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Transmission losses of various reactive silencers are predicted, using a time accurate finite
difference method. The numerical scheme is the 3rd order upwind scheme for axisymmetric
Euler equations. Main advantage of the present method is that it can simulate linear and non-
linear wave propagation phenomena in a flow field directly with minimum numerical oscillation
errors. The special treatments of incident wave condition, i.e. multiple harmonics of the trans-
parent acoustic condition are applied to the transmission loss prediction for calculation effici-
ency. For the validation of the present approach, circular expansion chamber silencers without
mean flow and an exponential pipe with mean flow are simulated in case of linear incident wave.
The computed transmission losses have quite good agreements with those of the others. The
nonlinear incident wave case is also investigated to check the usefulness of this method. The
periodic /N wave is clearly captured without numerical oscillation errors, and the insertion losses
of two different incident frequencies are compared.
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1. Introduction

Various numerical methods have been devel-
oped to describe the acoustic field in silencer and
to predict the silencer performance. The calcu-
lation and analysis of sound attenuation charac-
teristics are the foundation of designing reactive
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silencers. It is practically important in optimal si-
lencer design to predict the acoustic performance
of a silencing system accurately with various ef-
fects such as complex geometry, higher order mode,
nonlinear waves, temperature gradient, and arbi-
trary mean flow gradient. Not only the convec-
tion, but also refraction, generation, and scatter-
ing of acoustic energy are known as the mean
flow effects. The numerical methods developed so
far can be just partly considered those kinds of
mean flow effects.

The transfer matrix method based on plane
wave theory has been widely used in one dimen-
sional analyses of the silencer, and transfer ma-
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trices for various types of silencer elements also
have been obtained (Munjal, 1987a). Various semi-
analytic methods using the eigen function series
and the matched boundary condition are devel-
oped considering the higher order modes and/or
axial mean flow gradient (Munjal, 1987b ; Abom,
1990 ; Kim et al., 1990 ; Easwaran and Munjal,
1992). Boundary element method and finite ele-
ment method in frequency domain is also applied
to the silencer performance prediction (Ji et al.,
1994 ; Tsuji et al., 2002). Time accurate methods
such as a method of characteristics and FDM
(Kim and Lee, 2001) have been introduced to
simulate the acoustic field. Time accurate ap-
proach produces its solution in the same way as
that of experiment, so that it can be helpful to un-
derstand the physical phenomena, especially tran-
sient state and nonlinear physics in the space and
time domain.

Objectives of this study are to establish the pre-
diction procedure using a time accurate finite dif-
ference method of Euler equations for the silenc-
er performance analyses and then to validate the
accuracy and usefulness. The rotational, inviscid
and compressible flow including acoustic waves
can be directly simulated by using Euler equa-
tions. The advantages of this approach rely on the
direct consideration of arbitrary mean flow gra-
dients, higher order modes, linear and nonlinear
waves, flow-acoustic interaction and even com-
plex geometry effects. The numerical schemes for
Euler equations are extended straightforwardly to
the Navier-Stokes equations also. In this study,
the conventional higher order upwind scheme,
so-called Roe’s upwind scheme (Hirsch, 1990) is
applied as starting point for this approach. In
this study, the multiple harmonics of transparent
acoustic conditions (Hwang and Lee, 1995) for
the incident wave conditions and the calculation
process for transmission loss prediction are newly
applied.

To validate the present approach, two different
shapes of circular expansion chamber silencer are
solved. Both cases are considering linear incident
waves and no mean flow gradient. However, the
extended inlet and outlet tubes are considered
in one of both cases. Then the transmission loss

calculation in an exponential pipe with complex
mean flow gradient is carried out with two differ-
ent mean flow Mach number conditions. Finally
the nonlinear incident wave case is investigated to
check the usefulness of this approach.

2. Governing Equations
and Numerical Algorithm

The strong conservative forms of unsteady com-
pressible axisymmetric Euler equations in gener-
alized coordinates are employed as the governing
equations in this study. The 2nd order Runge-
Kutta method is used for the temporal discretiza-
tion of the governing equation, and the 3rd order
MUSCL (Monotone Upwind Schemes for Con-
servation Laws) type Roe’s upwind finite differ-
ence, i.e. node based formulation is applied for
the spatial discretization (Hirsch, 1990). The tan-
gency condition is applied along the internal wall
surface. The nonreflecting boundary condition for
outlet and acoustic source condition for inlet are
employed to simulate the wave propagation in a
silencer.

2.1 Nonreflecting boundary conditions

Thompson’s boundary condition (Thompson,
1990) is applied for nonreflecting boundary con-
dition. At the inlet or outlet boundary of £=
const as shown in Fig. 1, the wave can be consi-
dered as one dimensional so that,

0, W+ 10:W=0 (1)
where

SW= (WA, 6Wh, OWh, SWi) T
=(8p—08p/ % Oqr, Sp+0cdgn, SD—p0cdqn) T

/T:Diag%, Je, 23, Ae)
=Diag<qn,4n, gntec, qn_C> <2>

Qn:f?xu‘l'éyv, Qtzgyu_ng

E=E/VEAE. 6=6/VEE

where o is a gas density. # and v are the gas ve-
locity components in x and y respectively, and ¢
is local speed of sound. Eq. (1) can be decom-
posed into incoming and outgoing parts based on
the directions of the eigenvalue, A,
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Fig. 1 Computational domain and schematic drawing for a circular expansion chamber silencer without
extended inlet/outlet (L/7,=2, 7»/7a=3, va/7e=1)

0 W |t Al 0e W =0 (3)
aQW |0ut +AA |outa§W:O (4>

For example, the eigenvalues A, A and A corre-
spond to the incoming part and A, to the outgoing
part at the outlet. To be a nonreflecting bound-
ary, fl|m is set to zero. So, the values of incoming
characteristic variables remain unchanged at the
boundaries. So, we can rewrite Egs. (3) and (4)
as,

0c. W =0 (5)
6’T§W |out: _ﬁloutaéw (6)

In Eq. (6), — A|oud: W are calculated by one sid-
ed difference. Then Egs. (5) and (6) are integrat-
ed in time along with the interior values.

2.2 Transparent acoustic source conditions

The term, 0, W |» in Eq. (3) should be spec-
ified by the specific value using appropriate rela-
tions to make the incoming wave equivalent to a
sound source. First, we use the plane wave rela-
tions, which is valid in stationary or uniformly
moving medium :

Oz p=cw cos (w7)

aran: i3r$p/pc
(+, right going, —, left going)  (7)

argqt :0
31502 arep/ CZ

At the inlet, Egs. (5) and (6) can be rewritten as,
az'é VI/1 |m:azép—az$p/02=0
815 W, |in:815Qt =0

0z Walin=0z.0+ 0C0r.qn+0 ®)
Or Walin=—40: Wi
At the outlet
0re Wilous=—A10: WA
az'é W, |out =—/e0: W2
9)

aré Ws |out: _/haéW3
aré VV4 |out:ar€p_ pcarEQn#:O

These source conditions are called by transparent
acoustic source (Hwang and Lee, 1995), which
permits the nonreflecting property for outgoing
wave at the boundary on the source side. This
condition is useful for the prediction of trans-
mission loss directly. The reflected wave, R is
not reflected at the inlet again if this condition
is applied at the inlet as shown in Fig. 1. To get
a transmission loss more efficiently, the multiple
harmonic source condition in Eq.(10) is em-
ployed, so that the transmission loss with respect
to incident wave frequencies can be predicted not
from the multiple calculations of each single inci-
dent wave frequency, but from only one calcula-
tion of multiple harmonic incident waves.

8r5p=eigf(i27rAf) cos{(227Af)t}  (10)
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3. Results and Discussion

In this study, the length and time scales are
nondimensionalized by the characteristic length
of L and L/&,, where &, is the speed of sound in
the flow at rest. The angular frequency, @, which
is the dimension of inverse time, is nondimen-
sionalized by (/o). Here, tilde, ~ means a
dimensional quantity. The frequency is defined as
@=2xf. If L is 0.1(m) and &, is 340(m/sec),
the nondimensional f=0.5 is about 1.7(kHz).
If the peak amplitude of acoustic source, € is
0.00001, it corresponds to about 90 dB in SPL
(sound pressure level). If  is 0.1, it is about 170
dB in SPL.

3.1 Linear incident wave without meanflow
The characteristic length is chosen as the length
of expansion chamber, L as shown in Fig. 1. The
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transmission loss is defined as below
TL=10logw(|I|/|T|)? (11)

where I, T are peak amplitudes of the incident
and the transmitted waves at the corresponding
frequency. I is the known value and T is calcu-
lated using FFT of the time history of acoustic
pressure at outlet.

The circular expansion chamber silencer with
no extended inlet and outlet as shown in Fig. 1 is
analyzed firstly. Grid system consists of 2 blocks
and number of points of each block are 185X13,
93 X 23 respectively. The multiple harmonic trans-
parent acoustic conditions are applied at the in-
let and the nonreflecting boundary condition at
the outlet to avoid reflection at exit of the trans-
mitted wave, T. The amplitude of incident wave,
€ is 0.00001. Time step, Ar is 0.001 and Af is
0.05. Fig. 2 shows the normalized acoustic pres-
sure (=p'/e=(p—po)/€) contours in the space-
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Fig. 2 Normalized acoustic pressure in the space-time domain for a circular expansion chamber silencer

without extended inlet/outlet along the symmetric axis (y=0) (---- negative value,

positive value,

contour level interval Ap'/e=0.1) (a) f=0.5 (b) f=1.15
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time domain along the symmetric axis (y=0) and
shows the wave propagation and reflection pro-
cess. Fig. 2(a) shows the incident wave propaga-
tion through the expansion chamber at the speed
of sound with the minimum loss. However, (b)
shows most part of the incident wave is reflected
at the starting (x=—0.5) and ending (x=0.5)
points of an expansion chamber so that the stand-
ing wave pattern could be shown in the inlet duct
(x<—0.5) and the amplitude of transmitted wave
is small (x>0.5). And the standing wave pattern
can be clearly found in the expansion chamber
region at the maximum loss frequency, f=1.15.
Time histories of acoustic pressures at the inlet
(x=—1) and the outlet (x=1) are shown in Fig.
3(a) and TL is shown in (b). The calculated 7L
has good agreement with semi-analytic results
(Munjal, 1987b). Sharp right angle corners at the
abrupt area changes make the sharp peak in Fig.

3(b) at f=1.15 in semi-analytic calculation. How-
ever in this approach, the numerical wall bound-
ary condition makes sharp right angle corners
be a little rounded like the real corners so that the
present TL at sharp peak of semi-analytic results
is under predicted and has even better agreements
with the experimental results, which the next
results clearly show.

Next, the circular expansion chamber silencer
with extended inlet and outlet as shown in Fig. 4
is analyzed. Grid system consists of 2 blocks and
number of points of each block are 222X 8, 153 X
16 respectively. The amplitude of incident wave, &
is 0.00001. Time step, Az is 0.001 and Af is 0.05.
Time histories of acoustic pressures at the inlet
(x=—0.734043) and the outlet (x=0.734043)
are shown in Fig. 8(a) and 7L is shown in (b).
The calculated 7L has quite good agreement with
semi-analytic results (Abom, 1990) and even better
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outlet) (b) transmission loss
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agreement with experimental results (Abom, 1990).
It could be resulted from that the effect of the fi-
nite thickness and rounded tip of the extended
edges due to the numerical wall boundary con-
dition makes better present results than semi-
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analytic results.

3.2 Linear incident wave with mean flow at
two different mach numbers
First, we need the steady state solution of the

L,
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Computational domain for a circular expansion chamber silencer with extended inlet/outlet (L/7,=

23.5, L1/ 7a=3.72, L2/ 74=5.58, 7u/7a=3.49, va/7.=1)
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internal flows to consider the mean flow effect in
this approach. Then, incident waves are applied
to the steady mean flow converged by a machine
error to obtain the time history of the transmitted
wave. The exponential pipe silencer with slight
area change is selected for the benchmark prob-
lem as shown in Fig. 6. The radius r is defined as
below.

y= 7,be{log(ra/rz,)(x—xs)/(xe—xs)}

(12)

where x5 and x. are starting (x=—0.7) and end-
ing (x=—0.3) points of expansion, respectively.
Grid points are 201 X 12. Fig. 6(b) shows the con-
vergence history. The fluctuation of the steady
state solution seems to be a machine error. Fig. 6
(c) shows the steady state mean flow pressure con-
tours calculated, using the same numerical meth-
od. Fig. 6(d) and (e) show cross flow gradient
as well as axial flow gradient of the steady state
mean flow which makes the convection and re-
fraction, respectively. Most of semi-analytic and
boundary element methods have difficulties to

deal with a cross flow gradient effect. One of the
advantages of the present method is that it can
directly consider the arbitrary flow gradient.

In this case, Az is 0.001 and Af is 0.1. The
following three cases are calculated ; no mean
flow, mean flow Mach number 0.1 and mean flow
Mach number 0.3. The amplitude of incident wave,
€ is 0.00001. Fig. 7 shows the calculated 7L of
each case compared with the semi-analytic results
(Easwaran and Munjal, 1992). The calculated
TL has quite good agreements. In low frequency
range, 7L seems to be affected by mean flow gra-
dients due to the refraction, especially in the case
of mean flow Mach number 0.3. High frequency
waves seem to be a little affected by mean flow
gradients and expansion chamber due to the small
area change.

3.3 Nonlinear incident wave

Finally the nonlinear incident wave case is in-
vestigated to check the usefulness of the present
approach. We use 0.1 as the amplitude of incident
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Fig. 6 Grid system and steady state solution of the exponential pipe silencer with mean flow Mach number

0.3 (Li/L2=1.5, v/ 7va=2, L1/7o=12) (a) grid system (b) convergence history (c) pressure contours
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wave, € to see the nonlinear effect clearly. Previ-
ous study (Kim and Lee, 2001) showed the noise
level near a valve of internal combustion engine
is around 10 to 15% of the ambient pressure. It
is known (Witham, 1974) that a sinusoidal finite
wave becomes the periodic /N wave as it propaga-
tes along the pipe due to the nonlinear hyperbo-
lic characteristics. Most of linearized approaches
have difficulties to simulate nonlinear wave pro-
pagation. The length of inlet duct is extended suf-
ficiently to produce the periodic weak shock, i.e.
N waves. We select the insertion loss (/L) as a
major parameter to analyze the sound attenuation
characteristics of the silencer, because 7L is in-
appropriate for the performance representation
in case of N waves which contain many higher
harmonic components even for single harmonic
incidence. Single harmonic acoustic source is ap-
plied rather than multiple harmonics because it is
easy to investigate the frequency effect. The IL is
defined as below

IL.=10 10g10< | Tstraight |/| Tsilencer | )2 (13)
where Tsiraigne and Tsiencer are peak amplitudes
of the transmitted waves without and with silenc-
er at the corresponding frequency. Grid points are
401X 12 and Az is 0.001.

Figure 8 shows the computational domain and
pressure contours of two different frequency cases,
ie. 0.5 and 0.75 that are one of minimum and
maximum 7L frequencies for linear incident wave,
respectively. Fig. 8(b) and (c) show the weak

shock formed clearly and higher order mode in
the expansion chamber. Fig. 9 shows pressure con-
tours of f=0.5 case in the space-time domain.
Fig. 9(a) shows pressure contours of a straight
pipe case. The mechanism of the periodic N wave
formation is clearly shown and nonreflecting bound-
ary condition is working well even for the weak
shock. Fig. 10(a) also shows time histories of the
periodic N wave. Fig. 9(b) and (c) show pressure
contours of an exponential pipe silencer case. The
stationary state in this case could be achieved
after £=200 because it spends long time that all
transient waves in the duct propagate outside the
computational domain. Contours of stationary
state solution show that the considerable amount
of incident waves are reflected at x ~—0.5 and
the reflected wave, R becomes the weak shock as
it propagates backward. So, a periodic abrupt
change can be found in acoustic pressure time his-
tory at inlet as shown in Fig. 10(b). The am-
plitude of transmitted wave is also quite large and
it looks there is a little effect for sound attenua-
tion. However, the calculated /L as shown in Fig.
10(c) explains that the component of f=0.5 is
transmitted with minimum loss, however higher
harmonics have considerable losses so that the
transmitted wave recovers the sinusoidal pattern
rather than NV pattern. Basically, similar phenom-
ena can be observed in f=0.75 case. However,
the insertion loss is smaller than that of f=0.5
because the pressure time histories at the outlet
in Fig. 11(b) show nearly weak shock due to
lots of transmission of higher harmonics. We can

Transmission Loss(dB)
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Transmission loss of an exponential pipe silencer (

15

Easwaran and Munjal (1992) (mean flow Mach

number 0.1), A no mean flow, O mean flow Mach number 0.1, © mean flow Mach number 0.3)
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not conclude yet a reactive silencer can reduce
the periodic weak shock noise effectively, how-
ever we can say the present approach can be an
analysis tool for such a kind of silencer from this
study.

4. Conclusions

The time accurate finite difference method for
axisymmertic Euler equations is applied to the
performance prediction of a silencer. The follow-
ing conclusions have been drawn from this study :

(1) The silencer performance prediction proce-
dure, using a time accurate finite difference meth-
od of Euler equations, is established. It can be
reasonably efficient using a multiple transparent
acoustic source conditions in case of linear inci-
dent waves.

(2) The prediction accuracy of the present meth-
od is validated in two different shapes of circular
expansion chamber, and two different mean flow
conditions in the exponential pipe silencer. Espe-
cially, the results of present method have better
agreements with the experimental results than semi-
analytic results.

(3) The present method clearly captures the N
wave in nonlinear wave propagation without nu-
merical oscillation errors, and can predict the si-
lencer performance in terms of an insertion loss.
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