applying CMOPSO in muffler optimization is shown in Figure 14.

3.3. Optimizing Case

In the optimization design of the exhaust mulffler, the optimization goal is to reduce
the exhaust back pressure as much as possible under the premise of improving the noise
reduction. From the test results in Figure 14, it can be seen that the exhaust noise of the
diesel engine is relatively large in the range of 100-3150 Hz. Therefore, this paper selects the
TLA and PL in the range of 100-3150 Hz as the optimization target. In order to facilitate the
subsequent optimization calculation, the TL, is taken as a negative value. Its mathematical
model can be simply described as Equation (18)

findx = (L, L4, 6, Dy)

min(—f(TLy))

min(f(PL)) 1o
S.t. Xmin < X < Xmax
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CMOPSO is applied to the optimization model in this paper, and its constraint condi-
tions are shown in Table 5, based on the Kriging response surface model in Section 2.4.2.

Finite element modle Initialize Population
[ \
simulates practical conditions > Transmisson loss Pressure loss 1

i v 1
‘ ;o.r‘?};malml_lzﬂ ‘ ’ Acoustic analysis | Non dominated sorting
uic dynamics selected elite individual
I } :
‘ Exhaust back pressure ‘ ’ Sound pressure level | Randomly select two elite
[ [ individuals to compete
v CMOPSO
N Updating particle velocity
0 and position through
learning strategies
 Yes L
‘ Design of experiments S ‘ Polynomial mutation ‘
;
l A
‘ Kriging model ’ No Meet the

stopping criteria?

No s
Accuracy check R

Figure 14. Optimization framework of muffler.

Program terminate

Table 5. Constrained range of structural dimensions.

Parameter Ly/mm Lg/mm 6/% Dy/mm
Initial 90 60 15 12.5

Lower limit 60 30 5 10

Upper limit 120 90 25 15

4. Results and Discussion

In this section, MOPSO and CMOPSO are used for multi-objective optimization. Under
the condition of rated speed, the Pareto frontier obtained after executing the optimization
program is shown in Figure 15. It can be seen from the figure that the PL of the muffler in-
creases with the increase in the TL, which shows that the better the muffler performance, the
higher the exhaust resistance is, and this reflects the inherent characteristics of the muffler.

962
MOPSO 962 F CMOPSO
5 8 i
e idea soul ® idea soul
960 o 8
(o) 960
= 3
< 958 —_
s ° g ossf
2 R =
3 956 O §
2 @ > 956
2 ® :
a 954 O@ & 954
Qo
952 00 952}
©0c00m00
950, o1 ) 33 05 31 32 33 34
Transmission Loss (dB) Transmission Loss (dB)
(a) By MOPSO (b) By CMOPSO

Figure 15. Pareto front of muffler optimization by MOPSO and CMPOSO.

According to the above analysis, the solution set calculated by the CMOPSO algorithm
has better convergence and diversity, and there are no overlapping solutions. It can be seen
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that the Pareto frontier of the CMOPSO optimization result is smoother and more uniform,
and the distribution of solutions is more extensive. Table 6 compares the optimization
results of the different strategies. When using MOPSO, TL4 increases from 27.3 dB to
31.4 dB and 30.9 dB, while PL decreases from 1087 Pa to 956 Pa and 957 Pa, indicating that
the results obtained through the weighted method exhibit better overall performance. After
calculations using CMOPSO, TL, increases from 27.3 dB to 31.3 dB and 31.6 dB, while PL
decreases from 1087 Pa to 956 Pa and 957 Pa. The optimization results obtained through
the ideal point method are more pronounced, demonstrating that the overall performance
of CMOPSO optimization is superior to that of MOPSO. Although the optimization results
show improvements in both the acoustic and aerodynamic performance, the increase in the
length of the inlet inter-tube may affect the internal stability of the structure. Therefore, con-
sidering the comprehensive performance from the three aspects while avoiding subjective
bias, this paper selects NO.5 as the final solution for the deterministic optimization.

Table 6. Multi-objective optimization results.

MOPSO CMOPSO
NO. 1. Original 2. Weighted Sum 3. Ideal 4. Weighted Sum 5. Ideal

(0.5TL + 0.5PL) Point (0.5TL + 0.5PL) Point

L2 (mm) 90 101.5 98.2 107.5 112.4
L4 (mm) 60 80.1 76.3 84.3 715
0 (%) 15 74 72 8.1 7.6
D2 (mm) 12.5 13.6 13.5 13.2 13.8
PL (Pa) 1087 955 957 956 954
TLA (dB) 27.3 31.3 30.9 31.1 31.6

According to the above optimization results, the corresponding muffler was manufac-
tured and the performance test was carried out. As shown in Figure 16, the exhaust noise
of the optimized muffler has decreased in most frequency ranges, and the error between
the experiment and the simulation calculation is small: the TL is 3.7% and the PL is 5.1%.
The reason for the error may be that a long pipe was used to connect the engine exhaust
to the test equipment in the test, resulting in additional energy loss. Without changing
the overall size of the muffler, the PL was slightly reduced and the noise reduction was
improved, proving that the overall performance of the optimized muffler was improved.

110

—e— original(No.1)
-—-#-- by MOPSO(No.3)
— A -by CMOPSO(No.5)

100

90-
80.
70.
60-

50

Sound Pressure Level (dB)

40

30

20 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
25 31.5 40 50 63 80 100 125 160 200 250 315 400 500 630 800 1000 1200 1250 1600 2000 2500 3150

Frequency (Hz)

Figure 16. Cont.
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Figure 16. Multi-objective optimization results of muffler performance.

5. Conclusions

This paper proposes a parallel perforated tube expansion-type small agricultural

diesel engine mulffler. The preliminary analysis of the muffler model was conducted using
finite element methods. Combining the Kriging model with the CMOPSO algorithm, the
multi-objective optimization of the muffler performance was performed, leading to the
following conclusions:

1.

Using the optimized Latin hypercube sampling method helps us to identify the
importance of multiple structural parameters on the muffler performance. Specifically,
the parameters L2, L4, 6, and D2 significantly impact the performance indicators
of the muffler. Therefore, prioritizing the optimization of these key parameters can
simplify the model and enhance the overall efficiency of the optimization process.
By establishing the Kriging model response surface, the influence of multiple struc-
tural parameters coupled on the muffler performance is revealed. Without changing
the overall size of the exhaust mulffler, reasonable adjustments of the structural pa-
rameters can improve the comprehensive performance of the mulffler.

The optimization results show that under the same rated working conditions, the pres-
sure loss of the mulffler decreased by about 134 Pa, and the average transmission loss
within 0-3150 Hz increased by about 4.3 dB. Compared with MOPSO, the CMOPSO
optimization result has a larger optimization range and better comprehensive perfor-
mance.

In the structural optimization design of the muffler, the ideal point method can more
comprehensively explore the solution space and better evaluate the advantages and
disadvantages of the different solutions. At the same time, decision-makers should
consider the length of the internal structure of the muffler to ensure that the product
achieves optimal overall performance. This paper can provide some ideas for the
subsequent optimization design of the same type of mufflers.
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