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ABSTRACT

The influence of temperature and the associatediegraon the acoustic attenuation performance tfraative dis-
sipative mufflers is studied in detail by a multidinsional analytical approach based on the modehmat method.
To account for the variation of temperature witktie absorbent material, a segmentation proceducerisidered
with a number of dissipative regions with differdmnit axially uniform temperature. The techniquapglied to dissi-
pative reversing chamber mufflers, including thesence of an absorbent material. For validatiopgmes, the ana-
Iytical predictions are compared with numericalca#dtions based on the finite element method, shgwi good
agreement. While the temperature does not modéytrdnsmission loss of reactive mufflers if thaoraif the fre-
guency to the speed of sound is considered ashthssa, an influence is found for dissipative murhtions, at
least with the models of impedance and wavenumbeetly available in the literature for absorberdterials. In
addition, the effect of temperature gradients antthnsmission loss of some selected configuraimatidied.

INTRODUCTION

The presence of non-homogeneous properties in duuds
mufflers is known to modify their acoustic atteriaatper-

formance. These spatial variations can arise, f@mple,

from uneven filling processes in dissipative muflg1,2],

non-uniform mean flow fields [3] and temperaturadijents
[4]. In the latter case, several works can be fouvitere the
influence of temperature and the associated grelikas
been modelled and analysed in reactive muffler§].[3t

appears, however, that temperature effects foripditee

mufflers containing an absorbent material remaindéd in-

vestigated. The objective of the present work entto ana-
lyse the sound propagation in dissipative configans in-

cluding the presence of high temperature and astsacgra-
dients. The technique considered focuses on thelfivogl of

circular dissipative reversing chamber mufflers fjy means
of a three-dimensional closed-form analytical apptobased
on the mode matching method. Finite element priedistare
also provided for validation purposes. The inflernaf a

number of parameters on the acoustic attenuatioforpe

ance is then analysed, including the effect of enafure and
its gradient.

MATHEMATICAL APPROACH
Configuration under analysis. Acoustic fields

Figure 1 shows the geometry of a circular dissigatevers-
ing chamber muffler. As can be seen, a temperaagient
exists. The total length is divided into an entrance region
(air) of lengthL, and N dissipative regions with associated

valuesL, Ly, ..., Ly and homogeneous and isotropic acoustic
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properties, evaluated at temperatlf(e: (T; + Tiw)/2, for
i=1,2,..N

The sound propagation is governed by the Helmhexiza-
tion [8]

V’P+x2P=0 1)

whereP is the acoustic pressurg? the Laplacian operator
and « the wavenumber, given by

k,= o/c, ducts I 11,1
K=q -

k=w/t ductsi =1, 2,..N
ko being the wavenumber for the aik, the wavenumber

associated with the absorbent material locateegioni, o
the angular frequency, anc, and ¢ the corresponding

speeds of sound. For a circular duct, the presmamde writ-
ten as [9]

)

P(r,p,2)=RP+R

© . . v (3)
=ZZ(A:me—kanz+ B:nnéng) l//mn( r) gime

m=0n=0

+ZZ(A;n [ = ékm"z) wolT) €

m=1 n=0

where A and B are modal amplitudes associated with the
incident and reflected waves, respectivetyg( 2) are cylin-
drical coordinates and the tranversal magg(r) is given by
the Bessel function of the first kind and orderJ,,
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Figure 1. Geometry of a circular dissipative reversing cham
ber muffler with temperature gradient.

The axial wavenumber

kmnzi\//cz—(amn/R)z (4)

is calculated from the rooty,, satisfying the rigid wall
boundary condition’ (e = O.

The axial particle velocity is obtained from the momentum
equation [9]

jpwU=—2—P 5)
Z

where the density is provided by

Po ducts 1,11, 1l (6)
P=9 :
ol ductsi =1, 2,..N

The combination of Egs. (3) and (5) yields

U(r,p,z)=U,+U,

1 (& . . , )
2_(2 z kmn(Ar;ne_kanZ_ Banékmnz) 4 ml( r) e

PO\ m=0n-0

33 k(A B ) (1) €

m=1 n=0
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Pressure and velocity conditions

These conditions can be written as follows. Foretagansion
and contraction, located at the left side of théfliemu

P(r.¢.z=0)=R (rp,z=0 onS (8)
Pi(r.@.2=0=R (r.p.2=0 ong )
U, (r.@.2=0)=U, (rp.z=0 on$S (10)
U, (5.4 ,2=0)=U, (re.z=0 on$ (11)

For the rigid left plate the velocity condition is
U, (r..z=0)=0 on§, -$- 8 (12)

The pressure and velocity conditions at the petéarglate
can be expressed as

U|||(r'(D’ZzLO):Ul(r’(D’Zl:O) OnSII (13)
Um(ri(p’z:Lo) (14)
=P|”(r,(p,Z:|.0)— Fl)(r’(ﬂquo) on'§

7 1

p

At the interface between dissipative regiorsdi + 1, con-
tinuity of acoustic pressure and axial velocitgigen by

F{(r,(p,;=|.-r)= I?+1( I’,(/J,Z+1=0) on %I (15)

U (r¢.z=L)=U,(rpz,=0 ons, (16)
fori=1,2,...N-1.

Finally, at the right end plate

Uy(r.e.zy=L,)=0 on§, (17)

Mode matching method

The calculation of the modal amplitud&s B* for the ducts
I, 11,111, 1, 2, ..., N requires the generation of a suitable alge-
braic system of equation. The mode matching tectenjq] is
then applied, considering first the continuity okgsure at

the inlet, Eq. (8). This is multiplied by, .(r,)€"” ,t=0, 1,
2, .., thaxands =0, 1, 2, ...,Snax and integrated oves,
giving

LR(a.2=0p (1) e &

= _[3 R (ryq)'z:o)l//l,ts(")élw' ©

(18)

The same procedure is applied again to Eqg. (8)h wit
v, ‘s(rl)e*iwl 1=1,2, . thaxands =0, 1, 2, ... Snax Yield-

ing
LR(.a.2=0y (r)e" &

= L R (r,¢12=0)l//|,ts(r)ém &S

(19)

ICA 2010



23-27 August 2010, Sydney, Australia

For the pressure at the outlet, Eq. (9) is muii'qbliby
Yos(n ) t=0,1,2, . thyands =0, 1, 2, ....Snas

and integrated oves,, prowdmg

Lm0 () e -
(R (0201 @

With v, ()€™ t=1,2, .. tpands =0, 1, 2,
Smax the expressions derived from Eq. (9) are

J.Si Pll (rll ’(AI ’Z= O)I//II, ts(ﬁ )eﬁjt(mI CB (21)
2,[ Il (i‘ ¢, Z= O)I//II ts(n )e_jmI &

Egs. (10), (11) and (12), associated with the vglamondi-
tions at the left side of the muffler, are multtmli by
W”HS( )eﬂw t=0,1,2, .. . thaxands =0, 1, 2, ...,Snax and

integrated ovel§, S, andS, - S, — S, respectively. Then,
the integrals are added, giving

-LU' (r' 4 ’ZZO)WIII, ts(r) ev &
- 'Li U (r” A ’Z:O)l//lll, ts(r) e &

= SuU”I (r,(ﬂ,zzo)‘//ni, ts(r)eiw &

(22)

The previous procedure, with, (r)e”” , t=1, 2, ... ,tnax

ands =0, 1, 2, ...,Snas iS applied again to Egs. (10), (11)
and (12), which yields

jSU' (r' e ,Z:O)(//"I' ts(r) e &
* J‘Si Ui (i’” A ,Z=O)1//m, ts(r) elv B

= LH U, (rt(ptz:o)l//lll, ts(r) e &

(23)

The integrals associated with Egs. (18)-(23) cae\zduated
analytically considering the properties of the Befigactions
in combination with Graf's addition theorem [9,10].

For the perforated plate, and in view of the orthwality
properties of the Bessel functions [10], the coritjnuf ve-

locity expressed by Eq. (13) leads, for 0, 1, 2, ... tnhaxand
s=0,1,2,...5ma 10

(/20 ) (A€ - B €*") (24)
:(Izlts/:b)( p{r,ts_ BI,[S)

and fort=1, 2, ...,thaxands =0, 1, 2, ... Snas
(k...,is/po)(m, ] isék's“’) (25)

=(Ks/P)( A~ Bred)

The pressure- velocity relationship given by Eq.)(%ilds,
fort=0,1, 2, ...tnaxands =0, 1, 2, ... Snax

Aii,ts R (Zp Kil, tS/(RJ a))—l) (26)
- 3J|r|,1seik15|_0 (Zpkil, ts/(ﬁb a))+])=—( '??ts'*‘ gts)
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and fort=1, 2, ...,thaxands =0, 1, 2, ... Snax

Aii ts gl (Zp KII, ts/(/% w)_l) (27)
B||| tse]k'SLo (Zplﬂi, ts/(/% w)+])=_( éV,ter Efts)

At the interface between dissipative regiorendi + 1, for

i=1,2,..N-1,the continuity of pressure expressed by
Eq. (15) yields fot =0, 1, 2, ....thaxands =0, 1, 2,

Smax:

Ats ‘s + B|+ts éK ok - A+1ts+ +1ts (28)
and fort=1, 2, ...,thaxands =0, 1, 2, ... Snas

Ats ‘s + BI_tS éK ok - Ai_+l,ts+ B_ﬂ,ts (29)

Considering again the interface between dissipatgensi
andi + 1, fori =1, 2, ...,N- 1, the continuity of velocity
given by Eq. (16) yields for=0, 1, 2, ... tnaxands =0, 1,

i ] Sﬂaﬁ

('zits/:[)i)(Ats Tt BtséKBL‘) (30)
( |+1ts/p|+1)( +1ts 3++1t5)

and fort=1, 2, ...,tnaxands =0, 1, 2, ... Snas

(Izi ts/l&i)(A_ts e_jkms " - 3_,15 ékms L|) (31)
( |+1ts/p|+1)( Ay~ B|7+1ts)

Finally, the right end plate condition defined byg.H17)
provides, fort =0, 1, 2, ... tnaxands =0, 1, 2, ... Snax

Bl o= Ay e P (32)

and fort=1, 2, ...,thaxands =0, 1, 2, ... Snas

Bus= A & 2t (33)

The system associated with Egs. (18)-(33) is catedl with
the truncationMmyay = tmax @Nd Nmax = Smax AlSO, an incident

plane wave is considered as acoustic excitatigfy,=1
while an anechoic termination is imposed at thelebut
Pai = 0 (A/,,=0 for all m and n). A final system of

2 (N+ 2) 2thaxt 1) Gnax+ 1) equations is then solved, pro-
viding the modal amplitudes in all the ducts shawifrigure

1, B, B A, . B A B, A B,. A B- The attenuation,

calculated via the transmission loss, is given by

- i (34)
=-20I
Og( R J

RESULTS AND DISCUSSION

Reactive mufflers

First, a circular reactive reversing chamber mufifeconsid-
ered for illustration purposes, with the absencealuforbent
material and perforated plate. The relevant gedoatdi-
mensions are detailed in Table 1. The calculatarescarried
out with tax = Smax = 5 modes, which guarantee an accurate
prediction of the acoustic behaviour [9].
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To obtain a good attenuation performance, the isleentred
and the outlet is offset and located on the nomhal bf the
mode (0,1), at a distan@dg = 0.6276R, = 0.05648 m from
the centre [9]. This “optimum” offset extends theoastic
performance beyond the asymmetric higher order miode
(2,0) and (2,0) (with associated frequencies 11G7 ardd
1836 Hz, respectively, for 15°C) and also the awisyetric
mode (0,1), with 2304 Hz.

Table 1. Geometry of reactive muffler
Geom. R,R;(m) Ry(m) Lo(m) 6 (m)

oy (m)
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o) )

Zo = pg G being the characteristic impedance of the airRnd
the steady airflow resistivity, with the valu@s= 4896 rayl/m
andR = 1000 rayl/m at room temperature for packing dens
ties of 100 kg/mand 42 kg/my respectively [7,13]. The co-
efficientsa;, i =1, 2, ..., 8, are given in Table 2.

(36)

Table 2. Coefficients for Owens Corning’s fibre

1 0.02 0.09 0.25 0.0 0.056

=l o) a3 u as 8 a7 g

0.18897 0.595 0.16 0.577 0.09534 0.754 0.08504 20.73

Figure 2 shows the transmission loss curves debiate a
function of frequency. The expected shift towardghhfre-
qguencies is found as the temperature increases.

60

401

TL (dB)

201

1600 2400

Frequency (Hz)
Figure 2. TL of circular reactive reversing chamber muffler,
geometry 1: , T=15°C; , T=2300 °C.

0 800 3200

Figure 3 shows the same attenuations, now ploteal fanc-
tion of the normalized frequendycy(T ). Both curves appear
overlapped, as expected. Thus, with a single caicul at a
known temperature, the acoustic attenuation pedaga can
be evaluated for a wide temperature range.

60

The acoustic impedance of the perforated platalisutated

by [12]
¥ 4 IZJ F(U)D
Z, k (37)

whered, denotes the hole diameteg,the thicknesso the
porosity and=(o) accounts for the interaction between perfo-
rations. Here the following expression is considdfie]

F(0)=1-1055/5 + 0 1(\/5)3+ 0 03(5\/5)5

[0.006+ jko[tp +0. 425dh(

Z,=2,

o

(38)

Table 3 provides the details of the dissipativefigomation
under consideration. The geometry is basically laimb the
reversing chamber of Table 1, now including a regidth
absorbent material of length, = 0.25 m and a perforated
plate characterised by the valuhs= 0.0035 mf, = 0.001 m
ando = 0.25.

Table 3. Geometry of dissipative muffler

Geom. R,R;(m) Ry(m) Lo(m) Li(m) o (m) &y (m)

2 0.02 0.09 0.25 0.25 0.0 0.056

401

TL (dB)

201

0

4‘47 7‘,05
Frequency/c (1/m)
Figure 3. TL of circular reactive reversing chamber muffler,
geometry 1, considerinfgcy(T) as the abscissa:

,T=15°C;+ + + 4 T =300 °C.

0 235 9.4

Influence of temperature in dissipative configura-
tions

A circular dissipative reversing chamber mufflef [§ now
considered (see Figure 1 for details), withe 1 and uniform
temperature in all the regions involved (I, Il, dhd 1). For
the absorbent material (Owens Corning’'s texturifiede
glass roving), a modified version of the model preed by
Delany and Bazley [11] is used, where the chartielim-

pedanceZ =5 & and the wavenumbet=w/¢ are expressed

e o)

f Py
R

(35)

Figure 4 shows the transmission loss curves depiate a
function of frequency. Calculations have been edrout for
15 °C and 300 °C (uniform temperature in all thgiames
involved I, II, lll and 1). In the latter case (300), two situa-
tions are analysed. On one hand, Egs. (35)-(37decthe
effect of temperature via the valuesZgf py andk, evaluated
at T = 300 °C, but neithea; nor R are modified (and the
valueR = 1000 is used). On the other hand, the influesfce
temperature is taken into account #y oy andkg and it is
also extended to the resistivigby the expression [14]

#(T)
/I(To)

R(T)= R(T) (39)

whereu is the dynamic viscosity of the air and the teraper
turesT, Ty are in Kelvin. The approximate valie= 1636
rayl/m is obtained fol = 300 °C if the valu® = 1000 rayl/m

is associated witlT = 15 °C. As can be seen in the figure,
both calculations aT' = 300 °C exhibit the expected shift
towards high frequencies in comparison with thednais-
sion loss at room temperature (blue line). Comjgtine
attenuations at = 300 °C (red and black lines), this associ-
ated with the adapted resistivity (black line) pd®s higher
relative minima and lower relative maxima, as expe¢7].
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Figure 4 also includes a validation of the anabftiesults
(for the configuration with T = 300 °C ail= 1636 rayl/m),
obtained by a numerical calculation based on thitefiele-
ment method (FEM), considering 10-noded tetrahedial

ments with an approximate element size of 0.01 malyki-

cal and FEM results are essentially identical, witerlapped
curves throughout the entire frequency range afrést, thus
providing a validation for the analytical procedure

30

201

TL (dB)

10

0 800 1600 2400 3200
Frequency (Hz)

Figure 4. TL of circular dissipative reversing chamber muf-

fler, geometry 2: , T=15°C,R= 1000 rayl/m: ,

T =300 °CR = 1000 rayl/m: , T=300°CR=1636
rayl/m; + + + + T = 300 °CR = 1636 rayl/m, FEM.

Figure 5 depicts the transmission loss shown infgi@, now
plotted as a function of the normalized frequefcdgy(T ).
The behaviour observed in Figure 3 for a reactivefigura-
tion is not present for the dissipative configuras, since the
overlapping does not longer hold, mainly in the lamd mid
frequency range. Therefore, a specific calculatsorequired
for each temperature, at least under the hypothesteb-
lished in the current investigation and with thedeis of
impedance and wavenumber currently available inlitem-
ture for the absorbent material. More experimeotais re-
quired to provide further information related tospible
variations of coefficients; as the temperature increases.

30

201

TL (dB)

10

0 235 4.7 7.05 9.4
Frequency/c (1/m)

Figure 5. TL of circular dissipative reversing chamber muf-
fler, geometry 2, considerirfgcy(T) as the abscissae——,
T =15 °C,R=1000 rayl/m: , T=300°CR=1000
rayl/m;———, T = 300 °CR = 1636 rayl/m.

Temperature gradients

Tables 4 and 5 show the details for the consideraif tem-
perature gradients within the absorbent materia¢ [Eft side
of the absorbent material is at temperaflire 300 °C, while
the value associated with the right siddjis; = 100 °C. This
temperature gradient, higher than the values faanduto-
motive applications, is used for illustration puspe. For
geometries 3 and 4, the number of segments witfoumi
temperature i®l = 2 andN = 3, respectively. For comparison,
geometry 2 (see Tables 3 and 5) is also includ¢demesults
shown in Figure 6 for two cases: (1) with uniforemipera-
ture (300 °C) in the absorbent material and (2hwitsingle
segment at temperatuTI:q: =200 °C.
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In all the cases, uniform temperature is assumetefpons |,

Il and Il (air), with an associated valdle= 300 °C. In each
segmenti, the absorbent material is characterised by Egs.
(35) and (36), with the valu&, py, kg andR at temperature
'I:i, the resistivity being calculated via Eq. (39).eTperfo-

rated plate is not included in this section, tlsatZipzo.

Table 4. Geometry of dissipative mufflers

Geom. R,R;(m) Ry(m) Lo(m) Li(m) Ly(m) Lz(m)

0.02 0.09 0.25 0.25/2
0.02 0.09 0.25 0.25/3

0.25/2 0.0
0.25/3  0.25/3

Table 5. Temperatures associated with the regions (°C)

Geom. T, T, Ts T, T, T, T,

2 300 100 - - 200 - -
3 300 200 100 - 250 150 -
4 300 233.3 166.7 100 266.7 200 133.3

As can be observed in Figure 6, the presenceahpdrature
gradient slightly modifies the acoustic performafteom-

parison with the case of uniform temperature. Ttiece of

this gradient, however, is accurately predictechwétsingle
segmentN = 1, since the use ™ = 2 andN = 3 produces
nearly overlapped curves, with only very slightiggons in

the attenuation. Therefore, if the temperaturalfielnot uni-
form within the dissipative region, the use of aBrage tem-
perature is accurate enough for calculating theustoo at-

tenuation performance, at least for the values spatial

distribution assumed in the current work.

30

TL (dB)

0 800 1600 2400 3200
Frequency (Hz)

Figure 6. TL of circular dissipative reversing chamber muf-
fler, T, =T, =T, =300 °C:+ + + + geometry 2, uniform
temperature——, geometry 2N =1, T~1 =200 °C; ,
geometry 3N = 2, T, = 250 °C,T, = 150 °C; . geome-
try 4,N=3,T, =266.7 °CT, = 200 °C,T, = 133.3°C .

CONCLUSIONS

A multidimensional analytical approach based on riazle
matching method has been presented for the acaustigsis
of circular dissipative reversing chamber mufflaith tem-
perature gradients. To account for the variatiorteofipera-
ture within the absorbent material, a segmentgtimtedure
has been considered with a number of dissipatigions
with different but axially uniform temperature. Thesults
provided by the analytical technique have been eoeth
with numerical calculations based on the finite nedat
method, showing a good agreement.
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For reactive mufflers, the acoustic attenuatiomas influ-
enced by the temperature if a representation asctién of
the normalized frequendy/co(T ) is carried out, with all the
transmission loss curves being overlapped, as &gbec
Therefore, a single calculation at a known tempeeeagllows
the calculation of the acoustic attenuation pertoroe for a
wide temperature range.

The previous comments cannot be applied, in genéval
dissipative mufflers, at least with the models mpedance
and wavenumber currently available in the literatfor ab-
sorbent materials. In this case, and with the Hypses estab-
lished in the current investigation, a specificcoddtion is
required for each temperature. Further experimiemtais
needed to provide additional information relatedh® influ-
ence of temperature in the properties of absorbeterials
used in the exhaust system of internal combustigimes.

Concerning the influence of temperature gradierttgese
have been shown to slightly modify the attenuatiortom-
parison with the case of uniform temperature fifdd the
configuration under analysis (circular dissipatineversing
chamber mufflers) and for the gradient values assum
within the absorbent material. To provide an aceupzedic-
tion of the gradient influence, a single segmetnhhe aver-
age temperature between both sides of the absanmetial
has been found to be enough, even for the highevah#
sumed for the temperature gradient.
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