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ABSTRACT: Acoustic simulation methods are being increasingly used for practical
exhaust system design of automotive. In many practical applications, the sound source
emits, partly, a low frequency sound spectrum comprised of superposed discrete tones and
partly, a higher frequency broadband spectrum. The turbulent vortices that develop in the
boundary layer between the duct wall and the flowing medium are said to generate a self-
excited noise, that noise is broadband character. The self-excitation is enhanced when the
flow is disturbed by irregularities in the duct wall. Unsteady compressible fluid flow
through a duct is often encountered in many engineering applications and has been
investigated by many researchers. When a pressure wave generated inside a duct is
discharged from an open end of the duct, an impulsive wave that is usually characterized by
high sound pressure level of short duration forms at the vicinity of the exit of the duct.
Acoustic simulations solve the equations for motion, mass, momentum, and energy and can
be divided into two methods, linear and non-linear. Through that literature review, we can
analyse the methods and the latest development done on exhaust systems with regard to
acoustic performance. The basic theory behind both approaches is explained as well as a
source characterization technique that can be used to link the two methods. Some acoustic
software tool has been applied to a variety of exhaust systems.
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PREGLED AKUSTICNIH EFEKATA PROTOKA NA KOMERCIJALNI
AUTOMOBILSKI SISTEM

REZIME: Metode akusticne simulacije se sve vise koriste u prakticnom dizajnu izduvnih
sistema automobila. U mnogim praktiénim primenama, izvor zvuka emituje, delimi¢no,
niskofrekventni zvuc¢ni spektar koji se sastoji od superponiranih diskretnih tonova i
delimi¢no Sirokopojasnog spektra veée frekvencije. Turbulentni vrtlozi koji se razvijaju u
grani¢nom sloju izmedu zida kanala i srednjeg toka stvaraju samo-pobudeni Sum, koji je
sirokopojasnog karaktera. Samo-pobudivanje je pojacano kada je protok poremecen
nepravilnostima u zidu kanala. Nestabilni protok stisljivog fluida kroz kanal se esto susrece
U mnogim inZenjerskim primenama i istrazivan je od strane mnogih istrazivac¢a. Kada se
talas pritiska koji se stvara unutar kanala ispusta iz otvorenog kraja kanala, impulzivni talas
koji se obi¢no karakteri$e visokim nivoom zvuénog pritiska je kratkog trajanja u blizini
izlaznog kanala. Akusti¢ke simulacije reSavaju jednaine za kretanje, masu, moment i
energiju i mogu se podeliti na dve metode, linearne i nelinearne. Kroz taj pregled literature,
mozemo analizirati metode i najnoviji razvoj koji se radi na izduvnim sistemima s obzirom
na akusti¢ne performanse. Osnovna teorija koja stoji iza oba pristupa objasnjena je kao i
tehnika karakterizacije izvora koja se moze koristiti za povezivanje ova dva metoda. Neki
akusti¢ni softverski alati su primenjeni na razlicite izduvne sisteme.

KLJUCNE RECI: ratunska dinamika fluida (CFD), aeroakustika, izduvni sistem,
Helmholtz rezonator, efekat protoka, gubitak prenoSenja, modeliranje prigusivaca
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1. INTRODUCTION

Noise is therefore studied, regulated and monitored by many countries, authorities, and
establishments due to the negative effects. Noise from the transportation sector, and more
specifically road vehicles with internal combustion engines is something people interact
within a day-to-day basis making it an important area for noise control. Manufacturers of all
kinds of road vehicles strive to mitigate as much noise as possible to produce silent vehicles
both due to legislation and competition.

Knowledge of the acoustic source characteristics of internal combustion engines (IC-
engines) is of great importance when designing the exhaust duct system and its components
to withstand the resulting dynamic loads and to reduce the exhaust noise emission. The goal
of the present review is to show numerically and experimentally investigate the variety
speed IC-engine acoustic source characteristics, not only in the plane wave range but also in
the high frequency range define the wave equation one must first look at one — dimensional
the linear conservation equation of continuity which relates density and particle velocity up
in the medium. The decomposed definition of density have been inserted and higher-order
terms are neglected [1].

2. MATHEMATICAL MODELS

The sound usually generated because of the coupling between the turbulent average flow
field and the acoustic field is said to be self-excited. The solution to the wave equation; the
general solution for free, plane and one-dimensional wave propagation:

P(x, t)= f(t-x/c)+g(t+x/c) Q)

Where f and g are arbitrary functions. f(t-x/c) implies wave propagation in the positive
direction along the x-axis, with the speed ¢ and P(X, t) represent sound pressure.

We can write the linear conservation equation of continuity:

0 0
p Y _ o @)

ot %%
Where:

p: Acoustic density disturbance kg/m?

po: Density in undisturbed medium kg/m?

The linear in viscid conservation equations of momentum are also needed. Assuming that
viscous effects can be neglected, the equation system relates velocity of the sound wave
with acoustic pressure. Here, higher-order terms are also neglected.

Linear in viscid of motion:

Equation (1) and (2) include five unknown variables to solve but only four equations,
similarly, as in fluid dynamics, the equation of state must be used to complete the equation
system. Thermodynamic equation of state:
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(Po+ p) = (po + p)RT/M (4)
Where:
Po: Pressure in undisturbed medium Pa
Pac: Acoustic pressure Pa
R: Ideal gas constant (R = 8.315) J/(mol. K)
The gas low for adiabatic changes of state:
(Po+P) _ <p0 + p)y
Po po

()

he acoustic wave equation can then be defined by subtracting the time derivative of
continuity (2) from the spatial derivative of momentum (3) and eliminating p by inserting
the equation of state (4). The governing acoustic wave equation is defined as:

Source-free linearized acoustic wave equation:

02 1 02
'P_ 9P _, (6)
dx? C?ot?
The speed of sound expressed as:
C =./yPo/po (7

y :Turbulence intermittency defining the propagation speed of an acoustic wave in the
medium. The temperature dependence of the speed of sound:

C = Co,[T/273 8
Where Co is the speed of sound at 0 °C.
There is important part in mufflers called Helmholtz Resonance chamber formed by a part
of the inlet pipe and chamber is to reduce the specific frequency noise. It acting as an
acoustic filter is designed to attenuate low frequency noise from engine [3]. The effects of
mean flow on the acoustic properties of Helmholtz resonator and frequency domain-based
Computer Aided Engineering (CAE) can describe the acoustic properties without mean
flow. But to be able to design effective resonators with consideration for flow effects, a
computational technique able to capture the fluid physics and acoustic behavior in the time-
domain accurately is necessary. A simplified way of describing the interaction between fluid
flow and acoustic wave propagation is applying the linearized Navier-Stokes equations
fr: Cut-off frequency

(LNSE) [4].
c A,
- 9
fr=on ’VC(Ln+6n) ®)
C: The speed of sound

A, The neck cross-sectional area

V.: The volume of the resonator house
L,: The length of the neck

6,: The end correction.

Where:
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2.1 Transmission loss

There are several acoustic quantities to define the noise mitigating performance of a silencer
in a duct system. The most common quantities are noise reduction (NR), insertion loss (IL)
and transmission loss (TL). The NR is defined as the difference in sound pressure level
(SPL) before and after the muffler. The most accepted approach today is the approach
developed by authors [2] who proposed a two-source method for measuring the four-pole
parameters of an acoustic element or combination of elements. The method can also be used
in the presence of a mean flow.

2.2 Decomposition method

This method used for calculation transmission loss. TL with decomposition method can be
expressed as:

Wi
TL = 10L0g10W (10)
t

Where Wi, Wt denote incident and transmitted sound power level of the acoustic wave
present in the exhaust-duct system. The equation can be written in other form to express the
transmission isolation of an expansion chamber with a circular cross section and
eccentrically placed inlet and outlet point:

S2.2.: 2
2—51) sin® (kL)) (11)

S1
Dy = 10.log(1 + (2—52 -
Where:
S1: Cross section area of incoming of channel
S»: Cross section area of outgoing of channel
K: Wave number

L: The length of chamber
2.2.1 Two-Source Method

The two-source method is based on the transfer matrix approach that represents the acoustic
behavior of the muffler.

Acoustical element

Figure 1. The four-Pole method

The transfer matrix is

P1] _JA B] Pz]

Vi ¢ DIV,
Where P, and P, are the sound pressure amplitudes at the inlet and outlet, respectively; V
and V, are the particle velocity amplitudes at the inlet and outlet, respectively; and A, B, C
and D are the four-pole parameters of the system [5].
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2.2.2 Two-Load Method

The transmission loss measurement setup schematically as shows in figure 2. A speaker is
placed at the end of the impedance tube. Two microphones are mounted upstream and the
other two microphones are mounted downstream. Two different termination loads are
applied, and four transfer functions are measured for each load [6].

3

-----------

Figure 2. Two-load transmission loss test setup [6]

Tao and Seybert, studied and compared the results from two source method and two-load
method calculation of transmission loss in mufflers which do not require an anechoic
termination, as shows in figure 3.
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Figure 3. Validation between Two-source method and two-load method (Muffler
dimensions in inches) [6]

3. SOFTWARE ANALYSIS

3.1 Software description and calculation

This chapter aims to present the numerical methods used in the further simulations to
describe the mathematical models presented in literature. Only numerical methods related to
CFD and how the methods are implemented in Ansys - Fluent are of interest. This means
that numerical methods related to the acoustic. Authors [7] study acoustic using simulation
software based on the linear and nonlinear approach and the solutions to the basic
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fundamental equations for mass, momentum, and energy. The results was implied that the
linear acoustic simulation can then be used to predict radiated sound and take advantage of
the faster calculation times. Increasing use of after treatment devices in exhaust systems
requires specific models of such components. This method is also able to utilize
optimization techniques which are particularly well suited to the fast calculation speed of the
linear acoustics. Authors [8] Investigate numerically and experimentally at the medium
speed of internal combustion engine acoustic source characteristics and at high frequency
range. One-dimensional process simulation code was used for this study. The design of
exhaust system was done according to engine standard parameter.

Authors [9] discuss the transverse plane wave analysis of short elliptical end chambers,
acoustical source characterization of the exhaust systems of reciprocating internal
combustion engines, analysis of multiply-connected element mufflers, breakout noise of
non-circular muffler shells, and analysis of porous inside the muffler.

Recently, Authors [10] have presented a two-port method for flow and pressure drop
calculation as well as acoustical analysis of complex perforated-element automotive
mufflers. The study proposed a new segmentation approach based on two-port analysis
techniques in order to model perforated pipes using general two-port codes, which are
widely available.

3.2 Flow distribution

When flow is introduced through the muffler, its transmission properties are affected in three
ways. The first is through the convective effects, which affect the propagation inside straight
pipes. This effect was accounted for in the formulation of the transfer matrices for different
pipe elements. The second is the introduction of extra losses at the area expansion, which
takes place at the end of the inlet pipe. The third and most important effect of flow is
introduced by the change of the perforate impedance. The flow can be either grazing to the
perforate, through the perforate, or both. The bigger effect comes from the flow through the
perforate, which increases the resistance considerably.

300
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Figure 4. Pressure drop inside the prototype muffler [10]

Authors [11] considered the problem of wave propagation in short elliptical chambers
having ports located along the major axis of the elliptical section. The wave propagation was
considered along with the transverse direction (along with the major axis), wherein.
Matrizant method was used to obtain transfer matrices relating the upstream and
downstream variables. It was pointed out that such short chamber muffler characterized by
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dominant transverse plane wave propagation is acoustically analogous to an extended inlet
and outlet chamber. In fact, a short chamber shows a striking resemblance with a side inlet
and side outlet chamber (long in the axial direction). A prerequisite for this investigation is
to have realistic values of the pressure-time history. These were computed using the
commercial software AVL-BOOST for different acoustical loads [12]. This finite-volume
CFD model is used in conjunction with the two-load method to evaluate the source
characteristics at a point in the exhaust pipe just downstream of the exhaust manifold.

T '; T
Figure 5. Sketch of the muffler internal scheme [11]

Authors [13] study muffler performance experimentally and a test rig was designed in order
to measure the Transmission Loss of a set of muffler configurations in the stationary
medium. The experimental set up is based in a combination of the decomposition method. It
shows the geometry and comparison between the experimental and Transfer Matrix Method
(TMM) modeling numerical results of TL for a high porosity perforated concentric tube
inside an elliptic expansion chamber. A reasonable similarity in the transmission loss curves
can be verified.

Transmission loss (d8)

° 200 1000 1200 2000 2000 2000

Frequency (dB)

Figure 6. Transmission loss of a concentric perforate tube; TMM results and
experimental result [13]
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Authors [14] present a new hybrid approach or prediction of noise radiation from engine
exhaust systems by making use of the time domain modeling of the cylinder and cavity pipe
junction, and the linear frequency domain analysis of the muffler.

42000 )

TN
g 1 4l

S AR 220

Transmission loss (dB)

Frequency (Hz)

Figure 7. Transmission loss for a simple expansion chamber using an extended tube length
of 0.1 mm [13]

Authors [15] had analyzed an elliptical expansion-chamber muffler as well as an end
chamber muffler using a 3-D analytical method based on the modal superposition technique
and the point-source method. In this figure below, the 1-D model based on the transverse
plane-wave method is used to predict the transmission loss characteristics of short axial-
length mufflers, taking the same dimensions as considered.

60

1.0 Transverse plane wave - Matrizant approach
=o Denva - 3-D Analytical solution - Reference 9
==+3.D FEM based analysis

w
o

-~
P

{

~
L)

Transmission loss (dB)
e
=3

-
P

% 200 400 600 800 1000 1200 1400 1600 1800
Frequency (H2)

Figure 8. Acoustic performance of end-centered inlet and end-offset outlet configuration, as
shown in Fig. 8a with L =0.05m, D 1 =0.23m, D 2 =0.033 m [15]

Authors [16] presented in their technical paper, the performance of circular duct with non-
locally lining by numerically and experimentally. The liner concept is based on perforated
screens backed by air cavities. Dimensions of the cavity are chosen to be bigger than the
wavelength so acoustic waves within the liner can propagate parallel to the duct surface. The
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aim of this research was to identify the best multi-cavity muffler configuration for reduction
of exhaust noise from the engine. The result shows that the cavity configuration achieving
the maximum overall acoustic Transmission Loss. The study also illustrates how the
acoustic performances are dependent on the nature of the incident field.

Authors [17] analyzed the limitation of the net insertion loss of the muffler, by using three-
pass double reversal muffler in automotive exhaust systems. This muffler is characterized by
a fairly wideband transmission loss [TL] curve as well as relatively low back pressure.

Authors [18] prove experimentally, the ratio of the reduction in the back pressure at 11000
engine rpm is around 40% with open valve, as compared closed valve condition. The
increase in sound transmission loss, with closed valve, is around 15~20 dB higher when
compared to open valve condition. M. Dixit et al. studied the effects of back pressure on
muffler effectiveness and the simulation is carried out using GT-POWER® tool. The
discretization of muffler and resonator shell and pipes for element generation had played an
important role in the proper prediction of back pressure and thereby reducing valuable
design cycle time and cost. Authors [19] presented in their technical paper optimization of
intake exhaust system of a single-cylinder water-cooled swirl chamber diesel engine, by
using computational fluid dynamics [CFD] and steady flow test method. The configurations
and performances of intake and exhaust port, air filter and muffler were optimized for
reducing flow resistance, increasing charge amount and lowering residual exhaust gas,
leading to the improvement of engine performances and emissions, e result of this research
show great achievement in engine exhaust gas properties. Authors [20] presented in their
research paper the acoustic characteristics of duct muffling systems. The program was based
on the plane wave theory and uses the Visual Basic 6.0 to build and modify the duct
muffling systems quickly with proper the geometrical and physical parameters, to examine
the effects of design changes on the acoustic attenuation characteristics and finally to get an
acceptable solution.

Authors [21] was contributed to determine acoustic performance of muffler and can be
reviewed for design and development of muffler. In his research paper two-load method was
conducted for measuring muffler transmission loss also algorithm for computing the
transmission loss was involved. It is demonstrated that the effect of adding conical adapters
is significant at low frequencies especially if the adapter is short in length. It was found that
measurements are improved by selecting a downstream microphone as a reference instead of
an upstream microphone with good agreement for both method.

The author [22] use an acoustical topology optimization for a partition volume minimization
problem achieving high value transmission loss through muffler.

Authors [23] used Computational Fluid Dynamics (CFD) methods for simulation of acoustic
pulse in muffler and develop a full compressible Navier-Stokes solution algorithm for
acoustic propagation problems. A new hybrid low Mach number pressure based
compressible solver was developed to simulate propagation of pulses of random shape,
demonstrated by application through a simple expansion muffler.

Authors [24] compared model meshing approach result with numerical analysis in various
cases of length—diameter ratio to predict transmission loss of a muffler. Authors [25] studied
the automotive muffler experimentally and numerically. 3D CFD was used to evaluate both
mean flow and acoustic performance of an expansion chamber muffler, with various
modifications including baffles an extended inlet or out let pipes.

Authors [26] studied acoustic plane wave properties of a complex geometry, and some
parameter were experimentally calculated such as reflection coefficient using the TMM on
the upstream and downstream side of the test object. In this research Presented and tested a
method for measuring the two-port data in the form of a scattering-matrix, describing the
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relationship between the traveling wave amplitudes of the pressure on either side of the test
object.

: . 7At7r’ Acoustical o p P A |
: Pa— < Pa+ Two-port pb- S
L .
Loud speaker A D Test Object - Lo > Loud speaker B

Figure 9. Acoustical Two-Part method for a muffler [26]

Linear and passive two-port in the frequency domain, be written:
X=TY (12)

Where, X/Y are the state vectors at the input/output and T is a [2x2]-matriX, which is
independent of Y. To determine T, from measurements four unknown must be determined.

The transfer-matrix form uses the acoustic pressure P and the volume velocity V.

X = [P, VJ] and Y = [Py, V,] here [a] and [b] represent two different ducts cross section.
The transfer-matrix could be written in the following form:

aa ab I% b]
13
V] [Tba Tbb] [Vb (13)
Pa = P+exp(—ikaLa)+P—exp(ikalLa) (14)

V,= z—j{(mexp(-ikaLa)-P_exp(ikaLa)}

and
Py = P.exp(-ik’Ly)+P_exp(ik’Ly)

Vp= %{(wap(-ikbLb)-P-eXP(ikb'—b)} o

The result shows, the acoustic two port, of a single diaphragm orifice and then validated
with the theoretical result has been calculated using 3D FEM software FEMLAB from other
literatures.

The author [27] present different approaches for measurement and evaluation of the source
characteristics of an engine exhaust system have been briefly reviewed, with particular
emphasis on their relative implications and limitations. These approaches combine the
advantages of the frequency-domain analysis of mufflers with those of the time-domain
analysis of the exhaust manifold source. Because in some method does not require prior
knowledge of the source characteristics, like piston motion, exhaust valve/port opening and
high blow-down pressure in the cylinder.
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4. CONCLUSIONS

The main contribution of the present review, as well as the development of an expression for
the non-dimensional frequency for obtaining the resonance peak in the TL graph for the
short chambers with end ports, is another noteworthy contribution of this present review.
This enables a muffler designer to have a quick estimate of the positions of the peak and
trough in the TL spectra for short chamber mufflers and to get a qualitative understanding of
the basic nature of such short chamber mufflers.
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