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Abstract

The acoustic prediction of automotive exhaust systems is an important aspect to shorten
development time and to find compromises between good acoustic damping characteristics
and low flow resistance for optimal engine performance. One dimensional solutions already
provide very good results but have some disadvantages, e.g. the limiting accuracy in
predicting higher order mode effects and the modelling of complex muffler geometries is
hard to accomplish. Therefore the approach of using 3D cells for acoustic and performance
prediction was recently introduced.

Perforated pipes and plates in exhaust muffler systems are commonly used to enhance
the acoustic performance and to keep the back pressure low. The aim of this thesis is to
extend the 3D cell approach with a "perforated connector" for modelling perforated pipes
and plates. Therefore, a finite volume based approach is used to develop a model for the
"perforated connector". For testing and verification purposes this model is implemented
in the AVL Boost code. To verify the solution, and to identify appropriate values for the
influencing parameters, measurements are compared with simulation results for different
muffler types.

The investigations show that the functionality of the implemented model tends toward
reasonable results but also that the 3D cell method can be further improved in order to

achieve more accurate predictions.



Kurzfassung

Die Moglichkeit, das akustische Verhalten von Auspuffschalldampfern vorherzusagen, ist
ein wichtiger Aspekt um Entwicklungszeiten zu verkiirzen und einen Mittelweg zwischen
guten akustischen Eigenschaften und geringem Stromungswiderstand fiir méglichst gute
Motorleistung zu finden. Eindimensionale Simulationsmodelle bieten bereits sehr weit ent-
wickelte Losungen, haben aber einige Nachteile, so ist z.B. die Genauigkeit der Vorhersage
von Moden hoherer Ordnung beschrinkt, und komplexe Geometrien sind oft recht um-
stindlich zu modellieren. Deshalb wurde eine dreidimensionale Losung entwickelt, welche
3D Zellen fiir die akustische Simulation verwendet.

Perforierte Rohre und Platten werden vielfach zur akustischen Verbesserung in Aus-
puffschallddmpfern verwendet, wihrend auch der Gegendruck recht gering ist. Das Ziel
dieser Diplomarbeit ist es fiir die 3D Zellen eine "perforierte Verbindung" zu entwickeln,
um Perforationen in Rohren und Platten modellieren und simulieren zu kénnen. Im Zuge
dieser Arbeit wurde daher das verwendete Finite Volumen Verfahren erweitert um eine
"perforierte Verbindung" modellieren zu kénnen. Um das Verfahren zu testen und veri-
fizieren ist es in den AVL Boost Code implementiert worden. Um die passenden Werte fiir
die Parameter, welche die Ergebnisse beeinflussen, zu finden, werden Simulationsergeb-
nisse mit Messergebnissen fiir verschiedene Schallddmpfertypen abgeglichen.

Die Untersuchungen zeigen, dass die Funktionalitdt des implementierten Modells gegeben
ist, aber auch, dass die 3D Zellen Methode weiter verbessert werden kann um genauere

Simulationsergebnisse zu erhalten.
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1 Introduction

1.1 Motivation and objective

To investigate acoustic behaviour and performance of exhaust muffler systems, measure-
ments and computer simulations can be done. Compared to measurements which are of
great effort, simulation methods provide fast and accurate prediction. One dimensional
models such as BOOST Linear Acoustics [1], which is based on the program SID (Sound
in Ducts) developed in the 1980s [2], are limited in predicting higher order mode effects
due to the assumption of plane wave propagation. Furthermore fundamental knowledge
of acoustically equivalent systems is necessary which also implies the consideration of ar-
tificial end corrections for pipe ends or abrupt area changes (cf.|3] and [4]). Those solvers
are very useful for simple models and their advantage is the very fast computational time.
As computational power has become cheaper over the last few decades and the accu-
racy of one dimensional simulation tools is limited, a quasi three dimensional approach is
further investigated. Therefore a generic 3D cell for the acoustic modelling of intake and
exhaust systems is developed [4]. Due to the 3D nature of these models it is also possible
to predict higher order modes and improve the accuracy of models at higher frequencies
[4]. In this work the emphasis is on the modelling of perforated pipes and plates. Hence
a perforated connector which connects two or more 3D cells is developed. To verify the
solution simulations of transmission loss and pressure loss of different muffler types which
contain perforated pipes are compared to measurements and plane wave approaches.
The impedance of the perforation is caused by friction and inertia. Those effects are
accounted for by parameters, where the objective is to find values which are valid for all
different muffler configurations, and for simulations with mean flow and without mean

flow.



1.2 Literature review

Frequency domain approaches and time domain approaches have to be distinguished.
Research on theory models of perforated pipe mufflers have been done by several authors

over the past few decades. A short review is given in this chapter.

1.2.1 Frequency domain approaches

In order to predict the acoustic behaviour of exhaust mufflers with perforated pipes in
the frequency domain there are mainly two approaches which are the continuous method
also called distributed parameter method [5][6][7][8]|9] and the discrete method also called
segmentation method [10][11][12].

Due to their closed form solutions both approaches require very short computational

time but are limited to muffler types with very simple geometry.

Continuous method The continuous method or distributed parameter method is based
on the one dimensional equations for conservation of mass and momentum. Solving this
equations leads to the parameters of the transfer matrix, which are needed for the calcula-
tion of the transmission loss. This method uses surface averaged wall impedance (cf. [13]).
In 1978 Sullivan and Crocker [5] did the first research on this method, but their model
does not take into account flow through the perforation and it is limited to concentric
through flow mufflers only.

Further investigations and improvements on this method were made e.g. by Jayaraman
and Yam [6] in 1981, Munjal et al. [7] in 1986, Peat [8] in 1987, Dokumaci [9] in 1996 and
Davies et al. [14] in 1996. The distributed approach is mainly convenient for relatively

simple perforated mufflers [13].

Discrete method The discrete method, also called segmentation method was first es-
tablished by J. W. Sullivan [10] [11] in 1979. This approach separates the whole chamber
into segments in the axial direction. Each segment is described by a separate trans-
fer matrix. The total transfer matrix of the perforated element is found by successive

multiplication of the transfer matrices of each element.



Further research and newer versions of the segmentation approach has been done by

Dokumaci [15] in 2001 and T. Elnady and M. Abom [13] in 2004.

1.2.2 Time domain approaches

There are some general methods for calculating fluid flow through engine manifolds with
those it is possible to predict the acoustical and performance behaviour. The following out-

line is mainly taken from J.H.Ferziger "Computational Methods for Fluid Dynamics" [16].

Until the mid 1980s the mesh method of characteristics was the dominant numerical
technique when it was displaced my modern finite difference schemes due to the greater
accuracy and robustness of the latter (cf.[17][18]). The method of characteristics is a
first order method and its intrinsically dissipative character produces an undesired high
frequency filtering effect which may be unimportant for performance studies, but clearly
affects its suitability for noise prediction (cf.[19][20]).

The finite difference method is the oldest method for numerical solution of partial
differential equations, believed to have been introduced by Euler in the 18th century [16].
It is the easiest method for simple geometries but that is also its main disadvantage.
Usually this method has been applied to structured grids where it is very simple and
effective.

The finite volume method is the most used method in CFD codes (computational
fluid dynamics) which is also why the proposed modelling on the perforated intersection
between 3D cells is based on it (see chapter 3). In contrary to the previous method it can
handle any type of grid, so also complex geometries are possible. Another advantage is
that this method is relatively simple to understand and to program.

Another very popular method is the finite element method which uses an unstructured
grid that makes it more difficult to find efficient solution methods. The distinguishing
feature of finite element methods is that the equations are multiplied by a weight function
before they are integrated over the entire domain [16]. The ability to handle complex
geometries is more advanced compared to other methods. A combination of finite volume
and finite element method would be a hybrid method, the so called control volume based

finite element method.



Impedance modelling for time domain solvers

For calculating the fluid flow through perforations no universal applicable numerical
method exists. Hence it has to be adopted for the particular finite method used. For

one dimensional solvers two very similar methods are briefly described here.

In 1997 Onorati [21] proposed a method which is based on the finite difference method
for a one dimensional solution. Each hole through the perforation is modelled using a
short pipe with the same diameter and length as the equivalent hole diameter and wall
thickness of the perforated pipe. A through flow muffler with a perforated pipe is shown

in figure 1(a), where the proposed equivalent system is seen in figure 1(b).
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Figure 1 — (a) Schematic of a typical perforated pipe surrounded by a cavity liner; (b) sketch

of the duct system adopted for the simulation [21].

The holes of the perforated pipe are aligned in circles, where p is the spacing to the next
circle of holes. The number of holes n of one circle is represented by n very short ducts
which connect the perforated volume with the surrounding cavity volume. Both volumes
are divided by m = [/p elements with length p. The perforate pipe has d,, as its diameter
and the cavity an equivalent diameter of d, calculated from d?, = D2, — d.

The method used by Onorati is a non-linear gas dynamic approach. The flow in every
single hole of the perforation is considered by branches of several ducts using the equal

total enthalpy (constant pressure) model. For saving computational time several holes

are summed up to reduce the number of ducts while the porosity level remains the same.



In 2003 A.I. Abd El-Rahman et al. [22] used a model based on the method of char-
acteristics, while the perforation model follows that proposed by Onorati [21| with only
slight differences. In the case of zero mean flow and low pressure level for the acoustic
excitation he found the dissipative effect less significant therefore the behaviour would
be predominately reactive. Tested are through flow mufflers, which means that mainly
grazing flow is considered. El-Rahman found different values for the end correction coef-
ficient. For long resonators o = 0.8 and for for short resonators aw = 0.7, both with low

porosities between 2 % - 5 %.

G. Montenegro et al. [23] recently introduced a numerical approach to model perfo-
rated elements which uses the finite volume method for a 3D cell approach, which is the
only proposed method in this context at present. This approach is described in chapter

3.2 and used for the simulation models in chapter 4.

1.3 Proceeding and structure of the work

First the numerical method from G. Montenegro et al. [23] for the perforation was adopted
for the implementation in the Boost code. This required the use of the programming lan-
guage Fortran which is commonly used for numerical computation. Than a series of
experimental trials to achieve usable results was carried out where finally several simula-

tion results for different muffler types have been compared to measurements.

After description of the objectives and motivation of the present thesis and a short
overview on existing literature in chapter 1, here the structure is briefly clarified.

Basic theory about sound propagation in exhaust mufflers is covered in chapter 2
where also the theory on acoustic impedance of perforations and its influencing factors
are described. Chapter 3 contains a brief overview about the finite volume method which is
used for the modelling of the mufflers volume and a detailed description how the modelling
of the perforation is implemented.

In chapter 4 several 3D cell meshes with different mesh sizes for different muffler types
were generated and first results for the transmission loss are accomplished. The investi-

gated muffler types namely are a through flow muffler with short and long chamber, a

10



single plug, double plug and eccentric plug muffler, and further a two chamber eccentric
plug muffler with a more complex geometry. The achieved results have some deviations,
but basically deliver good agreement with measurement results. In chapter 5 the accom-

plished results are summarized and a short outlook on further investigations is given.

1.4 Summary of the results

The investigations accomplished in the course of this thesis, where several parameters are
studied, show the following relations. The smaller the 3D cell size the more accurate are
the simulation results of the transmission loss. Because the 3D cell mesh is coupled with
a 1D pipe which uses a different solver but the same time step, the cell size of the 1D
pipe also effects the accuracy of the simulation results.

The model of the perforated impedance has two parameters which are the friction
factor and the end correction length coefficient. Simulation results of the transmission loss
for plug mufflers, where the flow is forced through the perforations, require higher friction
factors compared to muffler types where the flow is mainly grazing the perforations. The
variation of the end correction coefficient causes a frequency shift of higher order peaks

but this coefficient was kept constant for all simulation results.

11



2 Sound propagation through exhaust mufflers

In this chapter at first the origin of the sound noise is clarified. How sound attenuation
is achieved in exhaust mufflers is explained in the the second subchapter followed by the
explanation of the impedance of perforations in subchapter 2.3 . Subchapter 2.4 covers the
effect of higher order modes and in subchapter 2.5 commonly used methods for measuring

sound attenuation are described.

2.1 Where the sound comes from

The sound of a vehicle is mainly composed of the following components:
e noise of the engine/aggregates (e.g. engine, gearbox, fan)
e noise of the exhaust gas system
e noise of the intake system
e sound of the tire and road noise
e sound caused by flow around the vehicle

Concerning the IC-engine the sound source can be further divided into sound originated
from combustion, mechanics and flow [24][25]. In this work the sound originated from
combustion and flow is of interest. The actual mechanism behind the combustion sound
is the very fast pressure fluctuations. Very high pressure shock waves are caused by ex-
pansion of the compressed gas in the combustion chamber when the valve opens. The
dominating noise component is always at the same frequency as the firing frequency. The
number of cylinders divided by two results in the dominating engine order. That means
for a four cylinder engine the second order is the dominating whereas for a six cylinder
engine the third order is the dominating [26]. However the noise generated consists mainly

of the firing frequency and its first few harmonics.

In general the propagating sound wave through an exhaust muffler consists of two com-
ponents. First the generated shock waves which for its impulsive character has a broad

band spectrum and second the mean flow through the system which also has a broad

12



band spectrum but up to 10 kHz (cf.[26]). The combination of both components is called

unsteady mean flow.

2.2 Exhaust mufllers

The exhaust system of an automotive IC engine has several demands which need to be
fulfilled. Mainly it conveys the burnt gases from the combustion chamber through different
sections of the system. As seen in figure 2 this system usually consists of a catalyst which
reduces the toxic exhaust emissions and the front, middle and rear silencer whose primary
purpose is noise reduction, but also give some potential for sound design. For small cars
and utility vehicles often a combined system is used as seen in figures 3 and 4. A major
demand is to damp the propulsion exhaust noise while keeping the back pressure low for

best engine performance.

_ Vorschalidampfer
J'-ﬂ'*‘“ ‘ i

Kstalysatoren

-

Nachschadampfar

i
i
L
}

fttelschadampfer \ l

Figure 2 — Double flow exhaust system [26]: fl.t.r.: catalyst, front silencer, middle silencer,

rear silencer

The challenge is to design a muffler which handles both demands in an acceptable range
while considering limitations in space and weight. The two principles which are reactive
and dissipative sound attenuation generally are combined in conventional exhaust sys-
tems. Such a hybrid muffier as seen in figure 5 consists of several separated volumes,

which are connected through closed pipes, perforated pipes or perforated plates.
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Figure 3 — Muffler with integrated Figure 4 — Integrated system for util-

catalyst for compact cars ity vehicles

Dissipative sound attenuation comes into account when the exhaust gas flows through
absorption material. The air flow causes friction in the material where the acoustic sound
energy is dissipated into thermal energy. Absorptive materials such as mineral wool, car-
bon fiber felt or steel wool are commonly used (cf. [26]). With this principle a broad

band attenuation is achieved but it has its limitations at low frequencies.

Reactive sound attenuation can be used to attenuate low frequency noise. This is caused
by sound reflection when the cross section area changes and therefore sound is reflected
back to the sound source or within Helmholtz resonators which can be tuned to attenuate
noise at certain narrow band frequencies. In an exhaust muffler usually several chambers
with different dimensions are combined and connected with pipes which are often perfo-
rated pipes. Due to a simple expansion chamber is the basis of all commonly used exhaust

mufflers it is described more in detail.

Reflexion

Resonanz T L, "

Figure 5 — Fictitious silencer with all damping principles: fl.t.r.: resonance, reflection and

absorption [26]
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Such a simple expansion chamber is pictured in figure 6 with a typical characteristic curve

of the transmission loss seen in figure 7 with maximums and minimums determined as
follows:

nc

nc
— 17 3, 5 ;mzn — 9

fmaz = A n =2,4,0, (2.1)
where the number n determines if its a minimum or maximum, c is the speed of sound
and L the length of the chamber. It should be considered that the speed of sound is
dependent on the temperature T as ¢(T') ~ 331.3 + 0.67" [27] and therefore has influence

on the propagating wave length. This causes a frequency shift when the temperature

changes (compare with figure 42).

inlet pipe outlet pipe

Figure 6 — Simple expansion chamber

Transmission Loss of an BExpansion Chamber
L=500mm & D=200mm at M0 & T=2932k

25
- c f 3¢ e Se f Te
_AL 4 ‘ 4L
RS — L Paady
@ ’ . Va ~ # " I S
T Fa % r; ™ / % i/ \
s ) Y ! N ; ) ! v
H L 1 \ I \ H \
K \ i i 3 H \
] ! ] ] ¥
b I 1 [ ! N 1 H 1
. H ] ] ¥ L H [
B i \ ! 5 J \ ! H
: ! (A Vo [ 1
10F i ] 1 ¥ ! H (S
! I - [ \
E ; . \ il i
1 V! L [ H
i 1 : H .' ] .‘ 1
5—.' ll 1 [ ] y
i i) i 1 Y
i T i il Vi
! H i\ [ s
H H u [ i
H U i H H
b y [} ¥ H
0 1 1 1
8] 200 400 600 800 1000 1200 1400

Figure 7 — Transmission loss of a simple expansion chamber [28]
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The transmission loss without considering dissipation and assuming plane wave propaga-

tion can be calculated as follows (cf. [29]):
4eos? kL + (m +m~1)2sin® kL

4 Y
where k is the wave number, L the length of the chamber and m = S1/52 the ratio of

TL =10log (2.2)

cross section area of the inlet pipe to that of the chamber. For calculating the maximum
of the transmission loss just the cross section area ratio is necessary (cf. [29])

—1)\2
T Lyas = 101og[%], (2.3)

so basically the strength of the damping is determined by the diameter, and the maxi-
mum frequencies f,,., and minimum frequencies f,,;, are determinde by the length of the

chamber.

Despite this very simple model, exhaust mufflers can be shaped in any arbitrary form.
The shape is aligned to the engine and car concept, but the basic principle of sound
attenuation for low frequencies remains the same and the characteristic curves for the

transmission loss usually has similarities to that of a simple expansion chamber.

16



2.3 Perforated pipes

Perforated pipes are commonly used in silencers for automotive engines. Usually one or
more perforated pipes are installed within an exhaust muffler. Often they connect the
sections of a chamber and in a lot of applications the perforated pipe is for saving the

absorptive material behind it and to influence the reactance and flow resistance.

Acoustic impedance of the perforation

The perforated pipe or perforated plate is a barrier for sound waves to propagate. This
is referred as acoustic impedance. It is defined as the ratio of the acoustic pressure loss
across the perforation to the normal particle velocity. For a single hole that is Z;, = plU;hp?,

where the impedance is a complex quantity. The characteristic acoustic impedance of air

is Zy = poco where py and ¢q are the density and sound speed for air respectively.

P P2

porosity

mpdy
441

Figure 8 — Perforated plate in a duct

The dimensionless acoustic impedance of a hole is (;, = Z—g which is in complex quantities
written as:
p1—p2  Rs+jkoLs
Ch =

= =R+ 7koL 2.4
ZoUy, PoCo T IFokon (24)

where p; and p, are the acoustic pressure before and after the plate, as seen in figure
8, Uy, is the particle velocity in the holes, Rg and Lg the specific resistance and specific
inertance. Loy = Ly + 2Al = Ly, + ad), is the corrected hole length as seen in figure 9

where « is the end correction coefficient and d;, the hole diameter.

17



— Al =Ly~ Al—

L('.h

Figure 9 — Correction length

For the whole plate the dimensionless acoustic impedance is the impedance of a single
hole divided by the porosity o which is the ratio of the sum of all hole areas >_ A, to the

total area A; as seen in figure 8:

_ G

g

Cp (2.5)

Sullivan and Crocker [5] found an empirical relationship for the acoustic impedance which

is widely used:

~0.006 + jiko(Ly, + 0.75d))
g

G (2.6)

The value 0.75 is the end correction coefficient av. Some comparisons with other values are
done in chapter 3.2. Unfortunately this very simple formula does not take into account
all influencing factors which can affect the acoustic impedance. Generally it depends on

the following influencing factors:
(1) constitution of the edges of the holes (sharp or rounded down)

(2) inertia, that is the attached mass in the holes of the perforation plus the appropriate

correction mass
(3) interaction between holes (porosity o, diameter of holes d},)
(4) influence of mean flow through the holes or grazing the holes
(5) linear or non-linear regime

(6) discharge coefficient

18



The listed points are explained more in detail:

Points (1), (2) and (3): The constitution of the edges of the hole and the wall surface
roughness influence the resistance which is the real part of the impedance. For time do-
main solvers this is usually accounted for with the friction factor. The inertia (reactance)
is constituted as the volume of the holes plus an appropriate mass end correction which
is augmenting this volume, which can be seen in figure 10(a). Also pictured in figure 10
is the interaction between holes which is affecting the resistance and reactance.

With porosities greater than 15-20 %, Davies [14] found that perforated tubes behave

as if its walls are acoustically transperent.

o al actual attached A7
= ’1‘7/ mass distribution N \ interaction
_ J"\ !
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Ay o
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; T I 1
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T
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(=)
=0

‘
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single hole double hole

Figure 10 — Schemes for interaction effect: (a) for attached mass considering reactance and (b)

shear region vs. reduced shear region where friction takes into account(cf. [30])

Point (4): In the presents of mean flow, whatever the structure of the perforation is, the
resistance of the perforation tends to increase and the reactance tends to decrease (cf.[11]).
Also observed is that the influence of through flow on the impedance is significantly smaller

than that of grazing flow at the same Mach number (cf. [14]).
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Also Elnady [31] confirms the influence of mean flow and describes the dependency on
the grazing flow as follows: The flow blows away some of the end effects which result in a
decrease of the so-called attached mass. This results in an increase of the acoustical resis-
tance of the hole and a shift in the resonator resonance frequency. The orifice resistance
increases with mean flow speed while the reactance decreases. Few purely theoretical pre-
dictions of the effects of grazing flow on orifice impedance have been attempted, probably

because of the complexity of the problem [31].

Point (5): J.W. Sullivan [11] found that the perforated impedance is in the linear
regime if the fluctuating velocity amplitude in the holes is less than about 2-3 m/s, in
the absence of through flow. With grazing flow Mach number M<0.025, experimental
evidence [10][11] suggests that the linear regime is maintained as long as the fluctuation
pressure amplitude, expressed as a sound pressure level (SPL), remains less than 120-
125 dB [14]. For the investigated examples in chapter 4 with Mach numbers between

M=0.05-0.1 the perforated impedance has to be considered in the non-linear regime.

Point (6): The discharge coefficient Cj is a factor which is often considered in impedance
models for perforations. It is related to the effect of vena contracta which is defined as
the cross section where the contraction is greatest as seen in figure 11. It is defined as the

product of the velocity coefficient C', and the coefficient of contraction C.:

Cy=C,C., (2.7)

where €, = ¢ is the ratio of actual velocity to theoretical velocity at the vena contracta
and C, = 2—3 the ratio of the cross section area at the vena contracta to the cross section
area at the orifice as seen in figure 11.

F. Payri et al. [32] investigated the discharge coefficient for dividing and combining flow
for perforated pipes with a closed end. By use of a steady flow approach the pressure loss
characterisation of perforated pipes for combining and dividing flow, as seen in figure 12,
are investigated.

The effective discharge coefficient Cp is dependent on the porosity and hole diameter

of the perforation and also on the ratio of the perforated area A, to the cross section

20



vena contracta

Figure 11 — Effect of vena contracta

dividing flow combining flow
AT Ap Ap AT

Figure 12 — Distinction between dividing flow and combining flow

area of the pipe Ar. The effective discharge coefficient Cp is different from the discharge
coefficient Cy with a correction factor as described in reference [32].
In figure 13 different values for the effective discharge coefficient are obtained for two

examples, where Duct A(x) has a hole diameter of d;, = 3.5 mm with ¢ = 19.6 % and

Duct B(+) a hole diameter dj, = 5 mm and o = 13.6 %.

0.7 1.1
+ Xy
0.6 Lt 1 X X X X X x X X
. x
0.5 X% + X v o toF o+t
X N 0.9 +
x X
C, 04 X C, +
x +
X 0.8
0.3 x*
+ X
x +
0.2 y 07
0.1 — ; : : : : 0.6
0.5 1 1.5 2 25 3 3.5 05 1 1.5 2 25 3 35
ASA; AJA,

Figure 13 — Equivalent discharge coefficient in dividing flow (left) and combining flow (right):

Duct A(x), Duct B(+) (cf. [32])
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2.4 Higher order modes

When the dimensions of the muffler exceed a certain value and the wavelength is below
a certain level, plane wave propagation can no longer be assumed (cf. figure 14) and
higher order modes can be excited. Two kinds of modes can be distinguished namely
circumferential modes m and radial modes n. At figure 15 those higher order modes
are shown for circular ducts up to m=3, n=3. The dotted lines are nodal lines for
transverse pressure distribution in the duct. Below every individual illustration of a
mode the Helmholtz number ka is specified, where k is the wavenumber and a the radius

of the chamber.

0,32 -0.70 161 0.61-1. 20—

Nani =

1.0 0.62 ‘ -0.51 1.06 -0.29

ka=15 —= ka:4

Figure 14 — Acoustic pressure contours in a muffler from reference [33]

At very low frequencies only the m=0, n=0 or plane wave mode can propagate so the
pressure distribution is uniform across the duct as seen in figure 14 (left). Each higher
order mode has a particular cut-off frequency below which it is not possible for that mode
to propagate [34]. In concentric expansion chambers usually the first higher order mode
is not excited but nevertheless plane wave propagation in general is just valid up to the

cut-off frequency of the first circumferential mode (m=1, n=0):

~ 1,84c
7D

where ¢ is the speed of sound and D is the diameter of the chamber. Furthermore for

Je

(2.8)

a concentric expansion chamber the first higher order mode usually excited is the first

radial mode at m=0 and n=1 and a cut off frequency at:

~3,83¢
7D

In chapter 4 it can be observed that for axial symmetric mufflers the first circumferential

Je

(2.9)

mode is not exited but the first radial mode usually is. E.g. for the eccentric plug muffler
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Figure 15 — Higher order modes [28]

the first circumferential mode is exited. More detailed observations concerning higher
order mode effects and the influence of perforated pipes on them is discussed in the sub

chapters for the particular muffler type.
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2.5 Acoustic properties and measurement techniques

There are several acoustic properties to describe the damping behaviour of a muffler.
Acoustic measurements can obtain results for noise reduction, insertion loss and trans-
misston Loss. Noise reduction is the sound pressure level difference across the muffler.
It is easy to measure but it is not exclusively dependent on the muffler. Insertion loss is
the sound pressure level once determined with the muffler installed and once determined

without the muffler. Therefore it provides realistic results under real conditions.

+ , , mF
Py : %)
/\/ muftler /v
— 1 ‘ anechoic
SOUICE — — o
 —— termination
p]— ; Py = 0

Figure 16 — Configuration for determination of transmission loss [35]

The transmission loss describes the sound power level difference between the incident and
the transmitted wave. It requires an anechoic termination at the upstream end of the
muffler as seen in figure 16. This idealistic assumption has the advantage that it describes
the properties of the muffler itself, but the disadvantage that it is difficult to accomplish

a fully anechoic termination. The transmission loss can be written as follows |35][4]:

p+
TL =20log (—1) [dB], (2.10)
py =0

Do

where p; is the incident sound pressure and p; the transmitted sound pressure. Measure-
ments of the transmission loss can be accomplished using the decomposition method, the
two load method, or the two source method. The description of the following overview is

mainly referred from Tao and Seyberts [36].

Decomposition method

The decomposition method obtains the transmitted sound pressure directly and the in-

cident sound pressure by decomposition due to calculation of the auto spectra and cross
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spectra between the two microphones at the upstream end. To apply the decomposition
method an anechoic termination is required. This is achieved by using a long exhaust
tube, high absorbing materials, horn shaped pipes or an active sound anechoic termina-
tion. The problem is that a fully anechoic termination is still difficult to build especially

for low frequencies.

microphones

Saa T2 \3

speaker
muffler
/ ‘
SBB %
12 .
anechoic
termination

Figure 17 — Setup of decomposition theory

As seen in equation 2.10 the incident sound pressure and the transmitted sound pressure
is required to calculate the transmission loss. The transmitted sound pressure can be
measured directly at the outlet at point 3. To obtain the incident sound pressure the
total sound pressure can be decomposed into its incident and reflected spectra S, and
Spp respectively. The incident sound pressure p; can be obtained by calculating the auto

spectrum Sy 4 as follows:

4 sin2 k’l’lg

p;r _ \/S_AA _ \/511 + SQQ — 2012 COS k)[Elg + 2@12 sin k)[LjQ’ (211)

where S1; and Sy are the auto spectra of the total acoustic pressure at point 1 and
2, respectively. (o and )15 are the real and imaginary parts of cross spectrum between

points 1 and 2, k is the wave number and x5 is the distance between the two microphones

(cf. [36]).

Two source method and two load method

To get two different configurations for solving the set of equations which is briefly described

below the source can be switched as for the two source method (figure 18) or the load can
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be changed as for the two load method (figure 19). The two load method is often easier to
accomplish because the source does not have to be moved. Often this is achieved by one
tube with absorbing material and the other tube without. If the two loads are too similar
the result will be unstable. For the two load method the two loads have to be assumed
different enough to achieve an accurate result, than the two source method might be the

better choice. To obtain two different sources it is also possible to reverse the muffler.

configuration a microphones

source
muffler

Nm:
Ty
ES

configuration b microphones

4 source
muffler
34

Figure 18 — Setup of two source method

b

configuration with load a microphones
19 2 S
oL muffler
Za
12 34

configuration with load b microphones

SOUICE muffler
Zp

Figure 19 — Setup of two load method

1
/
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Transfer matrix approach Both the two source method and the two load method
are based on the transfer matrix approach. Therefore, the four pole parameters between
measuring points 2 and 3 as seen in figure 18 and 19 are used to calculate the transmission
loss. Figure 20 shows the general acoustical element. The corresponding transfer matrix
is:

A B
pr| D2 (2.12)

(%1 C D Vo

)

where p; and vy are sound pressure and particle velocity at the inlet and p, and vy at the

outlet. A, B,C and D are the four pole parameters of the system.

acoustical element

P P
W 1,

1 2

Figure 20 — The four poles

The four pole parameters between measuring points 2 and 3 are required to obtain the

transmission loss which is:

1 B
TL=20-log [5’1423—1— p—?+pc‘023+D23

] , (2.13)

under the assumption that the cross section area does not change between inlet and outlet
pipe. To obtain the four pole parameters Asz, Bas, Cos and Doz the pressure at all four
measuring points for two configurations a and b (see figure 18) are measured and used in
a set of equations which contains the transfer matrices between measuring points 1-2, 2-3
and 3-4. The following two transfer matrices describe the straight tube elements assuming

that mean flow can be neglected:

A B cos kl i pcsin kl
12 12 _ 12 Jp 12 7 A =1 (2'14)
Cis Dis jsinklia/(pc)  cosklia
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A B cos kl  pcsin kl
34 34 _ 34 Jp 34 ’ Ap =1, (2.15)

Csy Day jsinklss/(pc)  cosklsy

where [15 and l34 are the spacing between points 1-2 and 3-4. With the measured data
and the transfer-matrices equations (2.14) and (2.15) the four pole parameters for the

unknown system between points 2 and 3 are solved as follows:

A34(H32aH34a - H32bH34a) + D34(H32b - H32a)

o = Asi(Hyny — Hig) (2.16)

R e

023 _ (H31a - A12H32a)(A34H34b - D34) - <H31b - A12H32b)(A34H34a - D34) (2.18)
312A34(H34b - H34a)

D23 _ BS4(H31a - H3lb> - A12(H32b - H32a) (2.19)

BlgA34(H34b — H34CL) ’

where H;; = p;/p;, which are measured with ¢ and j are the measuring points 1-4. Ay, is

the determinant of the transfer matrix between point 3 and 4.
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3 Equations and implementation

In this chapter the numerical method used for the 3D cell approach is described and
further this method is extended with the implementation of the perforated connector.
Because of the advantages of the Finite volume method the simulation tool AVL Boost
is based on it. The modelling of perforations is based on the method proposed by G.
Montenegro et al. [23], which is the only available published solution at present. Two
parameters namely the friction factor f and the end correction coefficient v are taken into
account of the perforated connector. These are considered in the second subchapter.
The most complete mathematical description of the flow of fluids are the Navier Stokes
equations in three dimensions. They are very difficult to solve and it is possible to obtain
an analytical solution only for very simple geometries, so their practical relevance is
limited. Because internal stresses can be neglected - when the flow is far from solid surfaces
- this leads to the simplified Fuler-equations for inviscid fluids. These are commonly used
to study compressible flows at high Mach numbers. The fact that no boundary layer near
the walls need be resolved allows the use of coarser grids (cf. [16]). Because of high Mach
numbers also high Reynolds numbers occur which means the flow is said to be turbulent

or unsteady flow (see figure 21) where u(t) = u + '

u’(t)
#
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Figure 21 — Typical point velocity measurement in turbulent flow (cf.[37])

The described three-dimensional model is a staggered grid approach and it can be cou-
pled with one-dimensional models which is common practice as the flow through the
pipes, which connect the engine with the exhaust muffler, can be considered to be one-

dimensional. This is also applied for the simulations done in chapter 4.
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From 1D to 3D A fluid dynamic model must solve the spatial and temporal variations
of the flow. For this the set of hyperbolic differential equations (3.1), (3.2) and (3.3) are
solved by one dimensional non linear continuity, momentum, and energy equations. To
take into account the resistance which appears when the flow passes the walls of the pipes
a wall friction and heat transfer between the gas and the pipe walls is considered in the
formulation of the models cf.[17].

One-dimensional CFD-codes are already well established but since the plane wave
approach does not take into account the higher order modes the accuracy of these models
is limited. Another disadvantage is that prior knowledge of the acoustic behaviour of
muffler sections are necessary to model them correctly. With the generic 3D acoustic cell
element introduced in [4] it is possible to predict the acoustic behaviour of the muffler
based on its geometry only. Therefore a mesh of 3D cells based on the geometry of the

mufller is created.

3.1 Finite volume method

In general on the theory of the Finite Volume Method one can say that the solution
domain is subdivided into a finite number of contiguous control volumes by a grid which,
in contrast to the finite difference method, defines the control volume boundaries, not the
computational nodes cf.]16]. Control volumes are defined by a suitable grid where the
computational node is usually in the centre of the control volume. As seen in Figure 22
it is also possible that the boundary is on half way between two computational nodes.

However the first variant is used more often and is solely referred in this work.

— il - - - - - - -
f R f
i |
* L » +
: | E
L L ] L L]
’ . L .

Figure 22 — Types of Finite Volume grids: nodes centred in control volume (left) and control

volume faces centred between nodes (right)[16]
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In figure 23 typical staggered grid control volumes are shown:
The control volume for the solution of mass- and energy equation and other scalar
quantities is displayed on the left. The control volume for solving the momentum
equation in x and y direction for two dimensionality is displayed in the centre and

right.
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Figure 23 — Control volumes for a staggered grid: for mass conservation and scalar quantities

(left), for x-momentum (center) and for y-momentum (right) (cf. [16])

R

Figure 24 — Model of two 3D cells with connector

Every 3D cell has a certain volume and is connected to the neighbouring cell with a
connector also often called a port. In figure 24 the linkage between two 3D cells due to
one connector is illustrated, but the actual shape of a 3D cell is arbitrary. Just for better
illustration its rectangular. For the linkage between two adjacent 3D cells the normalized
velocity vectors U, 1 and U, r are needed as seen in figure 24. The subscript n, which

here stands for "normalized" is left out in all following formulas not to confound it with
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the time step superscript .

The total volume of the muffler is generated as a mesh of 3D cells with a reasonable
accuracy for the correct acoustic prediction. As mentioned before the solution of this
mesh of 3D cells is based on a staggered grid approach where the control volumes either
are defined over a volume or a connector, but the 3D cells themselves are spatially fixed.
The equations of mass and energy are solved at cell centres and the momentum equation
at cell connections or boundaries [4] [37]. Because the viscosity of the gas in the system
is very low it can be neglected and therefore the mathematic equations for unsteady flow
in a compressible fluid will lead to the Euler formulation for the Navier-Stokes equations.
Therefore the equations for continuity (mass conservation), momentum and energy in

coordinate-free form can be given as follows [17]:

dp . _
% + div(pU) = 0, (3.1)
3(5?) + div(pU x U) = —divp, (3.2)
% + div(pEU) + div(pU) = 0, (3.3)

where p stands for density, ¢ for time, U for the fluid velocity and F for the specific

stagnation internal energy. Equation (3.1) expressed in Cartesian coordinates leads to:

dp  9(pU;) dp  9I(pU.)  O(pU,)  O(pU.)
o " Tom, ot oz oy e U (34)

where z; (i =1,2,3) or (z,y, ) are the Cartesian coordinates and U; or (U,,U,,U,) are
the Cartesian components of the velocity vector U [16]. Equations (3.2) and (3.3) can be
handled in the same way. The continuity and energy equation integrated in time over the
volume leads to the following discretized form:

Ne

3 1 n AN
P =p +VZ peUlAY) (3.5)
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N¢ Nc
(0B)"" = (pB)" + o (S s EIUZAT + S piUrAY) (36)

c=1 c=1

where the subscript ¢ indicates the connector and N, is the total number of connectors
linked to the cell [4]. The superscripts n and n+1 indicate the actual and next calculation
time step. U, is the gas velocity at the connector oriented in a direction normal to the
connector (see Figure 24). A. is the connectors surface area. Both equations are solved
at the cell centres out of the summation of the values at the connectors - see figure 23
left, where the arrows indicate the incident or leaving intensive property. Different to cell
centre calculation the momentum and velocity are calculated at the connectors as follows
(see also figure 23 (center) (right)). Taking into account the balance between the pressure
force and momentum of the neighbouring cells, namely left and right cells the momentum

equation is solved as follows [4] [38]:

At
et =it | (g - tUg) + (ot - o) Ao 57 5.7)
where m = pU A is the mass flux through the connector and AL is the length between two
adjacent 3D cells. Once the momentum at the connector is calculated, the cell momentum
can be determined by summation of the momentum fractions of all connectors:

Nc

(PUV) cen = Z (PUA). AL, (3.8)

c=1

where AL, is the distance between cell centre and the connector. To obtain the momentum
fraction according to the actual cell the massflow at every connector is multiplied with

the corresponding distance AL..

Solution of the governing equation The three equations for mass conservation,
energy conservation and the momentum equation contain four unknowns p, U, p and

E. To solve the problem the ideal gas state equations are usually sufficiently accurate:

P_Rr and E=cT, (3.9)
p
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where R is the specific gas constant, T" the gas temperature and ¢, the specific heat

capacity at constant volume.

3.2 Implementation of the perforated connector

Also for the perforated connector the Euler formulation for the Navier Stokes equations
comes into account (equations 3.1, 3.2 and 3.3). Different is, that the wall friction factor is
introduced with a higher value compared to straight pipes, because it takes into account
the additional friction caused by the gas stream on the edges of the holes. Also an

appropriate mass end correction has to be considered.
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Figure 25 — Schematic of the perforated connector element [23]

The principle of the following description is mostly based on reference [23] so it is merely
referred if literally cited. For the perforated connector a control volume, which is valid for
a single hole of the perforation, is defined. Therefore it takes into account its diameter dj,
its wall thickness Lj and the end correction length Al so that the corrected wall thickness

1s:

Ley, = Ly, + 2Al (3.10)

Under the condition that the wall thickness and the hole diameter are much smaller than

the wavelength a hole will behave as a piston of air. The enclosed volume, built by the

34



hole diameter and the wall thickness, will push the air around both sides of a hole acting
as an extra mass attachment. This extra attachment is called mass end correction as seen
in figure 25 regarding to the fractions which are jutting out of the wall [39].

The end correction length is dependent on the hole diameter and independent of the wall

thickness. In its most fundamental form, first introduced by Rayleigh [40] it is written as:

2Al = 0.85d), (3.11)

The value 0.85 is the end correction coefficient «, which was also mentioned in chapter
2.3 where Sullivan and Crocker [5] proposed o = 0.75 . Ingard [41] established a more

accurate equation which takes into account the porosity o:

a=0.8(1—1.40) (3.12)

Rschevkin [42] and later Miiller [43] proposed an equation which is also valid for porosity
levels greater than 20 %:

a=0.8(1 —1.47\/o + 0.47V03) (3.13)
04 -
Raylsigh a =0.85
0g Montenegra etal. o =0.8
eeee O Onorati a=08 (1 - 8%) and o = 0.63 (26%)
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E o Ingard: a=0.8(1—-14y7)
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Figure 26 — End correction coefficient « in relation to the porosity
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Onorati found a = 0.63 appropriate for perforates with high porosity, where he just
referred to 26 % porosity level, and « = 0.8 for low porosities from 1-8 % (cf. [21] [18]).
All simulations in chapter 4 are done with a = 0.8 except for one example in chapter
4.2.1 for the single plug muffler where the behaviour of varying end correction length is
investigated. As seen in figure 27 where pressure loss results, through the double plug
muffler from chapter 4.2.2, show that no improvement of implementing equation 3.13 can
be made. The friction factor was set to f = 0.2 . The results accomplished with Rayleigh
correction length fit the 28 % case, but for 14 % and 7 % they show overestimated pressure
loss results. The results accomplished with Rschevkins correction length underestimate
the pressure loss for 28 % and 14 %, but overestimate the 7 % case. It might be assumed
that the resolution of the 3D cell meshes is too coarse so that the influence cannot be
investigated properly, or that further experiments are necessary to investigate the relation

between correction length, friction factor and porosity level.

Double plug muffler
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Figure 27 — Pressure loss with different correction lengths

The momentum equation (3.7) adopted for the single hole control volume, where 1y, = p, U, Ay,

is the mass flow through a single hole, becomes as follows:

N At
= it 4 (pLUgm — pRUZy o + D1 — pR) A = Bl (3.14)
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To obtain the whole mass flow through the connector the mass flow through one single
hole is multiplied by the number of holes through that connector. The velocities at the
left and right boundary of the control volume Ucy and Ucy g are interpolated values

(cf. figure 25 (right)) and calculated as:

sLepUnr + (ALL — %LC,h> Up, sLenUnr + (ALR - %Lc,h) U

U = U =
CV,L AL, » Ucvir ALn
(3.15)
The shear stress 7y as seen in figure 28 can be expressed as [17]:
L
_______________ -

Figure 28 — shear stress on the control volume

Equation 3.16 enables the surface force on the control volume to be represented as [17]

1
—EpUwadhdx (3.17)

Further the term Fj, in the momentum equation 3.14 where f is the friction factor is

determined as follows [17]:

2
Fh = dehﬂ' = (pUA)h|Uh‘fd—h (318)

In chapter 4 the friction factor f is varied and its influence on the acoustic and performance
results (pressure loss) is observed. Also the influence of the end correction coefficient «

on the acoustic results is investigated.
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4 Investigations of different muffler types

In this chapter several basic muffler types are investigated and simulation results are com-
pared to measurement results. For all muffler types comparisons of the transmission loss
are made. For the single, double and eccentric plug muffier also pressure loss simulations
are compared to measurements. Several factors which are influencing the accuracy of the

solution are investigated:

3D cell mesh accuracy

Spatial pipe discretization at the inlet and outlet pipe

Friction factor f

End correction coefficient o

Number of cycles

The non linear solver in Boost comprises a full engine simulation. One revolution of the
crankshaft is referred as one cycle. For all simulations the reference speed is set to 1200
rpm for a 4 Stroke engine.

For simple muffler types, like those presented in this chapter, at least 7 simulation
cycles are recommended to obtain accurate simulation results, therefore commonly 10 -
15 simulation cycles are used. Simulations with mean flow usually require some more
cycles than simulations without mean flow. For most of the test cases three different
mesh accuracies are tested with 3D cell side length of approximately 20 mm, 30 mm and
40 mm. Simulation results with the 30 mm mesh give the best congruence with measured
data for all tested muffler types therefore if not explicitly mentioned all simulations are
done with the 30 mm mesh.

The simulations of pressure loss are accomplished with 3 cycles. The inlet pressure
is increased stepwise to obtain the associated velocity in order to get the characteristic
curve. For all pressure loss simulations the results are not influenced by the mesh accuracy

or the spatial pipe discretization.
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Mesh generation

For the mesh generation the volume of the exhaust chamber has to be modelled out of a
certain amount of 3D cells. The 3D cell side length is an input parameter for the mesh
generation. In order to model the mufflers volume, diameter and total length correctly
the 3D cell side length is automatically varied a little bit. For example, if the input mesh
size is 30 mm and the length of the muffler is 256 mm, it will be modelled out of 8 cells
with a cell side length of 32 mm.

Unfortunately the meshing of the perforated pipe in Boost, at the present stage of
the development, is limited to one dimensionality, which means that the 3D cells are all
ordered in one straight line. It might be assumed that the accuracy for simulation results,
especially for non-concentric positioning of the perforated pipes in the exhaust chamber,

is limited.

Volume in perforated pipe

Figure 29 — 3D cell mesh for a simple through flow muffler

As seen in figure 29 the Volume is modelled as a mesh out of a certain amount of 3D cells.
The mesh in the upper part presents the outer chamber of the muffler, the set of 3D cells
in the lower part presents the volume inside the perforate pipe. To model the perforated

pipe the cells inside the pipe are connected with the chamber cells due to four perforated
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connectors in every perpendicular direction which is pictured in figure 30.
chamber

perforated pipe

Figure 30 — Scheme of a mufflers cross-section

System boundaries

For the simulation the system boundaries are modelled as an acoustic source at the inlet
pipe (SB1) and anechoic termination at the outlet pipe (SB2) of the muffler to set the
conditions for determination of the transmission loss as illustrated in figure 31.

The acoustic source is set to white noise perturbation with Ap = 0.5 mbar. With a
reference pressure level of pg = 20 u Pa for air, according to equation 4.1, this leads to a

sound pressure level of L = 128 dB.

L =20log (p%) [dB] (4.1)

For simulations without mean flow the mean pressure at the system boundaries are both
set to 1 bar. For simulations with mean flow the mean pressure at the inlet system
boundary is set to a higher value than the outlet system boundary to achieve the desired
Mach number (e.g. M=0.05 or M=0.1).

The inlet and outlet pipes which connect the system boundaries with the 3D cell mesh
are modelled as straight pipes which use the one-dimensional ENO finite volume scheme.
Those have as an input parameter the spatial pipe discretization which can be seen in

figure 32. For most of the tested muffler types it is set to 5 mm or 10 mm.
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Figure 31 — System boundaries set as acoustic source and anechoic termination for transmission

loss simulation

3D cell size

3D cell size

spatial pipe discretization spatial pipe discretization

3D cell mesh

inlet pipe ‘ ‘ outlet pipe

Figure 32 — 3D cell size vs. spatial pipe discretization
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4.1 Through flow mufflers

A through flow muffler consists of an empty expansion chamber where a perforated pipe is
connected to the inlet and outlet pipe (see figure 33 and 43). Two mufflers of different size
and volume are investigated. Simulations of the transmission loss are done and results

are evaluated and compared to measurements. All results are without mean flow.

4.1.1 Through flow muffler - short chamber

<+

. -th?mm

257mm

A
Y

Figure 33 — Scheme: Through flow muffler - short chamber

The chamber and the perforated pipe have a total length of 257 mm, the diameter of
the chamber is 200 mm, the perforated pipe diameter and the inlet pipe and outlet pipe
diameter is 57 mm. Simulations are done with different mesh sizes and friction factors.
As seen in figure 29 the Volume is modelled as a mesh out of a certain amount of 3D
cells. The approximate side lengths of the models with 126, 297 and 1001 3D cells are 40,
30 and 20 mm, respectively. The physical volume of the muffler is about 8 litres which is

modelled accurately by all the 3D cell meshes.

For the following results the geometry of the muffler remains the same, but the hole

diameter and porosity level of the perforated pipe is varied according to table 1.
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Pipe dp, Porosity | Thickness

3mm | 12 % 1.2 mm
4mm | 12 % 1.2 mm
5mm | 11 % 1.2 mm
8§ mm 13 % 1.2 mm

Tt = W N =

S5mm | 55% 1.2 mm

Table 1 — Perforated pipes physical data

Influence of spatial pipe discretization: In figure 34 the influence of the spatial
pipe discretization of the inlet and outlet pipe is shown. The best appropriate value for
pipe cell discretization for this case is 5 mm. With increasing pipe cell discretization the
overestimation is further increasing. For 10 cycle simulation the required computational
time for 5 mm pipe discretization is the longest. All simulations in figure 34 are done
with 10 cycles.

Through flow muffler - 257mm - dh=4mm - 12% porosity

40mm - Calculation time: 82 sec
30mm - Calculation time: 74 sec
20mm - Calculation time: 80 sec
10mm - Calculation time: 106 sec|
Smm - Calculation time: 192 se
Measurement

40

304

20+

Transmission Loss (dB)

0 500 1000 1500 2000
Frequency (Hz)

Figure 34 — Test case with pipe 2 - different spatial pipe discretization of the inlet and outlet

pipe
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Influence of mesh size: Simulation results with different mesh accuracies are shown
in figure 35 and compared to measurement. It can be noted that the 30 mm mesh has less
deviation concerning the frequency shift of the peak at around 1800 Hz than the 40 mm
mesh. This frequency shift can also be observed at the second minima at around 1380 Hz
and appears at all simulations. So it can be expected that the accuracy increases with
finer meshes. Due to numerical miscalculations, which could not be investigated within

the scope of this thesis, the 20 mm mesh gave worse results than the previous meshes.

Through flow muffler 12% dh=4mm - different cell sizes
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Figure 35 — Test case with pipe 2 - different mesh accuracies

Results and discussion

Figures 36 - 39 show transmission loss results with different perforated pipes according
to table 1 with the 30 mm mesh. Results are compared to measurement and simulation
results from the research report by Y. Guo |39|. Measurements where done at the Acous-
tic Competence Centre (ACC) in Graz which now is named Virtual Vehicle Competence
Center (ViF). Simulations using the "Elnady model" [31], which uses a certain impedance

model, where done by Y. Guo with Boost Linear Acoustic calculations.

It can be seen that the model is able to capture higher order mode effects. The first
higher order mode would be at ka = 1.84, which gives a cut off frequency at approx-

imately 1000 Hz. The product of k the wavenumber and a the radius of the chamber
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Figure 36 — Test case with Pipe 1 Figure 37 — Test case with Pipe 2
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Figure 38 — Test case with Pipe 3 Figure 39 — Test case with pipe 4

is referred to as the Helmholtz number. As discussed in chapter 2.4 above the cut off
frequency at ka = 1.84 the plane wave theory may be inadequate to describe the perfor-
mance of the chamber (cf.[34]). For the present muffler type which is an axial symmetric
configuration the first circumferential mode is not exited but the first radial mode at
ka = 3.83 at around 2090 Hz is excited. Therefore the peak at around 1700 Hz is particu-
larly increased. This can be observed at the simulation results done with Boost 3DCells.

In contrast Boost Linear Acoustics with the impedance model by Elnady [31] can not

capture the higher order mode effect.

At figure 40 the frequency range is extended to 3000 Hz. Simulations with different

porosity levels are done with the same hole diameter. At a porosity level of 50 % the
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behaviour is very similar to that of an empty expansion chamber and it can be assumed
that, despite the already known frequency shift, the prediction is correct because typical
for the acoustic behaviour the damping is decreased above the cut off frequency of the
first radial mode (m=0, n=1). At 20 % porosity the peak at around 1800 Hz appears from
the influence of the perforated pipe, which is an emprovement of the damping behaviour.
This peak is shifted to lower frequencies with decreasing porosity level as the arrows in

the figure indicate.

Through flow muffler - 257mm
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Figure 40 — Simulations with different porosity levels

Simulation results with different temperatures at figure 42 show how the whole characteris-

tic curve shifts to higher frequencies when simulated with higher gas and wall temperature.

For all test cases the influence of the friction factor is as follows:
- In the frequency range from 0 - 700 Hz no significant difference..
- From 700 - 1300 Hz the transmission loss is increased with greater friction.

- The peak maximum is lower with high friction factor, that means peaks are smoothed
with higher friction factors. This can be clearly see in figures 36, 38, 39 and 41,
but results in figure 37 do not clearly show the same behaviour for the peak. This

might be due to numerical instabilities.

For all simulation results a friction factor between f = 0.05 - 0.15 seems fit best to the

measured transmission loss.
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Through flow muffler - 5,5% - dh=5mm
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Figure 41 — Test case with Pipe 5

4.1.2 Through flow muffler - long chamber
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Figure 43 — Scheme: Through flow muffler - long chamber

2000

To analyse the behaviour of the present muffler, which has a smaller diameter and a

longer chamber length as the previous example (cf. figure 33), also simulation results

of the transmission loss are compared to measurements. Different hole diameters and

porosity levels of the perforated pipe, as listed in table 2, are investigated. To distinguish

from the previous examples here the pipes are labelled with capital letters.

The measurements for the present muffler type where all taken from Morel et al.|44]

conducted at room temperature. The measured transmission loss ranges up to 3000 Hz.

Influence of mesh size For the simulations three different cell sizes are tested. Cell

sizes of approximately 20 mm, 30 mm and 40 mm yield to 428, 170 and 72 3D cells respec-
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Pipe dp, Porosity | Thickness
A |63mm | 40% 1.6 mm
B 4 mm 4.7 % 1.6 mm
C |32mm 3% 1.6 mm
D |24mm | 1.7% 1.6 mm

Table 2 — Perforated pipes physical data

tively. Each mesh captures the volume and diameter of the muffler volume accurately. As

seen in figure 44 all different meshes give good results up to 1100 Hz. Above that value the

predicted maximums and minimums are shifted to lower frequencies and as for the short

chamber example the most accurate prediction is given with the 30 mm mesh. Moreover

it can be noticed as also seen in figure 45 that in the range at 1500 Hz to 3000 Hz the

30 mm mesh predicts the overall damping level whereas the 40 mm mesh is overpredicting

this level. Unfortunately the 20 mm mesh has similar numerical miscalculations as the

previous muffler type as seen in figure 35.

does not deliver any usable results as also observed for the previous muffler.
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Figure 44 — Test case with pipe A - high porosity - different 3D cell sizes
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Through flow muffler 305mm - 3% porosity
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Figure 45 — Test case with pipe C - low porosity - different 3D cell sizes

Results and discussion

In figures 46, 47 and 48 simulations were done with different friction factors. For best
possible prediction the 30 mm mesh was used. As the arrows indicate with increasing fric-
tion factor f the transmission loss increases but for the peaks at around 1500 Hz (figure
46), 1400 Hz (figure 47) and 1600 Hz (figure 48) the transmission loss is decreasing with
increasing friction factor. This smoothing effect was also observed for the through flow
muffler with the shorter chamber. Further it can be seen that the damping behaviour is
getting worse with decreasing porosity. Several peaks at around 1700 Hz, 2300 Hz and
2900 Hz are also predicted with a frequency shift to lower frequencies. For simulation
results here a friction factor about f = 0.1 fits the measurements best.

Figure 49 illustrates simulation results with different porosity levels and its influence on
the transmission loss behaviour. Beginning with 80 % which would be very similar to an
empty chamber the porosity level is decreased down to 3 %. The graph shows for the
80 % case that the second circumferential mode at 2921 Hz is excited (m=2, n=0). With
decreasing porosity level this higher order mode peak is shifted to lower frequencies as
the red line indicates. This leads to the assumption that the peaks at around 1500 Hz in

figures 46, 47 and 48 are a shifted version of the second cicumferential mode.
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Through flow muffler 305mm - 4,7% porosity
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Figure 48 — Test case with pipe D
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4.2 Plug mufflers

The acoustic performance without mean flow and with mean flow of four plug muffler
configurations are investigated. The tested muffler types are a Single plug muffler, Double
plug muffler, Eccentric plug muffler and a Two chamber eccentric plug muffler. For the
first three muffier types also the pressure loss is investigated. Experimental measurements
of the transmission loss and pressure loss are taken from reference ICSV 15 [35], except
the measurements for the "two chamber eccentric plug muffler" which are done at AVL
Graz. For the single plug and the eccentric plug muffler some transmission loss results are
also compared with one-dimensional simulation results done with "AVL BOOST Linear
Acoustics" [1]. As for the through flow mufflers simulations with different friction factors
for the perforated connector are done and commented.

Simulation results with flow are accomplished as the mean pressure at system boundary
1 is at a higher level than the mean pressure at system boundary 2, so that a pressure

difference causes a flow through the muffler and the according Mach number is achieved.

4.2.1 Single plug muffler

The inner diameter for this muffler is 197 mm, the length is 205 mm, the inner diameter
of the perforated pipe and the inlet and outlet pipe is 57 mm. This is pictured in figure
50. The perforated pipe is separated in the middle with a plug of 15 mm length, so that
the steaming air flow is forced through the perforation. Two different porosity levels for
the perforated pipe are investigated: 5% porosity with d;, = 5 mm and 12% porosity with

dp, = 4 mm.

—  ooosoSooo PoosossSsSosT
[elelolelolelole] [elslelelolelele]
- -----00000000-§OCCEEE0E - - - -
OO0 C0O0C00 [slelelelalelate]

205 mm !

Figure 50 — Scheme: Single plug muffler [35]
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In figure 51 the 3D cell mesh model in Boost is shown. It consists of 224 3D cells for the
cavity and 14 cells straight in a line for the perforated pipe. The approximate sidelength
of the mesh / 3D cell is 30 mm. Other meshes with 20 mm and 40 mm also have been
tested, but with worse results for the transmission loss, comparable to those obtained for
the through flow muffler in chapter 4.1.

The sum of all 3D cells model the total volume of the muffler accurately. Each cell of

the perforated pipe is connected to the surrounding cavity due to four perforated elements.

Figure 51 — Single plug muffler model (Boost GUT)
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Results and discussion

Pressure loss: As also the performance of the muffler is of interest pressure loss mea-
surements are compared to simulations with different friction factors. To find out the best
matching friction factor those simulations are done before acoustic simulations. As seen
in figure 52 for different porosity levels a friction factor between f=0.25 and 0.3 fits the

measurements best.

Single plug muffler

Measurement 5%
5% - f=0,3 .
5% - f=0,25 5%
| EEr— Measurement 12%
[ " 12% - =25

[y pE— 12% - 0,175
12% - =03

‘ 40
Velocity (m/s)

Figure 52 — Measurement vs. simulation for 5 % and 12 % porosity with different friction

factors

Transmission loss: To find out the best size for spatial pipe discretisation of the inlet
and outlet pipe, different values are tested as seen in figure 53. 10 mm give the lowest
overprediction and the smoothest result. Also the computational time is the shortest in
this case. This does not agree with results from chapter 4.1, see figure 34, where the
computational time is increasing with smaller pipe discretization.

In figure 54 the influence of the end correction length coefficient «, which is influencing the
imaginary part of the perforated impedance, is shown. It can be seen that the damping
is decreasing slightly and the higher order peak is shifting to higher frequencies with

decreasing .
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The influence of the plug in the middle of the perforate pipe on the damping behaviour
is seen in figure 55. For low frequencies up to 850 Hz the transmission loss is lower with
the plug, but above 1100 Hz the transmission loss is improved with the plug. This might
be due to the increased dissipative character when the sound waves are forced through
the perforation. The improvement in sound attenuation has its drawback in the increase
of the pressure loss across the muffler.

Single plug muffler - 5% porosity
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Figure 53 — Influence of different spatial pipe discretization and the according calculation times

with 10 cycle simulation
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Figure 54 — Influence of different end correction length coefficients o with constant friction

factor
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5 % porosity
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Figure 55 — Influence of the plug for zero mean flow M=0

Simulations of the transmission loss, with friction factors corresponding to the results from
pressure loss simulations, are compared with measurements in figure 56 for 5 % porosity
and in figure 57 and 58 for 12 % porosity. In figure 58 the 3D cell simulation result is
compared with a one-dimensional simulation result carried out with "AVL BOOST Linear
Acoustics" [1]. It can be observed that the higher order mode peak is captured with the
3D cell approach, even if shifted in frequency, but with the one-dimensional approach it
is not captured.

According to simulation results the friction factor has more influence for the simula-
tions with flow and the lower porosity case with 5 % porosity than to 12 %. Simulation
results without mean flow (M=0) for both porosity levels give good agreement with the
measured data up to 850 Hz. Aboth this frequency the damping is overpredicted and
due to the limiting accuracy of the mesh size (30mm mesh) (compare also to the 40mm
mesh figure 54) a frequency shift occures as already observed for the through flow muffler
in chapter 4.1. As mentioned before best results where done with a 3D cell size of 30
mm. Unfortunately a more accurate mesh size of 20 mm does not lead to a more accu-
rate solutions. For all simulations it seems like a friction factor around f=0.25 fits the

measurements best.
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Single plug muffler - 5% porosity
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Figure 57 — Test case with 12 % porosity
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Single plug muffler - 12% porosity - M=0
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Figure 58 — Comparison 1D linear acoustic with 3D cell approach

Higher order mode effects: Due to the concentric geometry the first circumference

3,83¢

mode is not excited but the first radial mode at f = =7

where c is the speed of sound
and D the diameter of the chamber would lead to a frequency f=2123 Hz. This value is
valid for empty chambers, however for mufflers with perforated pipes this peak is shifted
to lower frequencies. This can be observed for the 12 % porosity muffler in figure 57 at
around 1900 Hz for the no flow case for both measurements and simulation results. For
the flow case the measurement is just valid up to 1200 Hz, but the simulation also shows
up with a smoothed peak. This also can be observed later for the eccentric plug muffler in
chapter 4.2.3. For the 5 % porosity muffler this first radial mode is expected to occure at
an even lower frequency but because it is very likely overlapped with the second maximum
it is not obviously visible in the result. This can be observed at figure 59 where simulations
with different porosity levels are compared to each other. As mentioned before the peak

of the first radial mode is shifting to lower frequencies as the porosity decreases.
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Figure 59 — Simulation results with different porosity levels
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4.2.2 Double plug muffler

The double plug muffler consists of two single plug mufflers in a row which are separated
due to a 2 mm thick wall. The total length of the muffler is 257 mm, the chambers
diameter is 197 mm, the inner diameter of the perforated pipe an the inlet and outlet
pipe is 57 mm. The hole diameter dj, for all porosity levels is 4 mm and wall thickness of

the perforated pipe is 1.2 mm.

66 mm 51 mm 54 mm 54 mm
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Figure 60 — Scheme: Double plug muffler [35]

Comparison of the double plug with the single plug muffler leads to the following state-

ments:

- Due to the increase of volume the attenuation behaviour is increased.

- The fluid flow has to pass approximately double the amount of perforates, therefore
the pressure loss is increased. For approximately the same pressure loss as for the
single plug muffler the porosity has to be much higher. This can be seen when
comparing the pressure loss for 12 % porosity in figure 52 for the single plug muffler

with the pressure loss for 28 % porosity for the double plug muffler in figure 64.

- Resonance frequencies cannot be calculated as for a simple expansion chamber. The
damping behaves more like the summation out of the damping behaviour of the two
chambers, which can be seen in figure 62. Though the drops in the summation at
the marked areas in the graph do not occur from the summation but are typical

characteristics of the double plug muffier.
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Figure 61 — Double plug muffler model (Boost GUT)
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Figure 62 — Summation of the attenuation in chamber 1 and chamber 2 with 7 % porosity level

of the perforated pipe without mean flow
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Double plug muffler - 7% porosity
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Figure 63 — Influence of the spatial pipe discretization, all results with f = 0.15

The 3D cell mesh consists out of 264 3D cells where the outer chamber is modelled with
256 cells and the perforated pipe with 8 cells. The approximate sidelength of the mesh
is 30 mm and the spatial pipe discretization is 5 mm for all simulation results. This is
compared to other values of the spatial pipe discretization as shown in figure 63, where
the results with 5 mm give the less fluctuation and the less overprediction. The drop at

around 250 Hz is best captured with 30 mm pipe discretization. Unfortunately this effect

could not be investigated further within the scope of this thesis.

Results and discussion

Pressure loss: The comparison of measurements with simulation results with different
friction factors can be seen in figure 64. Simulation results with a friction factor of f = 0.2
give good agreement with measurements for a porosity level of 28 %, but for 14 % it is
slightly overpredicted and for 7 % even more. For 14 % a friction factor between f = 0.15

and 0.2 and for 7 % between f = 0.1 and 0.15 would fit the best the measurements.
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Figure 64 — Measurement vs. simulation for 7 %, 14 % and 28 % porosity with different friction

factors
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Transmission loss: In figures 65 - 67 result with different porosity levels without flow
and with flow are shown. The spread of simulation results with flow and with different
friction factors is much higher for low porosity levels. It can be seen that transmission loss
simulations show the best agreement with measurements with the same friction factors

as for the pressure loss simulations.

For simulation results with flow for the 7 % porosity case the simulation results with
a friction factor between f = 0.1 and 0.15 would fit the measurements best, whereas for
the 14 % porosity case the fricton factor would be between f = 0.15 and 0.2. For the
28 % porosity case the friction factor does not have that great influence, but at the drop

around 250 Hz it can be seen that f — 0.2 would fit the measurement best.

For simulation results without flow the transmission loss is predicted very well and
the friction factor does not have that great an impact on the results as the simulations
with flow. Above 1300 Hz the solution shows an overestimation of around 10 dB for all

porosity levels without flow.

For all results the minimum at 1400 Hz is captured with a frequency shift to lower fre-
quencies whereas the drop at around 250 Hz is captured quiet well for the higher porosity

level but for the 7 % case it is not captured entirely.

The required number of cycles for all porosity cases for the no flow case is 10 cycles
which requires about 5 - 6 minutes calculation time, whereas the flow case simulation
requires 30 cycles, with a calculation time about 15 minutes, for an accurate solution. It
can be seen that for 7 % porosity even more cycles would be required whereas for the

higher porosity levels 30 cycles were sufficient.

In general the transmission loss and pressure loss increase with decreasing porosity level

of the perforation.
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Figure 65 — Test case with 7 % porosity
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Figure 66 — Test case with 14 % porosity
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Figure 67 — Test case with 28 % porosity
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4.2.3 Eccentric plug muffler

The eccentric plug muffler consists of a chamber with two perforated pipes which are
applied asymmetrically to the chamber. The perforation is constant for the whole length
of the pipes. Flow is forced out through the perforated holes of the inlet pipe and in
through the perforated holes of the outlet pipe before exiting the outlet pipe itself [35].
Two different porosity levels for the perforated pipes are tested 5 % and 12 %.

257 mm 2197 mm

Figure 68 — Scheme: Eccentric plug muffler [35]

Figure 69 — Eccentric plug muffler (Boost GUT)
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Results and discussion

Pressure loss: Simulations for the 5 % case show good agreement with a friction factor
of f = 0.25 which also is in the range of the single plug and double plug muffler. A
considerable discrepancy is observed for the pressure loss simulation for the 12 % case. A

friction factor of f = 0.055 would fit the measurement best.
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Figure 70 — Measurement vs. simulation for 5 % and 12 % porosity with different friction

factors

Transmission loss: In figure 71 simulation results with different cell sizes are shown.
For an approximate 3D cell side length of 40 mm a mesh out of 136 cells is required to
model the muffler’s volume. For 30 mm 331 cells, which is shown in figure 69, and for
20 mm 918 cells. In table 3 the computational times for the different meshes are listed
for a 10 cycle simulation. The peak at around 800 Hz is not captured accurately by any
of the different meshes. Different to all the examples before with increasing cell size the

peak is shifting to higher frequencies (cf. figure 35, 45 and 54). One possibility is that
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the limitation of the one dimensionality of the perforated pipes is limiting the accuracy
for the eccentric plug muffler due to the diagonal flow direction through the perforated

pipes.

mesh accuracy | number of 3D cells | spatial pipe discretization | computational time

40 mm 136 10 mm 33 sec
30 mm 331 10 mm 2 min 30 sec
20 mm 918 20 mm 13 min

Table 3 — Computational time for different 3D mesh accuracy for 10 cycle simulation

Eccentric plug muffler 5% - M=0

50

Measurement
f=0,15 - 20mm

40 720,15 - 30mm
£=0,15 - 40mm

Transmission Loss (dB)

0 500 1000 1500 2000
Frequency (Hz)

Figure 71 — Influence of different mesh size accuracies

The 30 mm mesh simulations with different spatial pipe discretizations deliver results as
seen in figure 72. All results show an underestimation of the transmission loss. This is
different to all simulation results obtained from the previous muffler types which usually
overpredict the transmission loss. The behaviour that with smaller pipe discretization the
damping decreases is constant with previous accomplished simulation result from other

muffler types. Computational times for different spatial pipe discretizations are listed in

table 4.
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Eccentric plug muffler 5% - M=0,1
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Figure 72 — Influence of the spatial pipe discretization

3D cell side length | spatial pipe discretization | computational time
30 mm 5 mm 7 min
30 mm 10 mm 4 min
30 mm 30 mm 4 min

Table 4 — Computational time for different spatial pipe discretization for 15 cycle simulation
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Comparing the 5 % case with the 12 % case simulation it can be seen that the spreading
of the curves with different friction factors is much higher with 5 % porosity, hence the
friction factor has more influence when the porosity is low. This can be seen clearly for
the simulation with flow in figures 74 and 76. It also can be seen that the same friction
factor which fit best to the pressure loss results also fit best to the transmission loss
results. E.g. the 12 % case, which is an exception because a very low friction factor of f
= 0.055 would fit best to the pressure loss results, also fits the measurement best for the
transmission loss with the same friction factor. Further in figures 73 - 76 the results from
the 3D cell approach are compared to simulation results obtained with one-dimensional
BOOST Linear Acoustics [1]. The 1D approach obviously shows poor prediction of the

transmission loss above around 700 Hz, where the 3D cell approach delivers much better

results.
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40
] Measurement
35 f=0,3
] f=0,25
30 f=0,15

________ lingar acoustic - 1D
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. ‘ ‘ . . . . T ‘ . . . ‘ . ‘ ; .
i 500 1000 1500 2000
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Figure 73 — Test case with 5 % porosity - without mean flow
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Figure 74 — Test case with 5 % porosity - with mean flow
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Figure 75 — Test case with 12 % porosity - without mean flow
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Figure 76 — Test case with 12 % porosity - with mean flow
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4.2.4 Two chamber eccentric plug muffler

A more complex eccentric plug muffler is investigated. It consists of two chambers which
are separated by a solid wall. The connection between those two chambers is created
by the inlet and outlet pipes which are extended so that they reach into both chambers.
Both pipes have two perforated sections with a high porosity at around 24 % and a plug
at the end of the pipes. The flow is seperated in two streams where the first goes into
the first chamber from perforation 1 to perforation 3 and the second one in the second

chamber goes from perforation 2 to perforation 4.

161 Qutlet

$=197
Inlet

=57

25| |<—154 1—52—>I

L=240 * L=264

R s

Figure 78 — Two chamber eccentric plug muffler in Boost
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Mesh generation: The generated mesh consists out of 585 cells where a single 3D cell
is approximately 30 mm. As seen in figure 78 the perforated sections/pipes are pulled out
of the chambers mesh and in figure 79 a more detailed view of how the perforations are
modelled is shown. The perforations 1 and 4 with a length of 60 mm are modelled out of
two 3D cells whereas the perforations 2 and 3 with a length of 70 mm require three cells.
Each cell has four perforated connectors which connect the pipe to the outer chamber.
The pipe sections which connects the two chambers are modelled as simple pipe elements

with the appropriate diameters and lengths.
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Figure 79 — detailed view of the modelling of the perforated sections

Results and discussion: The characteristic high damping level in the low frequency
range from 200 Hz to 500 Hz comes from the chambers volume. Because of its separation
into two chambers the maximums and minimums correspond to those chambers and the
total transmission loss is more an overlap of the two chambers. As for the double plug
muffler; also a drop at around 100 Hz can be observed for both the flow case and the

no flow case. This low frequency drop is shifted to higher frequencies whereas over 400
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Hz the simulation results shift to lower frequencies. This might be due to the limited

accuracy of the generated mesh.

Simulations are done with three different friction factors f = 0.15, 0.2 and 0.3. For
all simulation results a friction factor between f = 0.15 and 0.2 seems to be appropriate.
Even for the flow case at M = 0.1 the friction factor does not have that much influence
as in the previous examples. This can be explained by the high porosity level of the
perforated sections and because the perforated areas are not that large.

It is conspicuous that in the frequency range from 200 Hz - 500 Hz and also for the
peak at around 800 Hz the damping is increasing with decreasing friction factor.

Concerning the required cycles and calculation time the following is observed. For the
no flow simulations 10 cycles are sufficient which requires around 9 minutes with a spatial
pipe discretization of 10 mm. A decrease of the spatial pipe discretization to 5 mm has
not lead to further improvement of the results but the calculation time is increased to 18
minutes. Simulation with flow requires approximately 1 minute longer.

For simulations with mean flow and with 10 cycles the result were very unstable hence
simulations with mean flow were done with 25 cycles which require a calculation time of

22 minutes.
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Figure 80 — Test case without mean flow
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Figure 81 — Test case with mean flow - M = 0.1

75

1200



5 Conclusion

5.1 Summary

The observations made from the transmission loss and pressure loss simulations of different
muffler types, all containing perforated pipes, have come to the following conclusions.

The value of the friction factor is not constant for all muffler types but it can be stated
that for perforations where the exhaust gas flow is mainly grazing the perforation, which is
for through flow mufflers, the friction factor is between f = 0.05 - 0.15. For perforations
where the exhaust gas flow is forced to stream through the perforations, which is for
plug mufflers, the friction factor is between f = 0.15- 0.3 . In other words the friction
factor has to be set to a lower value for through flow mufflers and to a higher value for
plug mufflers. For muffler examples for which pressure loss measurements were available
(single plug, double plug and eccentric plug), the same friction factor which is valid for
the pressure loss simulation, also is valid for the transmission loss simulation.

Changing the end correction coefficient o causes the higher order mode peak to shift
in frequency. This peak shifts to higher frequencies with decreasing «. It also influences
the pressure loss as with shorter end corrections, that means smaller values for a, the
pressure loss is decreased. Usually the end correction coefficient is set to e = 0.8 , which
is commonly used as a standard value for perforations.

Further the 3D cell size (discretization of the mufflers volume) has influence on the
accuracy of the acoustic results, but nearly no influence on pressure loss results. As also
observed for simulation results in foregone research [4] the transmission loss is predicted
with a frequency shift to lower frequencies for all tested muffler types. This frequency
shift decreases with smaller cell sizes and therefore the accuracy is increasing. Decreasing
the 3D cell size from 40 mm to 30 mm leads to improvements for the accomplished results,
whereat the calculation time increases with finer mesh dicretization.

Different spatial pipe discretization of the inlet and outlet pipe, which uses the one
dimensional solver, also affects the accuracy and calculation time. Higher frequencies are
affected more than lower frequencies. Several values are tested whereat 5 mm and 10 mm
give best results, since the transmission loss is usually overpredicted and smaller pipe

discretization yields to lower transmission loss especially above several hundred hertz.
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It can be stated that with adequate parameter settings the transmission loss and
pressure loss of automotive exhaust mufflers with perforated pipes can be predicted very
good for low frequencies, but further improvements are necessary to enhance the accuracy

for higher frequencies.
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5.2 Outlook

Further investigations and developments on the subject are suggested, which are:

e Find a 3D cell size or rather a mesh size so that the frequency shift of the transmis-
sion loss might be avoided. Therefore the first step would be to solve the problems

which occur with the 20 mm mesh.

e At present the modelling of the perforated pipe volume is limited to single cells
arranged in a row. It is assumed that the accuracy especially for diagonal flow
direction through the perforated pipe will increase with three dimensionality within

the volume of the pipe.

e Implementation of an impedance model which distinguishes between grazing flow
and through flow, which might be achieved with comparing the surrounding velocity
vectors with the velocity through the perforation. This might lead to a solution

where the friction factor could be kept constant.

e Further investigation on the behaviour of the end correction length coefficient «,
especially concerning the distinction between grazing flow and through flow same

as for the friction factor.

e Extension of the 3D cell solver to consider absorptive material behind the perforations

to extend the simulation possibilities of the 3D cell approach.

e The present solution is solved in the time domain iteratively. One aim is to find a
direct solver in the frequency domain for the 3D cell approach to shorten calculation

times.
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