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1. INTRODUCTION

A Comparison Between Hybrid Method
Technique and Transfer Matrix Method
for Design Optimization of Vehicle
Muffler

Hybrid mufflers are now commonly equipped to decrease vehicle noise and
are a crucial tool for regulation of the acoustic system. In order to ensure
optimum engine efficiency, the system is intended to dump the strength of
the acoustic pulses generated from the engine, and the back pressure
created by these systems must be held to a minimum. Typically, modern
mufflers have a complex structure of chambers and flow paths. There are a
number of mechanisms for sound dampening that operate to silence the
sound flowing through a muffler and piping device. This research
introduces an important approach to optimize the transmission loss of
hybrid muffler Formula student race car (FS) by using both experimental
and analytical methods. For this analysis, two methods of calculation were
chosen. The muffler has a complex partition located within the muffler
chamber, which is a perforated pipe. For the creation of the Finite Element
Analysis (FEA) model in AVL BOOST solver and another commercial
advanced design software, the muffler CAD file was developed. Experi-
mental measurements using a two-load method validated the FEA model.
Reliable tests were conducted to verify the design parameters and optimize
the muffler's transmission loss (TL) after the model was checked. The
findings of experimental and machine analysis are included in the paper.
For different measurement methods, recommendations are made for
achieving optimum transmission loss curves.

Keywords: Exhaust system, Transfer matrix method, Two-load method,
Impedance tube, Johnson—Champoux—Allard model (JCA), Transmission
loss

efficacy of perforated pipe within a hybrid muffler.
Mohamad et al. 2017 describe in their scientific paper

A vehicle's overall NVH output can be diagnosed using
a muffler and plays an important role in the automotive
industry. To classify its output, the transmission loss
(TL) and the insertion loss (IL) in dB of the muffler are
generally used. There are multiple techniques that exist
in the acoustic measurement and design approaches of
modern exhaust mufflers. Three types of mufflers are
available on the market: resistive (dissipative), reflec-
tive (reactive) and hybrid. The absorbing materials are
used in the first form. For high frequencies, this form is
used. The energy is transformed into heat and dissipated
after that. The method of reflecting the second form of
wave is used to minimize noise. For low frequencies,
this is used. The third kind is a reflective and absorptive
mix. For all ranges of frequencies, we may use a hybrid
muffler [Cherng et al. 2015]. The goal of this research is
to perform a reliable analysis on three main design
parameters of the Formula race car muffler, i.e.,
partition position, variance in chamber volume, and the
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the type of the muffler used in the industry. This review
demonstrates the distribution of flow and temperature
along the ducts of the muffler. The techniques for
various approaches were utilized experimentally and
theoretically to specify transmission loss characteristics
in the design, measurement and construction of the
muffler. 1D measurements are much quicker, and still
provide a clear overview of the device under analysis.
Mohamad and Zelentsov 2019 improved sound pressure
level (SPL) and reveal the influence of fluid dynamic
characteristics by describing an approach of the
optimization process range from 1D to full 3D CFD
simulation, exploring hybrid methods based on the 3D
tools integration of a 1D model. Mohamad and Am-
roune 2019 used Computational Fluid Dynamic (CFD)
techniques to explore the influence of flow on the
acoustic level of the engine exhaust chamber. It demon-
strates the transmission loss of the muffler using 1D
boost solver at different frequencies. Mohamad et al
2019 used the transfer matrix (TMM) approach to
perform a muffler's transmission loss and the algorithm
was implemented for other areas of the exhaust system,
and also a comparison was observed with CFD data as a
result of their analysis of the current muffler. For fresh
muffler design, the transmission loss was optimized,
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other literatures played an essential role to validate their
results. Mohamad 2019 applied the Ffowcs Williams
and Hawkings acoustical model on the Audi A6 C6 2.0
TDi muffler. Flow field and acoustic field were per-
formed in the research study. The flow noise level in the
muffler was investigated using ANSYS Fluent solver
and the boundary conditions of the inlet and outlet pipes
were defined.

Figure 1. FS car

The results provided a theoretical basis for studying
measures for the station to prevent and reduce muffler
noise. Mohamad 2019 explained, through the literature
review, several new techniques in the field of muffler
design, and the latest development on exhaust systems
in terms of acoustic efficiency, as well as a source
characterization tool that can be used to connect the
experimental and analytical methods. This research
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paper took the exhaust muffler of Formula Student (FS)
car engine as the research object (Figure 1). By applying
the finite element analysis method combined with two-
load experiment method, the influence of the structure
parameters, including absorptive materials, on the
acoustic performance of the muffler was studied and the
structure parameters optimization were obtained. Better
noise cancellation effect was achieved and provided a
certain reference for the structural improvement of the
similar muffler.

2. THEORETICAL MODELING

The geometry was implemented using SolidWorks 2017
advanced design software, including inlet, outlet, perfo-
rated pipe and chamber, based on the existing FS hybrid
muffler prototype (volume). The perforated pipe was
mounted in the centre of the muffler's cylindrical-sha-
ped chamber. The dimensions and the cross section of
muffler and the entire system are described in Figure 2.

2.1 Simulation setup

Tools for computational fluid dynamics were intro-
duced, and many modeling procedures were set up.
Using AVL BOOST optimization, the optimum design
for case research was developed. The boundary condi-
tions were formulated for the flow analysis to indicate
the progress of the exhaust system at multiple engine
speed. Figure 3 shows the procedure taken for this
simulation.
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Figure 2. The dimensions and the cross section of the FS car exhaust system [Mohamad et al 2020]
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Engine layout
Analysis: Engine performance
Tool: 1D approach
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Detailed of final configuration
Analysis: Verifying the outcome of certain
solutions on the engine capability
Tool: 1D approach

Figure 3. Flowchart of the design and method of optimi-
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2.2 Experimental setup

The key component of a noise analysis measurement
test rig is called (Impedance tube). It is used for this
experiment in acoustical study of noise transmission
loss. Impedance tubes can precisely calculate the sound
properties according to specifications for the
manufactured muffler or other silencer. Information
from Fast Fourier Transform (FFT) is obtained by using
two microphones (random excitation). Transfer functi-
ons from the four locations of the microphones are
computed from the data and processed using the follo-
wing calculations. The substitution of these transfer
functions is determined using four pole transmission
loss parameters.

MIC1

MP17 R8&

Figure 4. Honda CBR 600RR (PC 37) engine diagram, and (PPiP) indicate perforated pipe in pipe as part of muffler [Mohamad

et al 2020]
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Figure 5. Test setup with its component
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Figure 6. Two-load method measurement

2.3 Transfer Matrix Method [TMM]

The two-load method is an approach described for
measurement of the transfer matrix formulation. As
shown in the equation below [Hua and Herrin 2013], an
acoustical component can be modelled by its four-pole
parameters. Neglecting air flow, it is possible to explore
the four pole parameters for components 1 - 2 as:

cos(Kly) ipcos(Klpy)
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The four pole parameters of components 2 - 3 can be
defined as:
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where:
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The term Hj; represents transfer function between the
sound pressure p; and p; (Hj) = (pj /pi). The four pole
parameters of components 3 - 4 can be defined as:

cos(Khy) ipcos(Klyy)
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The final transfer matrix after cascading the last
matrices and rearranging is as follows:
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Pressure measurement experimentation consists
primarily of the analyser setup and post-processing data
for TL calculation. For a frequency range approximately
from 0 to 3000 Hz, the experiment is performed. where:

K is the number of acoustic waves (rad/m), L is the
length of a rigid straight pipe for the propagation of

(&)

FME Transactions

plane waves (m), c is the speed of sound in medium
(m/s) and p is the density of fluid (kg/m’). Two separate
loads impedances (Z, and Zg) must be added to the
output of the device in this process, and then four
unknowns and four equations A, B, C, D are four pole
parameters of the test component.

This matrix can be represented in the muffler as
having one geometry. So, you can calculate the transfer
functions as well. The overall value of TL [dB] relies on
the complexity and orientation of the muffler. Accor-
ding to the figure in the slide above, it is possible to
describe the total value of TL for a complex muffler as:

J (6)

With regard to boundary conditions, two set-up
configurations are used.

1
TL =20 loglo (E

B
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2.4 Johnson—Champoux—Allard model (JCA):

This is a model utilized for the measuring the coeffi-
cient of acoustic absorption and the propagation of so-
und in porous materials. The advantage of the JCA mo-
del based on the forecast data, is that it not only pre-
dicted acoustic features very well but also showed gene-
ral consistency with the results of the experimental tests.
[Taban et al 2019].

Allard and Champoux 1992 defined the density
module and the equivalent bulk as below:

0.5]
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The physical parameters of the sample include
porosity ¢ [-], air flow resistivity o [Ny/m?], viscous
characteristic length A [pm], tortuosity o, [-] and
thermal characteristic length A [um]. Meanwhile, Ny, is
Prandtl number [~0:71], the p, indicates air density
[kg/m’], n is the viscosity of the air [<1:85%107], o is
the angular velocity [1/s] and k is the ratio of the
specific heat capacity [~1.4].

To express the characteristic wave number K, and
the characteristic impedance Z. (o), the impedance of
surface acoustic Z can be reformulated from the follo-
wing equations [Allard and Daigle 1994]:
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where R is the reflection coefficient of sound pressure
in [dB]; d is the thickness of the prototype in [m]; Z, is
the surface impedance.

The absorption coefficient is calculated by

a=1-|R] (13)

Finally, the prediction error rates (PERs) of data col-
lected from the JCA model at the frequency range
between 0-3000 Hz can be calculated for every condi-
tion by the equation below:

MXIOO (14)

a

PER =
m

where @, and a, are the measured and predicted
absorption coefficients, respectively.

3. RESULTS

3.1 Power output

Influence of perforated inner pipe (PPiP), in the muffler
chamber on the FS car engine capability was monitored
and optimized based on AVL BOOST simulation
software. The application of various exhaust muffler
types to the current FS car engine has less impact on
power output because there is no catalyst converter or
intercooler to produce sufficient back pressure. The
details are illustrated in Figure 7 below.
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PPiP with AM add to outer pipe [hp]
-PPiP with AM add to inner pipe [hp]

—— PPiP with AM add to inner and outer pipes [hp]

Figure 7. Power output for FS car engine at several engine
speed for the muffler with the volume, PPiP (Figure. 3), and
along with insertion of absorptive material (AM).

As it can be noticed from Figure 6, modified muftler
with PPiP and AM to outer pipe could be the best
choice to keep the power output but for n > 5000 rpm,
the power output remains higher than in the case of
muffler constructed with the volume.
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3.2 Brake specific fuel consumption (BSFC)

The influence of PPiP diameter (Dm _in) as shown in
Figure 8, and the diameter of a hole of the perforated
inner pipe (Dm_hole), as shown in Figure 9, on FS car
engine performance, including BSFC, was observed and
optimized based on AVL BOOST simulation software.
The selected diameter of perforated pipe inside the
muffler 47 mm and 1.5 mm for diameter of the holes
achieved minimum fuel rate consumption.

406
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Z 40

398

BSFC [g/(
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394

392
45 45.5 46 46.5 47 47.5 48 485 49 49.5 50
Diameter of perforated pipe inside the muffler [mm]

=——BSFC Engine 1 (g/(kW.h)) [g/(kW.h)]

Figure 8. The effect of variation of diameter of perforated
pipe inside the muffler on the BSFC.
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Figure 9. The effect of variation of the diameter of hole of
perforated inner pipe inside the muffler on the BSFC.

3.3 Transmission loss

A comparison between experimental and numerical met-
hod is presented in Figure 10, by focusing on the
transmission loss outcome of the muffler in terms of
frequency. Usually, hybrid mufflers are efficient in both
low and high frequency bandwidth. The cut-off frequency
in the current expansion chamber muffler is calculated at a
frequency of 3000 Hz, which is obtained by applying the

c .
, where d is the

cut-off frequency equation £, =
za

muffler diameter and ¢ is the sound speed. Experimental
result of frequency ranges from 400-600 Hz, the maximum
attenuation was 35 dB for perforations part, as well as for
the frequency range of 2400-2600 Hz that reached a
maximum decline of 61 dB. In fact, experimental and
numerical results can be said to be in good agreement. The
minor difference between muffler body geometry with
perforated tube (porous) inside and without it was revealed
in the numerical results due to the geometric differences
between the two, but the geometry without perforated tube
of normal mode goes far beyond indicating that this does
not improve the transmission loss feature. In the end, the
influence of perforations part and their relevance can be
well understood from the figure below.
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Figure 10. Comparison of transmission loss calculated
theoretically by software for several conditions and
experimentally by Two-Load method

4. CONCLUSION

This paper has presented the major parameters to demo-
nstrate the performance of a muffling device and the
primary techniques to measure these parameters. It is
clear that the various performance criteria have relative
advantages and disadvantages. Several different features
in the muffler were studied. These include the chamber
and PPiP diameter, the major diameter of the perforated
tube holes, and their influence on the engine capability,
BSFC and the TL. The acoustics issue is then solved after
selecting correct dimension of PPiP as a possible step for
additional reducing of noise level. The numerical
investigations shown in Figure 10, indicate that the
impact of inserting (PPiP) into inner shell of the muffler
in several conditions has significant results. In order to
minimize the noise, the area of the muffler shell should
be maximized. Based on ASTM E2611 standard, algo-
rithm was implemented to post-process the transfer func-
tion of outcome from the two-load method. Two types of
terminations were used to evaluate the effect of using
PPiP prior to the experiment by determining the trans-
mission loss. The impedance tube has to be zero dB be-
fore starting the experiment to avoid mismatching. Theo-
retically, any termination could be used, but termination
with highly revel action is not recommended. If the
termination is extremely reflective and the signal-to noise
ratio is low it may create massive random errors, and
therefore to contaminate the experimental results as well.
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YIIOPEBUBAILE TEXHUKE XUBPUIHE
METOJE U METOJE TPAHC®EP MATPUIIE
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KOJ OITUMU3ALUJIE TU3AJHA
HNPUT'YITHUKA MOTOPHOI' BO3WIA

Bb. Moxamap, J. Kapossu, A. 3enennoB, C. AMpyH

XuOpHuIHN NPUTYOIHWUIM Tpebda Ja cMame OyKy KOi
MOTOPHOT BO3WJIA M TIPEICTaBJbajy BaXKaH ajar 3a
peryimcame akyctuke. Ja Om  ce 00e30emmia
onTMMaiHa e(QHUKAaCHOCT MOTOpa, CHCTeM Tpeba na
peaykyje jauMHy 3BYYHHX HMITyJIca KOje TEHEepHIIe
MOTOp, a TIOBpaTHH IPHTHCAaK MOpa Ja ce IpKH Ha
MHHUMYMY. MOZEpHH NpPUTYIIHHIM HMajy CIOXEHY
CTPYKTypy KOMOpa u IyTeBa mpoToka. Ilocroju
HEKOJINKO MeXaHu3ama 3a 3BY4HY M30Jallfjy KOjU paje
Tako LITO CMamyjy jaunHy 3ByKa KOjU TpOJIa3H Kpo3
NPUTYIIHAK U cucTeM LeBH. OBO UCTPaKMBAE YBOIH
HOBHU TIPHUCTYI ONTHMH3ANIWjU TyOUTKa Yy NPEHOCY KOI
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XHUOPHUIHOT TPUTYIIHHUKA KOJA TPKAdyKOI ayToMOOMIIa
®opmyna CTyaeHT kopuithemeM eKCIIePpIMEHTATHUX U
AQHAJTUTHYKUX MeToja. [IpurynHuk uma jenan ciaoXeHH
JIe0 KOjU ce HaJla3d y KOMOpPH IPHUTYIIHHKA, a KOjH
npesacTaBiba jeqHy nepdopupany neB. CAD patorteka
MIPUTYIIHUKA je HampaBjbeHa 3a u3paxy FEA monena
kopuithemeMm coprBepa AVL BOOST wu jomr jemnor
KoMepuujaHor coTBepa 3a nu3ajaupame. FEA mMonen
jé  BamuOupaH  eKCHECPHMEHTAIHHM  MepemHMa
MPUMEHOM  METOA€  JBOCTpyKor  omnTepehema.
[MapameTpn mu3ajHa Ccy BepU(PUKOBAHH TECTOBHMA
MOY3JaHOCTH a ONTHMH3alMja TYyOMTKa y IIpeHocy
mocie IpoBepe Mozaena. Y pagy cy IpHUKa3aHH
pe3yiTaTH eKCHepHMEHTaIHE W MaIIMHCKE aHajH3e.
Kon kopumhema pa3nmuuuTux MeTo/ia Mepema aate cy
NpEernopyKe 3a MOCTH3ake ONTUMAITHUX KPUBHX T'yOUTKa
y TIpEHOCY.
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