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Abstract. An expansion chamber muffler with the use of a micro-perforated panel (MPP) was 

developed to improve the acoustic performance. A simulation was carried out using the SysNoise 

application in the LMS Virtual Lab based on the boundary element method, and the model was 

verified with the transmission loss measurement using the two-load method and showed good 

agreement. There was a 40 % accuracy improvement in the BEM model compared to the analytical 

approach for the simple expansion chamber muffler. The results showed that the performance of 

this muffler with an 80 mm air cavity depth improved by 75 %, where the transmission loss curve 

of the muffler became broader, and the hump-shape of the curve was more flat at the top when 

compared with the performance of a conventional simple expansion chamber muffler. The new 

muffler with the MPP was applied to a small utility engine with a displacement of 35 cc and the 

results showed that the noise level was reduced by 20 dBA for the frequency band of 125 Hz to 

4000 Hz. 

Keywords: micro-perforated panel (MPP), muffler, boundary element method (BEM), 

transmission loss (TL). 

1. Nomenclature 

BEM boundary element method 

CAD computer-aided design 

CNC computer numerical control 

IL insertion loss (dB) 

MPP micro-perforated panel 

NR noise reduction (dB) 

TL transmission loss (dB) 

TLm transmission loss of simple expansion chamber (dB) 

𝐷 thickness of the air cavity (m) 

𝐸 amplitude sound pressure of microphone 1 (Pa) 

𝐸1 amplitude sound pressure of microphone 1 with rigid termination (Pa) 

𝐸2 amplitude sound pressure of microphone 1 with anechoic termination (Pa) 

𝐷𝑒  expansion chamber diameter (m) 

𝐹 amplitude sound pressure of microphone 2 (Pa) 

𝐺 amplitude sound pressure of microphone 3 (Pa) 

𝐺1 amplitude sound pressure of microphone 3 with rigid termination (Pa) 

𝐺2 amplitude sound pressure of microphone 3 with anechoic termination (Pa) 

𝐻 amplitude sound pressure of microphone 4 (Pa) 

𝐻1 amplitude sound pressure of microphone 4 (Pa) with rigid termination (Pa) 

𝐻2 amplitude sound pressure of microphone 4 (Pa) with anechoic termination (Pa) 

𝐿 length of specimen (m) 

𝑀 specific acoustic reactance of the MPP (kg/m2s) 

𝑃1, 𝑃2, 𝑃3, 𝑃4 complex sound pressure (Pa) 
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𝑅 specific acoustic resistance of the MPP (kg/m2s) 

𝑆1, 𝑆2 cross sectional area of the tube (m2) 

𝑊𝑖 incident sound power (W) 

𝑊𝑡 transmitted sound power (W) 

𝑍 total specific acoustic impedance of the MPP and air cavity (kg/m2s) 

𝑍𝐶 specific acoustic impedance of the air cavity (kg/m2s) 

𝑍MPP specific acoustic impedance of the MPP (kg/m2s) 

𝑑 perforation diameter (m) 

𝑑𝑡 inlet or outlet tube diameter (m) 

𝑓𝑚𝑎𝑥 maximum frequency (Hz) 

𝑓𝑚𝑖𝑛 minimum frequency (Hz) 

𝑗 unit imaginary number = (√−1) 

𝑘 acoustic wavenumber (rad/m) 

𝑙 length of muffler (m) 

𝑚 area expansion ratio 

𝑛 integer number 

𝑝 distance between perforations (m) 

𝑠 distance between the two microphone positions (m) 

𝑡 thickness of the panel (m) / time (s) 

𝑥 perforation constant  

𝑥1, 𝑥2, 𝑥3, 𝑥4 distance between microphone and specimen (m) 

𝛼 normal incidence sound absorption coefficient 

𝜏 transmission loss coefficient 

𝜇 kinematic viscosity constant of the air (m2/s) 

𝜌0 density of air under standard conditions (kg/m3) 

𝑐 speed of sound in air (m/s) 

𝜎 panel porosity 

𝜔 angular frequency (rad/s) 

2. Introduction 

Passive dissipative mufflers are widely employed to reduce industrial, domestic and vehicle 

noise. They are a key tool for acoustic comfort control. One of the basic geometries of the mufflers 

is the simple expansion chamber. The dissipative effect can be achieved by adding porous or 

fibrous materials inside the chamber resulting in large acoustic damping. It has been reported that 

fibrous materials are good candidates for noise insulation and can reduce the noise level 

significantly [1-4]. For cases where clean absorbent is desirable or when the muffler must support 

high air flux, it is not possible to use fibrous materials. In this kind of application a micro-

perforated panel (MPP) can be used in a reactive muffler to improve the transmission loss of the 

muffler. 

A MPP is a plate where the perforations are punched or drilled. Typically, it is made of a metal 

plate or membrane with the diameter of the perforations in sub-millimetres, and where the air 

cavity between the plate and the backing wall forms the absorber system. The MPP sound absorber 

with small diameter perforations will provide enough acoustic resistance and enhance the sound 

attenuation. The MPP, which is made of a metallic plate, is considered to be non-combustible and 

recyclable, and is suitable for applications in a high temperature environment [5, 6]. 

Maa established the theory and the design basics for the MPP sheet and characterised the 

acoustic impedance [7, 8]. The acoustical energy loss in the MPP is similar to that of porous 

materials where a part of the acoustic energy is transformed into heat due to friction when the 

acoustic waves pass through the perforations. The rigid wall at the back creates a closed air space 



973. ANALYSIS OF EXHAUST MUFFLER WITH MICRO-PERFORATED PANEL.  

WEI-HONG TAN, ZAIDI MOHD RIPIN 

560  VIBROENGINEERING. JOURNAL OF VIBROENGINEERING. JUNE 2013. VOLUME 15, ISSUE 2. ISSN 1392-8716  

system similar to an improved Helmholtz resonator. Typically, the MPP  is mainly used for 

acoustic conditioning of rooms [9]. 

The MPP has been extensively studied for its efficiency, in particular the MPP parameters and 

their effects on the sound absorption coefficient [8, 10, 11], such as the acoustic impedance 

induced by perforations on the MPP and the depth of air cavity backing. Some have considered 

the effects of vibrations on the MPP  which can change the acoustical absorption properties 

[6, 12-16]. Lee et al. [13, 14] proved that the panel, assisted by the Helmholtz resonator, enhanced 

the absorption bandwidth of the micro-perforated panel. Parametric studies have shown the 

different effects of vibrations on the panel and the membrane-type MPP [16]. 

The improvement of the acoustic performance of the muffler can be achieved by the 

partitioning of the expansion chamber, the manipulation of the ratio of expansion, and the 

extending of the inlet and outlet tubes of the muffler [17-19]. The simple expansion chamber 

muffler has a transmission loss (TL) curve with a typical dome-shape and it is difficult to get a 

wide band TL curve. The ability to have a high sound absorption coefficient over a specific 

frequency range is useful to improve the performance of the simple expansion chamber muffler 

and this paper discusses the approach to achieve this by careful application of the MPP in the 

exhaust muffler. 

The MPP was applied to the simple expansion chamber muffler and the effect on the sound 

absorption was evaluated using the computer simulation software, SysNoise, and the model 

verified against experimental data. The effectiveness of the new muffler was tested on a small 

utility engine in order to determine its actual TL performance. 

3. Theory 

The characterisation of a muffling device used for noise control application in the exhaust of 

an engine can be described in several parameters. These include the noise reduction (NR), the 

insertion loss (IL), and the transmission loss (TL). Among these acoustic parameters, the TL is a 

relative term and can be calculated and measured relatively fast. Basically, the TL parameter is 

defined as the difference in the sound power level between the incident wave exciting the muffler, 

𝑊𝑖, and the transmitted wave, 𝑊𝑡, to an anechoic termination [20]: 

TL = 10log10 𝑊𝑖 𝑊𝑡⁄ . (1) 

A simple expansion chamber muffler is a reactive muffler and its transmission loss, TLm, can 

be determined by the following equation (2) [21, 22]: 

TLm = 10log10[1 + {0.25 × (𝑚 − 1 𝑚⁄ )2 × sin2(𝑘𝑙)}]. (2) 

Fig. 1(a) shows the general configuration of a simple expansion chamber muffler. In general, 

the diameters of the inlet and outlet tubes are similar, and 𝑚 is the area expansion ratio of a simple 

expansion chamber muffler. The maximum TL and minimum TL are located at the frequencies, 

𝑓𝑚𝑎𝑥 and 𝑓𝑚𝑖𝑛 and can be predicted by the equation below [23]: 

𝑓𝑚𝑎𝑥 = (2𝑛 + 1)𝑐 4𝑙⁄ , (3) 

𝑓𝑚𝑖𝑛 = 2𝑛𝑐 4𝑙⁄ , (4) 

where, 𝑙 is the length of the simple expansion chamber muffler and 𝑛 is the integer number. 

In the literature, most of the analyses on the performance of mufflers are determined by using 

the transfer matrix method (TMM), which is based on the plane wave hypothesis. However, this 

method is limited by the cut-off frequency of the muffler, where it is the frequency response stop 

point for the muffler [24]. In order to calculate the TL of the muffler over a wider frequency range, 

the boundary element method (BEM) is used in the analysis of the performance of the muffler [25]. 
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Fig. 1. Simple expansion chamber muffler a) without MPP, and b) with MPP 

In this study, the MPP is fitted in the simple expansion chamber muffler. For the new design 

of the muffler, the MPP is installed at both the extended inlet and outlet of the muffler, with an 

expansion chamber in between, as shown in Fig. 1(b). 

The acoustic properties of the MPP sound absorber can be described as an electro-acoustical 

equivalent circuit, where the specific acoustic impedance is normalised by the air characteristic 

acoustic impedance 𝜌0𝑐 and panel porosity 𝜎 [7, 8]. Fig. 2 shows the electro-acoustical equivalent 

circuit and the configuration layout of the MPP sound absorber. 

𝑍𝑀𝑃𝑃 = 𝑅 + 𝑗𝑀, (5) 

where: 

𝑅 = 32𝜇𝑡 𝜌0𝜎𝑐𝑑2⁄ [√1 + 𝑥2 32⁄ + 𝑥√2𝑑 8𝑡⁄ ], (6) 

𝑀 = 𝜔𝑡 𝜎𝑐⁄ [1 + 1 √32 + 𝑥2 2⁄ + 0.85 𝑑 𝑡⁄⁄ ]. (7) 

 
Fig. 2. The typical configuration of a MPP sound absorber (left)  

and its electro-acoustical equivalent circuit (right) [7, 8] 
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The acoustic impedance 𝑍MPP consists of the real and imaginary parts, which represent the 

acoustic resistance 𝑅 and the acoustic reactance 𝑀 respectively. For equations (6) and (7), the 

perforation constant is 𝑥 = 𝑑√𝜌0𝜔 4𝜇⁄ , which is defined as the ratio of the perforation diameter 

to the viscous boundary layer thickness of the air in the perforation. Typically, the MPP sound 

absorber is formed by placing the MPP in front of a solid surface and with an air cavity depth of 

𝐷 in between. The acoustic impedance of the air cavity 𝑍𝐶 behind the MPP is defined below as: 

𝑍𝑐 = −𝑗[(𝜔 𝑐⁄ )𝐷]. (8) 

The acoustic impedance of the MPP sound absorber is given by: 

𝑍 = 𝑍MPP + 𝑍𝐶 . (9) 

For the two-load method of TL measurement, it is assumed that plane waves are generated in 

the long impedance tube. The resulting sound field in the tube consists of one component traveling 

towards the specimen and one reflected component as shown in Fig. 3. The complex sound 

pressures at the four microphone locations in the tube can be expressed as [26]: 

𝑃1 = 𝐸exp[𝑗(𝜔𝑡 − 𝑘𝑥1)] + 𝐹exp[𝑗(𝜔𝑡 + 𝑘𝑥1)], (10) 

𝑃2 = 𝐸exp[𝑗(𝜔𝑡 + 𝑘𝑥2)] + 𝐹exp[𝑗(𝜔𝑡 − 𝑘𝑥2)], (11) 

𝑃3 = 𝐺exp[𝑗(𝜔𝑡 − 𝑘𝑥3)] + 𝐻exp[𝑗(𝜔𝑡 + 𝑘𝑥3)], (12) 

𝑃4 = 𝐺exp[𝑗(𝜔𝑡 + 𝑘𝑥4)] + 𝐻exp[𝑗(𝜔𝑡 − 𝑘𝑥4)]. (13) 

The amplitudes can be expressed in terms of the sound pressures for the four microphones and 

shown as below: 

𝐸 = 𝑗 [𝑃1exp(𝑗𝑘𝑥2) − 𝑃2exp(𝑗𝑘𝑥1)] 2sin𝑘(𝑥1 − 𝑥2)⁄ , (14) 

𝐹 = 𝑗 [𝑃2exp(−𝑗𝑘𝑥1) − 𝑃1exp(−𝑗𝑘𝑥2)] 2sin𝑘(𝑥1 − 𝑥2)⁄ , (15) 

𝐺 = 𝑗 [𝑃3exp(𝑗𝑘𝑥4) − 𝑃4exp(𝑗𝑘𝑥3)] 2sin𝑘(𝑥3 − 𝑥4)⁄ , (16) 

𝐻 = 𝑗 [𝑃4exp(−𝑗𝑘𝑥3) − 𝑃3exp(−𝑗𝑘𝑥4)] 2sin𝑘(𝑥3 − 𝑥4)⁄ . (17) 

 
Fig. 3. Schematic of two-load method TL measurement 

The two-load method of TL measurement is performed with two different conditions at the end 

of the tube by terminating with a rigid termination and anechoic termination. The equations (14) 

to (17) are solved and the transmission loss coefficient for the specimen can be obtained by [27]: 

𝜏 = 𝐸1𝐻2 − 𝐸2𝐻1 𝐺1𝐻2 − 𝐺2𝐻1⁄ . (18) 
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Once the transmission loss coefficient 𝜏 is determined, then the sound TL can be calculated in 

unit dB as below: 

TL = −20log10(‖𝜏‖). (19) 

4. Methodology 

In this study, the simple expansion chamber muffler is fabricated based on the layout in Fig. 1. 

The general dimensions of the muffler are shown in Fig. 1(a), where the body diameter is 

105.4 mm and 290 mm in length. The diameters for the inlet and outlet tubes are 30 mm. A layout 

of the simple expansion chamber muffler attached with the MPP is shown in Fig. 1(b). In this 

figure, the application of the MPP in a simple expansion chamber muffler consists of two MPPs 

applied at the extended inlet and outlet of the muffler. The inlet and outlet muffler walls are treated 

as the backing walls for the MPP to form a MPP sound absorber inside the muffler. The effect of 

the air cavity depth behind the MPP in the muffler is studied for depths of 20 mm, 40 mm, 60 mm, 

and 80 mm. The MPP plate is made of aluminium of 1 mm thickness with perforations drilled 

using a CNC machine with a drill bit of 0.9 mm nominal diameter and arranged with a pitch of 

15 mm between the perforations as shown in Fig. 4. The figure shows a one mm thick aluminium 

plate with square-aligned perforations of 0.9 mm diameter. 

 
Fig. 4. The square aligned and round perforation of the MPP 

This study is divided into three sections. Section one is a simulation of the muffler for various 

configurations based on the calculated sound absorption coefficient data, section two is the 

application of the two-load method for the TL measurement to verify the data obtained from the 

simulation analysis, and the third section is the application of the new exhaust muffler design to a 

small utility engine to ascertain its effectiveness. 

4.1. Simulation 

In the simulation, the SysNoise software of the LMS Virtual Lab [28], which is based on the 

BEM acoustic analysis was employed. The value of the sound absorption coefficient of the MPP 

used in the muffler was modelled based on its acoustic impedance obtained from equation (5). 

The frequency range of the analysis was between 500 Hz to 5200 Hz which was similar to the 

experimental measurement frequency range. 

For the modelling process, the circular shape of the simple expansion chamber muffler 

geometry was constructed in three dimensions in the CAD application environment which was 

then discretised into small surface elements. Two conditions were investigated to observe the 

performance of the muffler. The first was where the muffler was modelled as a simple expansion 

chamber muffler, and all the components inside the muffler were treated as rigid walls with no 

acoustic impedance. The second condition was where the acoustic impedance was included for 

the inlet and the outlet of the MPP in the muffler in order to account for the effects of the MPP 
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inside the muffler. The simple expansion chamber muffler model with and without the MPP are 

shown in Fig. 5 and the cross-sectional view is depicted in Fig. 6. Fig. 5(a) shows the meshing 

model for the simple expansion chamber muffler without applying the MPP. Fig. 5(b) shows the 

meshing model for the simple expansion chamber muffler attaching with the MPP at the inlet and 

outlet tubes. In Fig. 6, it is shown, that the MPP was attached at the inlet and outlet, coupled with 

the backing wall to form the MPP sound absorbers inside the muffler. In these figures there are 

two nodes located at the inlet and outlet tubes of the muffler which are used as the points of 

measurement of the sound pressure at the inlet and outlet tubes for the TL calculation. There were 

also two MPPs applied in between the tubes to form an expansion chamber. 

 
Fig. 5. The meshing model for simple expansion chamber muffler: a) without the MPP or b) with the MPP 

 
Fig. 6. Cross section view of meshing muffler model 

The MPP was modelled as a flat plane defined as an absorbent panel with the impedance values 

determined based on equation (5) [7, 8], and fed into the Absorbent Panel Properties section of 

the LMS Virtual Lab. The noise source was modelled as the panel velocity with 1 m/s at the inlet 

of the muffler [29]. In order to obtain the TL of the muffler, the sound pressure level of the inlet 

and outlet tubes of the muffler was determined based on the field point meshing. 

4.2. Experimental Set-up  

In this study, an experimental test rig was developed to measure the TL of the fabricated 

muffler as shown in Fig. 7(a) and 7(b). In Fig. 7(a), the schematic diagram shows the set up 

consisted of four microphones (BSWA, MA211), two brass tubes, a speaker, a data acquisition 

unit (LMS SCADAS Mobile, SCM01), and a computer with the analysis software (LMS Test Lab 

Sound Transmission Loss using impedance tube, TL-ACT.32.9). This experimental set up was 

based on the two-load method as described by Tao and Seybert [20]. Fig. 7(b) shows the actual 
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system in the laboratory with the muffler installed in the middle of the tube. The frequency range 

for this study was 500 Hz to 5200 Hz, which was limited by the tube diameter of 30 mm and the 

distance of 30 mm between the two microphones [30]. 

Based on Fig. 7, the two-load method required measurement of the sound pressure at four 

points at the inlet and outlet of the muffler. The excitation signal was a random signal containing 

all the frequencies of interest coming from a random noise generator which gave the required 

signal to a loudspeaker at the end of the tube. The signals, which were picked up by the 

microphones mounted on the inlet and outlet of the muffler, were sent to the computer-controlled 

data acquisition unit. The measurement was carried out with two different termination conditions 

at the end of the tube, the anechoic termination and rigid termination as required for the two-load 

method of measurement of sound TL. After that, the computer software was used for the analysis 

of the data and the calculation of the muffler TL. 

 
Fig. 7. The two-load method TL experimental measurement set up: 

a) schematic diagram, and b) the measurement test rig in the laboratory 

4.3. Engine Testing 

The effectiveness of the new muffler with the MPP was tested by attaching it to the exhaust 

pipe of a small utility engine used for grass-trimming (Tanaka SUM 328SE). It is a two-stroke 

engine and it drives the cutting head of the grass trimmer at speeds between 1000 rpm to 6000 rpm. 

The actual operating speed was determined by using a tachometer (Optel-Thevon) as shown in 

Fig. 8(b) where it measures the speed of the cutting head and in this test a medium operating speed 

of 3000±200 rpm was taken as the reference speed for the noise level measurement. This machine 

is widely used for grass trimming in parks and open areas [31]. 

The noise measurement was conducted under two conditions of the un-muffled exhaust and 
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the second when the muffler with the MPP was attached to the exhaust. For the muffled condition, 

the simple expansion chamber muffler with the MPP and air cavity depth of 80 mm was selected 

since it gives the broadest band of TL based on the simulation result (Sec. 5.1). The exhaust noise 

measurements were made 0.5 m from the end of the muffler outlet with the microphone connected 

to the LMS Test Express measurement system [32]. The measurement was carried out in an open 

space to avoid any reflective noise from buildings. The measurement set up as in Fig. 8(a) shows 

the small utility engine connected to the grass trimmer drive shaft. At the end of the shaft was the 

cutting head and a microphone was located 5 m from the engine exhaust pipe. The reflective tape 

was labelled on the cutting head for the tachometer data collecting purpose, which is shown in 

Fig. 8(b). The operating speed of the engine was determined by the tachometer measurement on 

the rotational speed of the cutting head. Fig. 8(c) shows the muffler with the MPP mounted on the 

engine. The sound pressure level before and after the application of the newly designed muffler 

with the MPP was plotted in 1/3 Octave band. 

 
Fig. 8. Exhaust noise measurement: a) measurement set up,  

b) the tachometer mounted on the top of cutting head, and c) the muffler with MPP mount on the engine 

5. Results and Discussion 

5.1. Simulation 

Fig. 9 shows the TL versus frequency for the simple expansion chamber muffler. In this graph, 

there were three TL curves obtained from the BEM acoustic simulation analysis, the two-load 

method measurement, and the analytical model. The analytical TL was calculated based on the 

one-dimensional plane wave theory as described in equation (2). Basically, the three curves gave 



973. ANALYSIS OF EXHAUST MUFFLER WITH MICRO-PERFORATED PANEL.  

WEI-HONG TAN, ZAIDI MOHD RIPIN 

  VIBROENGINEERING. JOURNAL OF VIBROENGINEERING. JUNE 2013. VOLUME 15, ISSUE 2. ISSN 1392-8716 567 

similar dome-shapes repeated every 600 Hz with the peaks and valleys shown for the range of 

frequency investigated. The maximum and minimum TLs were located at the interval frequency 

and could be predicted using equations (3) and (4). The results followed a similar trend with the 

results of Gerges et al. and Potente where the TL curve was also dome-shaped with the TL peaks 

and valleys observed at the interval frequency [32, 33]. From this graph, the TL from the analytical 

model maintained the same peak level of 16 dB. It shows that the three approaches produce almost 

similar TL curves up to 3000 Hz. 

For the frequency of 3000 Hz and above, the analytical approach was unable to predict the TL 

of the simple expansion chamber muffler accurately as compared with the experimental 

measurement and the BEM analysis. This shows that the analytical approach is insufficient to 

predict the performance of the simple expansion chamber muffler compared with the BEM 

analysis, especially at the higher frequency range. The BEM analysis was able to predict the 

cut-off frequency of the muffler at 4000 Hz and the error was in the range of 1 % – 5 %. In general, 

the BEM  analysis improved the prediction with an error of 6 dB compared to the analytical 

approach with a higher error of 8.4 dB. The limitation of the analytical approach was also observed 

by Andersen where it was unable to capture the higher-order modes [34]. This is because the 

analytical approach treats the waveform as plane wave, and it does not yield correct results due to 

the occurrence of the two- and three-dimensional wave motion for the higher frequency range [25]. 

 
Fig. 9. TL of a simple expansion chamber muffler 

Both results from the BEM and the measurement show that these are comparatively similar 

and well correlated. The peaks were slightly offset and this was caused by the inaccuracy of 

parameters, such as densities as mentioned in the study by Andersen [34]. Based on this 

observation, the BEM  simulation approach for the simple expansion chamber muffler is 

considered valid and correct for the muffler TL prediction since it is comparable with experimental 

measurements of up to 4000 Hz. The visible differences at frequencies higher than 4000 Hz could 

be due to the limitations of the muffler including the muffler size, area expansion ratio, and other 

factors [32]. Therefore, the simple expansion chamber muffler in this study will not work properly 

for frequencies of more than 4000 Hz. 

5.2. Simple Expansion Chamber Muffler – with 𝐌𝐏𝐏 

The TL simulation and measurement results after applying the MPP at the inlet and outlet of 
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the simple expansion chamber muffler are shown in Fig. 10-13. The simulation result is 

represented by the dotted line curve and the solid line is the measurement result. There are four 

muffler TL comparison graphs plotted for four different air cavity depths of 20 mm, 40 mm, 

60 mm, and 80 mm. The purpose of performing the analysis for different air cavity depths was to 

determine the acoustic performance of the muffler at different air cavity depths. At the same time, 

it was also used to determine the reliability and characteristic of the MPP sound absorber applied 

in the muffler, where the noise attenuation peak was shifted to the lower frequency band with the 

deeper air cavity depth [35, 36]. 

Fig. 10 shows the TL of the muffler attached with the MPP for both the BEM simulation and 

the experimental results for air cavity depth of 80 mm. The experimental result shows that the TL 

was fairly constant at 15 dB between 500 Hz to 1300 Hz and the TL was more than 25 dB for the 

frequency range of 1700 Hz to 2800 Hz. A second hump existed with a peak TL value of 37 dB. 

The third hump was quite broad with a relatively constant TL of 27 dB from 3000 Hz to 3900 Hz. 

Above 4000 Hz the muffler was no longer effective. It was found that the TL curve became wider 

and the humps were smoother. The phenomenon is because the MPP sound absorber with 80 mm 

air cavity depth plays the dominant role as a noise attenuation component as compared with the 

relatively small expansion chamber. Therefore, the humps of the TL curve were insignificant and 

the curve became broader which matches with the MPP sound absorption property [7, 8]. 

 
Fig. 10. TL of a simple expansion chamber muffler attached with MPP, and 80 mm air cavity depth 

There is another TL result of the muffler attached with the MPP for the air cavity depth of 

60 mm for both the measurement and simulation results as depicted in Fig. 11. The experimental 

result shows the peak TL occurred at the third hump with 60 dB at 2400 Hz. The value of the TL 

was more than 20 dB for the frequency range of 1500 Hz to 3000 Hz. For the first hump and the 

third hump of the TL curve, there was generally more than 15 dB. Again, the muffler showed poor 

performance at 4000 Hz and above. The measured TL curve for air cavity depth with 40 mm 

showed an almost similar trend compared with the air cavity depth of 60 mm for the frequency 

range of 500 Hz to 3500 Hz as observed in Fig. 12. There was a peak at 2400 Hz and the value 

was 65 dB. It was found that the third hump of measurement gave a rather broad band TL from 

1800 Hz to 3250 Hz effectiveness, which was 15 dB and above. For the higher frequency range 

of 4000 Hz and above, no significant TL was obtained. This same phenomenon was observed with 

the simple expansion chamber muffler, with poor performance at frequencies of more than 

4000 Hz. 
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Fig. 11. TL of a simple expansion chamber muffler attached with MPP, and 60 mm air cavity depth 

The smallest air cavity depth analysed in this study was 20 mm and its TL curve is shown in 

Fig. 13. The measured TL peak was observed to drop at 2500 Hz, and its value was 75 dB. It was 

the highest peak value among the air cavity depths of 80 mm, 60 mm, and 40 mm. When the air 

cavity depth of the MPP sound absorber was the smallest, it resulted in the highest chamber length 

expansion ratio. This proves that the phenomenon is similar with the statement by Potente, where 

the larger muffler length expansion ratio resulted in the greater value of TL  [32]. For the 

experimental measurement, it was noticed that the TL value was fairly constant for the frequency 

range of 500 Hz to 1500 Hz, which was 15 dB. There were three humps which were merged 

together and gave a wider band of TL from 1500 Hz to 3500 Hz. Another two small humps 

occurred at 3500 Hz to 4250 Hz. For 4500 Hz and above, the muffler was no longer effective. The 

dome-shaped TL curve was more obvious for the 20 mm air cavity depth since the reflective 

phenomenon was dominant and the sound absorption of the MPP sound absorber was insufficient. 

 
Fig. 12. TL of a simple expansion chamber muffler attached with MPP, and 40 mm air cavity depth 

For all the cases investigated above, the TL of the muffler improved significantly with the 

application of the MPP, and the normal characteristic of the simple expansion chamber muffler 

was strongly affected by the new design. It was shown that both the TL curves obtained by the 
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BEM numerical analysis and measurement were in good agreement and comparable. The MPP 

model [7, 8] used for the MPP acoustic impedance determination was considered valid. At the 

same time, it was also found that there was no limitation of cut-off frequency analysis using the 

BEM compared with the plane-wave theory [37]. By using the BEM analysis, the high frequency 

range of the TL was also predicted correctly and matched the measurements. 

 
Fig. 13. TL of a simple expansion chamber muffler attached with MPP, and 20 mm air cavity depth 

It was observed that the characteristic of the simple expansion chamber muffler after attaching 

with the MPP was similar to that with the MPP sound absorber as described by Li [34] and Hou 

[38], where the larger air cavity depth causes the TL peak to shift to a lower frequency range, and 

the peak values decrease. Reflective mufflers use the phenomenon of destructive interference to 

dismiss the noise level and their TL curve is always dome-shaped as reported by Potente [32] and 

Gerges et al. [33]. Obviously, the conventional simple expansion chamber muffler gives a similar 

dome-shaped TL curve in this study since it is a reflective type of muffler. By considering the 

application of the MPP, the TL curve of the muffler improves as the TL curve becomes smoother 

with a wider frequency band. 

Four different air cavity depths were used in order to validate the simulation model. All the 

four simulation results showed good agreement and matched the measurement results with an 

error of 4.7 dB. Thus it can be considered that the simulation model is able to model the 

characteristic of the real muffler, which is useful since it allows the designer to simulate the 

performance in the early stages of the design. 

5.3. Engine Exhaust Noise Level Measurement of a Muffler with MPP 

The un-muffled and muffled exhaust noise spectrums of the grass-trimming machine (Tanaka 

SUM 328SE) for idle and 3000±200 rpm running conditions are shown in Fig. 14 and Fig. 15. 

From Fig. 14, at the engine idle speed, the noise level for the un-muffled engine produced high 

sound pressure levels of approximately 100 dBA for the frequency bands of 630 Hz and 800 Hz. 

It can be seen from Fig. 14 that there was not much reduction for the low frequency bands and 

high frequency bands after applying the newly designed muffler with the MPP. However, the 

sound pressure level was reduced to 70 dBA for the frequency bands of 160 Hz to 1000 Hz. There 

was about 5 dBA to 23 dBA decrement with the use of the new MPP muffler for the engine. 

For the condition where the engine was running at higher speeds, the noise level also increased 

relatively. At 3000±200 rpm, the un-muffled and muffled noise spectra are shown in Fig. 15 where 

the highest noise level increased to 107 dBA compared to 95 dBA at the idle engine speed. At the 

same time, the new MPP muffler reduced the noise level to 85 dBA for the broader frequency, 
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which was between 125 Hz to 4000 Hz. However, it was observed that at 3000±200 rpm, the 

1250 Hz band was the dominant frequency, where the muffler was unable to reduce the noise level 

significantly. The same phenomenon could also be noticed for the engine idle speed. This was 

most probably caused by the resonance of the new system due to the extra mass and stiffness 

associated with the muffler [32]. It was also observed that the noise level for certain bands at the 

lower frequencies of less than 125 Hz increased after attaching the new MPP  muffler. The 

undiminished noises were located at the low frequency range, which may have come from the 

plate vibration at the exhaust pipe connection, engine casing, and the drive shaft. This 

phenomenon can be reduced by introducing the vibration isolation treatment such as engine rubber 

mount, hard rubber mat between the exhaust pipe connection, and vibration isolation engine 

support frame [31, 32]. 

 
Fig. 14. Muffled and un-muffled engine exhaust noise during idle condition 

 
Fig. 15. Muffled and un-muffled engine exhaust noise during 3000±200 rpm running condition 

6. Conclusion 

The acoustic simulation analysis on the simple expansion chamber muffler by using the LMS 

Virtual Lab – BEM acoustic package was carried out successfully. The results of the simulation 

for the simple expansion muffler with and without the MPP were in good agreement with the 
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measurement which validated the simulation model. There was 40 % accuracy improvement in 

the BEM  numerical analysis compared to the analytical approach for the simple expansion 

chamber muffler. The BEM numerical analysis was able to simulate the muffler performance 

accurately for the higher frequency range and capture the cut-off frequency of the muffler with an 

error in the range of 1 % – 5 %. 

From this study, the TL of a simple expansion chamber muffler improved significantly with a 

wider frequency band after applying the MPP. The improvement occurred at a frequency band in 

between 1000 Hz to 3500 Hz. The TL  curve of the muffler also was affected by the length 

expansion ratio of the chamber. In general, both the simulation and the experimental measurement 

results had the same trend and were repeatable for different air cavity depths. The error of the 

BEM numerical analysis for the muffler with MPP was 4.7 dB. At the same time, the new muffler 

with the MPP reduced the noise level of the exhaust of the small utility engine. There was a 

20 dBA reduction in the sound pressure level of the engine running at 3000±200 rpm for the 

frequency band of 125 Hz to 4000 Hz. 
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