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Abstract  
In order to improve the acoustic attenuation performance of an exhaust muffler of a 175 series of 

agricultural diesel engine, automatic matched layer method of finite element is adopted on the basis 

of LMS Virtual.Lab software to simu-late the non-reflecting boundary conditions, which can avoid 

the complex calculation and then figure out the value of propagated sound power directly and finally 

obtain the transmission loss of the exhaust muffler. Compared with the experimental data, it can be 

found that the error between the simulation and measured values is small, and it can be accurately 

simulated for the acoustic performance of the exhaust muffler at the frequencies smaller than 3000 

Hz, which verifies the validity of the acoustic solution. An improved design that properly distributes 

the insertion length of intuba-tion, increases the length–diameter ratio, and adds the length of the 

first expansion cavity is proposed for the poor acoustic attenuation performance in low and medium 

frequencies. Compared with the original design, the transmission loss value at low and medium 

frequencies obviously increases, so the acoustic attenuation performance at the frequen-cies 

becomes better. 
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I. INTRODUCTION 

Along with the rising motor vehicle population, the noise pollution becomes serious and exhaust 
noise has become the main noise source of an engine, so the acoustic attenuation performance of an 
exhaust muffler which has been adopted as the most effective method in dealing with exhaust noise 
seems particularly impor-tant.1,2 At present, the main research methods for mea-suring the acoustic 
performance of the exhaust muffler include transfer matrix method, finite element method, and 
boundary element method,3 while the finite ele-ment method has become the commonly used three-
dimensional analysis method because of its good adapt-ability.4 Finite element method can simulate 
various types of mufflers, especially suitable for solving the muffler that has complex shape and 
cross-sectional structure; meanwhile, the acoustic precision is higher at low and medium 
frequencies.5–7 Since Clough et al. proposed the finite element technology that had achieved rapid 
development in the engineering field for the first time, many experts, both domestic and abroad, 
have been doing research on it intensively. Craggs8 first  
 
attempted to analyze the muffling characteristics of noise elimination unit based on the finite 

element method which laid a consolidating foundation for the finite element method applied in the 

field of acoustic. Young and Crocker9,10 adopted the finite element two-dimensional analysis 

method in the calculation of the muffler’s transmission loss (TL) for the first time, which promoted 

the further study of finite element method applied in the muffler. Ross11 used finite ele-ment method 

to analyze the muffler’s muffling charac-teristics which contained perforated structure. Mechel12 

described the finite element method applied in the dif-ferent structural muffler’s acoustics research 

in his monograph. Rong and Zhengshi13and Jing14 utilized the acoustic finite element method, took 

complex muf-fler as the research object, and focused on its acoustic characteristics analysis method. 

Guanxin15 explored the way of combining the use of transfer matrix method and finite element 
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method and provided reli-able theoretical method for the muffler’s optimization design. Qihui16 

considered the air temperature as an influencing factor and used the finite element method to 

calculate the practical muffler’s TL. Lei17 calculated different types of perforated pipe muffler’s TL 

based on the finite element method as well as studied various factors affecting the acoustic 

performance of perforated pipe frame of the muffler. 
 

In this article, in order to improve the acoustic attenuation performance of the exhaust muffler of 

a 175 series of agricultural diesel engine, automatic matched layer (AML) method of finite element 

is adopted on the basis of LMS Virtual.Lab software to simulate the non-reflecting boundary 

conditions, which can avoid the complex calculation and then figure out the value of propagated 

sound power directly and finally obtain the TL of the exhaust muffler. Compared with the 

experimental data, it will be found whether the simulation model verifies the validity of the acoustic 

performance at the frequencies from 1 to 3000 Hz. Finally, the improved scheme will be put 

forward, and based on the above verified model, it will be found out whether the acoustic 

attenuation performance of the muffler is better by simulation. 
 
II. MUFFLER MODELING 

 
Geometric parameters 
 
As shown in Figure 1, the exhaust muffler has two reso-nant cavities, namely, first resonant cavity 
V1 and 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1. 2D schematic of an exhaust muffler: (a) external structure figure and (b) internal 

structure dimension figure. 
 
1, mounting bracket; 2, inlet intubation; 3, sieve pore diaphragm; 4 and 5, noise elimination hole; 6, 

exhaust intubation; 7 and 8, fastening nut; 9, attachment screw. V, resonant cavity; V1, first resonant 

cavity; V2, second resonant cavity; L, cavity length; L1, first resonant cavity length; L2, second 

resonant cavity length; Li, inlet intubation length; Lo, exhaust intubation length; D, cavity diameter; 
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D1, inlet intubation diameter; D2, exhaust intubation diameter; D3 and D4, noise elimination hole 

diameter; d1, cavity wall thickness; d2, sieve pore diaphragm wall thickness. 
 
 
second resonant cavity V2, while the total length L and the diameter D are 140 and 82 mm, 

respectively; the first resonant cavity length and the second resonant cavity length are 102 and 36 

mm, respectively; the inlet intubation length and the exhaust intubation length are 80 and 35 mm, 

respectively; the specific size is as shown in Table 1. 
 
 
Three-dimensional modeling 
 
As shown in Figure 2, the muffler’s three-dimensional model is established based on UG Software. 

In addi-tion, Figure 1(a) is the shell model that is simplified duly by ignoring the influence of 

attachment screw and fillet, while Figure 1(b) is the acoustic simulation model which has been 

established via reverse modeling, that is, regarding the internal air flow area in the muffler as a 

discrete entity and dispersing it, just like removing the shell and obtaining internal simulation 

entities.                                                                                                       

Figure 2. 3D schematic of an exhaust muffler: 
 (a) shell diagram and (b) flow diagram. 
 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Mesh generation diagram: (a) definition of each part, (b) whole grid, and (c) small 
hole grid 

 

Mesh generation 
 
The geometry of the muffler is relatively complex, and there are more perforation and interpolation 

tubes that are not suitable for adopting to divide the hexahedron structured grid for all. However, for 

the simple tetrahe-dral mesh, too large size will easily cause calculation error at the perforation 

region and too small one will decrease the amount of calculation.18 As for this article, the method of 
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dividing a region to certain blocks is adopted to mesh with mixed grid shapes. First, as shown in 

Figure 3(a), each structure is defined corre-sponding to different colors; besides, 2.0 mm tetrahe-dral 

mesh is used for the intake and exhaust pipes, 0.5 mm tetrahedral mesh is used for each perforation, 

and 3 mm hexahedron structured mesh is used for the central regions with regular shape. Second, 

the grid cell meshing is shown in Figure 3(b). As for the perforation pipe, due to the adaptive 

capability of unstructured grids, it can match with structured grids, which ensured the integrity of 

grids. As shown in Figure 3(c), the mesh size is able to cover up the whole circular cross section, 

simulate the small holes more realistically, and guaran-tee the calculation accuracy; besides, the 

feature of sim-ple data structure of the hexahedron structured grid at the central regions with regular 

shape can effectively decrease the number of grid and the amount of calcula-tion as far as possible. 

Finally, the total numbers of grids cells and nodes are 1,015,602 and 180,044, respec-tively, while 

the total number at small hole is 345,664.  
As the LMS acoustic analysis needs high-quality grid, the mesh quality generated by LMS is 

rough. Therefore, in order to verify the integrated computer engineering and manufacturing (ICEM) 

mesh quality, ICEM grid is compared with LMS grid. Figure 4 shows the comparison of acoustic 

mesh. Figure 4(a) shows that both the ICEM external mesh and LMS external 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Comparison of acoustic mesh: (a) external grid, (b) LMS generating grid, and (c) ICEM 

generating grid.  
mesh are well distributed and there is no much differ-ence. However, as for the LMS generating grid 

as shown in Figure 4(b), its inner grids have no regular growth law and larger size deviation. To the 

contrary, as for the ICEM generating grid shown in Figure 4(c), its inner grids distribute well; 

meanwhile, both the grid size and growth law are better. Thus, it verifies that the meshing method is 

feasible and will reduce the influence of the grid quality on acoustic simulation calculation. 

 
Muffler acoustic simulation Boundary conditions definition 
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First, the fluid material among the muffler is defined as air, whose velocity is 340 m s21 and density 
is 1.225 kg m23. Then, the upper computation frequency limit is checked after setting the properties 
of the fluid mate-rial, and it is found that the computation frequency of grid cells is up to 4000 Hz 
which can ensure the calcu-lation accuracy at the frequencies. Second, the inlet acoustic boundary 
conditions are defined as the one-order plane wave with 1 W sound power. Later, as the form of 
acoustic transfer at the inlet and outlet ends of a vehicle muffler is basic plane wave, the AML can 
be used to define the outlet boundary conditions as non-reflecting boundary conditions directly. 
Finally, the wall boundary conditions are defined as rigid plane by neglecting the wall’s sound 
absorption. 

 

III. Frequency characteristic analysis 
 
The acoustic pressure contours whose frequencies are 250, 1000, 1500, 2000, 2500, and 3000 Hz, 

respectively, are depicted in Figure 5. It shows that acoustic pressure contours of the muffler accord 

with one-dimensional plane wave theory and the sound transfers mainly in the form of plane wave at 

low and medium frequencies from 250 to 1000 Hz. After further analysis of the con-tour at 250 Hz, 

it is found that the acoustic pressure presents a trend of ladder-like distribution, and its amplitude is 

almost equal on the same cross section. In addition, the contour at 1000 Hz shows that the acous-tic 

pressure distribution reflects the transfer law of plane wave, yet although part of it appears as a 

small-scale fluctuation. Then, when frequency is between 1000 and 2000 Hz, the contour shows that 

the acoustic pressure distributes irregularly; in addition, the acoustic pressure amplitude at 1500 Hz 

begins to appear as large fluctuation. Finally, when the frequency is increased to 2500–3000 Hz, the 

acoustic pressure distri-butes unevenly and appears as a significant circumfer-ential and radial 

fluctuation. To sum up the above arguments, it is concluded that the sound during the process of 

transmission will produce higher harmonic with the increase in frequency; meanwhile, acoustic 

pressure distribution is uneven and the amplitude varies significantly, which lead to inapplicability 

of the theory on the plane wave; however, the three-dimensional acoustic theory can simulate the 

internal sound field at high frequency exactly. 
  
Aout are the area of inlet and outlet cross sections, respectively.  

During the process of acoustic computation, the acoustic pressure p is a plural, which leads to the 

calcu-lation of equation (1) being complicated and also needs to consider the area of inlet and outlet 

sections. 
  However, the AML method can avoid complicated cal-culation and being unaffected by the area of 
inlet and outlet sections; besides, it can directly define a certain sound power value as the boundary 
conditions at the inlet. Accordingly, TL of the muffler can be calculated by equation (2) as follows  
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Figure 6. Graph of muffler transmission loss. 

Wi 

ð2Þ TL = 10 log Wt   
where Wi and Wt are the sound power of inlet and out-let plane waves, respectively.19–21 
 

From the TL graph, as shown in Figure 6, it can be found that TL at high frequencies of over 

3000 Hz pro-duces many resonance peaks. There are a lot of passing frequencies, and the variation 

difference of acoustic pressure between the frequencies becomes large, which is as a result of the 

existing cut-off frequency of the muffler, and above it there are many failure frequencies which have 

little practical reference value. Thus, the TL at frequencies between 1 and 3000 Hz is mainly ana-

lyzed as follows. First, the average TL is 10 dB at low frequencies from 1 to 1000 Hz; as a result, 

the effect of acoustic attenuation is non-ideal. Second, the average TL can be up to 45 dB at middle 

and high frequencies from 1000 to 3000 Hz and it produces resonance peaks at frequencies of 2200, 

2700, and 3005 Hz while the average TL is larger than 50 dB, especially at the fre-quency of 2200 

Hz up to 60 dB which has the best effect of acoustic attenuation. Finally, for the TL of the muffler, 

there exist two passing frequencies, which are 24 and 1100 Hz, where there is almost no effect of 

acoustic attenuation at frequencies from 1 to 3000 Hz; besides, the TL has low value at 2000 and 

3000 Hz where the effect of acoustic attenuation is poor. 
 
 

Muffler exhaust noise test Test equipments 
 
TL (sound power level difference) and insertion loss (IL) (acoustic pressure level difference) are the 

most important indexes which reflect the acoustic perfor-mance of the exhaust muffler from 

different aspects. At the same time, sound power level and sound pressure level have the following 

conversion formula13 

  
TL = IL + 10 log(4pr2) ð3Þ 
 
where r is the distance from sound source to the test points, IL is the insertion loss, and TL is the 
transmis-sion loss.  

Equation (3) shows that when the distance between sound source and test point is a constant 

value, the dif-ference between TL and IL is only a constant. Because the TL measurement needs 

special equipments and IL is relatively easy to measure and has good practical effect, in this article, 

we prioritize using the method of IL measurement.  
Consequently, in this article the method of IL mea-surement is adopted. First, the IL measurement 

of muf-fler test bench is set up. Then, the original spectrum of exhaust noise is measured and 

analyzed, and the accu-racy of the simulation model is verified by comparing with acoustic 

simulation results. Finally, as shown in Figure 7, the test bench setup mainly includes diesel engine, 

an eddy current dynamometer, an FC2000 die-sel engine controlling system, a sound level meter, a 

spectrum analyzer, and a specially made acoustic board. 

 

Measurement of muffler IL 
 
The IL measurement is referred to the national stan-dard GB/T4759-2009 of Internal Combustion 

Engine Exhaust Muffler Measurement Method strictly.22 First, the diesel engine is started and is 

kept running stably for a period of time till the temperature of the fuel and cooling water is up to the 

appropriate value, and then the data are recorded. Second, the noise of not instal-ling an exhaust 

muffler is measured where an empty tube with equal length and diameter instead of the muf-fler is 

used. Meanwhile, the axial position of the mea-suring point with exhaust port flow ought to be 
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ensured as 45L and the distance 0.5 m. Finally, a special sound insulation board is used to ensure 

measurement point 

   

   

    
 
Figure 7. Schematic of test bench.  
1, diesel engine; 2, eddy current dynamometer; 3, FC2000 diesel engine control system; 4, 
coupling; 5, fuel tank; 6, air filter; 7, exhaust muffler; 8, sound level meter; 9, spectrum analyzer; 
10, test bench base; 11, specially made acoustic board.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 8. A-weighted acoustic pressure measuring chart at all rotation speeds. 
 
from the effects of other noises nearby, and the relative position of measurement point and exhaust 
port should always be kept the same.23 
 

From the acoustic analysis above, it is concluded that the acoustic attenuation frequencies with 

the best effect of the reactive muffler are between 31.5 and 3000 Hz, which has good reference 

value. So this test mainly acquires the signal at the frequencies between 31.5 and 3000 Hz; 

meanwhile, the sound level at the central frequency is recorded; when the engine is oper-ated under 

full load, the speed ranges from 1400 to 2600 r min21 and increases progressively with 200 r min21. 

First, the environment background noise is measured and then the acoustic pressure and spectrum 

with empty tube and muffler installed, respectively, are measured; meanwhile, the related data are 

gathered and recorded. Second, after collecting the data every time, the engine will be stopped to 

collect data till the diesel engine runs steadily, and each group of data need to be measured twice. If 

the measurement difference is greater than 2 dB, it should increase the reading twice, and each result 

should be recorded. Finally, the poor values may be judged and eliminated with the Pauta 

criterion;24,25 as a result, reliability of the experimental data will be ensured. 
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IV. Simulation and experiment comparative analysis 
With the influence of the test environment considered and the test data modified, an A-weighted 
acoustic pressure measuring chart is drawn, as shown in Figure 8. Then, the acoustic pressure level 
data at speeds 1400 and 2600 r min21 before and after instal-ling the muffler are selected for 
analysis, where the acoustic pressure level values are 101.0 and 85.0 dB, 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Comparison of measuring insertion loss with simulation transmission loss: (a) actual 
insertion loss and (b) simulation of transmission loss. respectively, at the speed of 1400 r min21 
and the IL is calculated as 15.2 dB, while the acoustic pressure level values are 105.6 and 90.3 dB, 
respectively, at the speed of 2600 r/min and the IL is 15.3 dB. In addition, after analyzing the data 
at other speeds, it shows that the IL of the muffler is about 15.0 dB. Finally, the average of IL is 
equal to 15.49 dB; therefore, the amount of acoustic attenuation of the muffler is 15.5 dB.  

The comparison figures of measuring IL with simu-lation TL at different engine speeds are 

drawn, as shown in Figure 9, where Figure 9(a) and (b) depicts the actual IL and the simulation of 

TL, respectively. Based on the previous analysis, the acoustic simulation results of the muffler at 

frequencies between 31.5 and 3000 Hz have good reference value, and hence the simulation data of 

transfer TL are exported. From the experiment data, IL is 15.5 dB and based on equation  
(3), TL is figured out and is equal to 20.45 dB; how-ever, the average TL is calculated as 18.72 dB, 

and the difference to the actual value is 1.73 dB. This error may be as a result of the muffler being 

influenced by factors of materials and manufacturing equipments in the machining process. As a 

whole, the error between the simulation and actual value is not big; accordingly, it is indicated that 

the acoustic simulation design is feasible. 

 
As shown in Figure 10, it is found that most simula-tion values are lower than the measured ones 

at the fre-quencies between 31.5 and 1250 Hz; only at 630 and 800 Hz, the simulation values are 

higher than the mea-sured. It is as a result of the existence of flow regenera-tion noise making the 

calculation model unable to carry on the simulation analysis. After further analysis of the spectrum 

graph, it is found that at low and medium fre-quencies, the simulation and measured values fit well; 

however, at high frequencies the acoustic pressure val-ues have a large difference, especially at 

frequencies of over 3000 Hz where the error becomes larger and larger. It may be as a result of the 
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emergence of higher harmonic at high frequencies, leading to a reduction in the effect of acoustic 

attenuation of the muffler and even having no effect of acoustic attenuation. At the 

    
 
Figure 10. Comparison of the experiment’s and the simulation’s transmission loss at central 

frequencies. 
 
same time, the grid quality and the machining error can also cause the error between the simulation 

and actual values at high frequencies.  
To sum up the above arguments, it is concluded that the muffler solution model is able to 

simulate acoustic pressure at the acoustic attenuation frequencies accu-rately, especially at low and 

medium frequencies; it fits well, but there is a certain error at high frequencies above 3000 Hz. 
 
 
Modification analysis 
 
Because the exhaust noise of a 175 series of agricultural diesel engine is mainly focused at low 

frequencies and is based on the previous analysis, it is concluded that the effect of acoustic 

attenuation of the muffler at low and medium frequencies is not ideal, especially at frequen-cies 

between 20 and 45 Hz as well as between 1000 and 1150 Hz; therefore, it is necessary to adopt 

measures to improve the effect of acoustic attenuation at low fre-quencies. At the same time, the 

expanding cavity V is mainly used to eliminate low and medium frequency noise, and the length of 

the perforated tubes Li and Lo has influence on noise absorption at low frequencies; therefore, it will 

serve as the focus of improvement. First, the length of the expansion cavities L1 and L2 being 

designed unequal to each other can make the passing frequency of each cavity staggered; 

meanwhile, increasing the length–diameter (L/D) ratio of the cavity properly and designing a more 

slender muffler will improve the effect of acoustic attenuation at low fre-quencies considerably. 

Second, the perforated tube also has a good effect of acoustic attenuation at high fre-quencies, and 

the insertion length being designed as the combination of L/2 and L/4 can reduce the influence of 

passing frequency and improve the effect of acoustic attenuation at low frequencies. Strict 

adherence to the engine-specific parameter requirements, in view of the 

Table 2. Retrofitted size of muffler.  
 

Scheme 

Lo 

(mm) 

Li 

(mm) 

L1 

(mm) 

L/

D 

     

Original 

muffler 35 80 102 

1.7

1 
Retrofit 
muffler 42 85 130 

2.4
0 
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structure factors of the retrofit muffler, is put forward. The insertion lengths of the intake and 
exhaust pipes are attempted to be designed as L/4 and L/2, respec-tively. In order to improve the 
muffler, the length of the first expansion cavity V1 is increased and the L/D ratio is added properly. 

Scheme I is the original muf-fler, scheme II is the improved muffler, and specific sizes are shown in 
Table 2.  

Then, the TL is calculated, and the comparison curves of the TL for the original with the 

improvement scheme are drawn, as shown in Figure 11, where the blue curve represents the original 

scheme while the red one represents the improved scheme. As a whole, the TL values at low and 

medium frequencies between 1 and 2000 Hz increase obviously and the effects of the key 

improvement frequencies between 10 and 45 Hz as well as between 1000 and 1150 Hz are good. 

Furthermore, compared with the original scheme, the TL value increases about 12 dB on average; 

only at high frequencies between 2200 and 2800 Hz it reduces, and at other frequencies it nearly 

increases; as a result, the effect of acoustic attenuation improves significantly. In the end, the 

acoustics performance of the muffler has been improved significantly after modification. 
 

V. CONCLUSION 
1. This article is based on LMS Virtual.Lab Software and AML method; after defining the 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. Comparison of pre- and post-transmission loss. 

non-reflecting boundary condition, the TL of exhaust muffler which is not much different 

from the measured values is calculated as around 3.18 dB. By combining with the acoustic 

pressure comparison contours at the central fre-quencies, a conclusion can be drawn that the 

muffler solution model is able to accurately simulate the acoustic pressure at the frequencies 

between 31.5 and 3000 Hz, which further verify the reliability of the solution method.  
2. Based on this acoustic simulation method, the simulation values of the acoustic pressure 

among the muffler at low and medium frequen-cies match with the measured ones well; 

mean-while, the difference between the simulation and measured values at high frequencies is 

large, especially when the frequency is above 3000 Hz.  
3. It is found that the acoustic attenuation effect at low and medium frequencies is poor via 

analysis of the TL curve. An improvement design that reasonably distributes the insertion 

length of the perforated pipe, increases the L/ D ratio, and adds the length of the first expan-

sion cavity is proposed for the poor acoustic attenuation performance at low and medium 

frequencies. Compared to the original design, the TL value at low and medium frequencies of 

the design clearly increases, so the acoustic attenuation performance at the frequencies can be 

improved. 
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4. The structure factor influence on the muffler’s acoustic properties needs to be further 
researched. 
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