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A theoretical study of passive control of duct noise using panels
of varying compliance

Lixi Huang
Department of Mechanical Engineering, The Hong Kong Polytechnic University, Kowloon, Hong Kong

~Received 8 June 1999; revised 25 October 2000; accepted 9 March 2001!

It is theoretically demonstrated that, in a duct, a substantial amount of sound energy can be
transferred to flexural waves on a finite wall panel when the upstream portion of the panel is made
to couple strongly with sound. The flexural wave then loses its energy either through radiating
reflection sound waves or by internal friction. The effectiveness of the energy transfer and damping
is greatly enhanced if the panel has a gradually decreasingin vacuowave speed, which, in this
study, is achieved by using a tapered membrane under tension. A high noise attenuation rate is
possible with the usual viscoelastic materials such as rubber. The transmission loss has a broadband
spectrum, and it offers an alternative to conventional duct lining where a smooth air passage is
desired and nonacoustical considerations, such as chemical contamination or cost of operation
maintenance, are important. Another advantage of the tapered panel is that, at very low frequencies,
typically 5% of the first cut-on frequency of the duct, sound reflection occurs over the entire panel
length. This supplements the inevitable drop in sound absorption coefficient, and a high
transmission loss may still be obtained at very low frequencies. ©2001 Acoustical Society of
America. @DOI: 10.1121/1.1369108#

PACS numbers: 43.50.Gf, 43.20.Mv, 43.20.Tb@MRS#
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I. INTRODUCTION

We are interested in devising a mechanism of broadb
passive control of duct noise without using porous me
such as glass wools or perforated metal sheets. Porous m
have been the backbone of almost all dissipative noise ab
ment techniques~Beranek, 1992!. When air is forced into the
pores or cavities by sound, substantial viscous friction occ
between air and solid structures, typically fibrous and o
mized to have the maximum surface contact area with
The performance of a porous noise absorber is closely
lated to its ability to cause pressure loss to the mean flow.
air duct is often split into small channels with lined walls a
the normalized flow resistance is usually over unity@Ingard
~1994!, p. 2-1#. If the flow speed is high, such lining ma
also cause extra noise. In addition, dusts get into pores e
and have to be cleaned periodically, which obviously co
tributes to the maintenance cost of building ventilation s
tems using porous linings. There are also places, suc
operation theatres, where high hygienic requirement forb
the use of such materials. In fact, there are already pu
concerns of bacteria breading in the ventilation systems
ordinary commercial buildings equipped with central air co
ditioning systems. The use of porous material for noise
heat insulation purposes in the ventilation pipeworks is
lieved to contribute to an indoor air quality which is ofte
worse than outdoors. The other problem of using porous
fibrous materials for sound absorption is that its performa
degrades towards low frequencies, such as below 200 H

To deal with the low-frequency noise and to avoid t
disadvantages associated with the rough surfaces of po
materials, two types of membrane sound absorbers w
smooth surfaces have been developed in the past. Ford
McCormick ~1969! described an earlier type consisting
layers of thin membranes, such as 0.2 mm aluminum she
2805 J. Acoust. Soc. Am. 109 (6), June 2001 0001-4966/2001/109
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stacked at a certain distance from one another. They are
in broadcasting studios, concert halls, etc. Fuchs and his
leagues developed another type of membrane absorber~Ack-
ermannet al., 1988! in which a perforated thin plate is glue
to an all-metal honeycomb structure forming an array
Helmholtz resonators. The device shows two resona
peaks relating to the Helmholtz resonance and the reson
of the cover plate, respectively. Another smooth cover sh
typically of 0.1 mm aluminum, is then added in front of th
perforated plate to protect the resonator from flow and d
The separation distance is typically 1 mm. The result is
improved performance between the two resonance pe
Membrane absorbers of this type has provided useful atte
ation of low-frequency noise down to some 60 Hz when us
in a papermill exhaust~Ackermann and Fuchs, 1989!, but
exact theoretical prediction proved rather difficult~Fromm-
hold et al., 1994!. The main disadvantage of both types
membrane absorbers, however, is their narrow-banded
typical of all resonator-type silencers. What is needed the
a nonresonator-type membrane absorber which will work
a broad frequency band. We propose to achieve this thro
transferring energy effectively from sound in air to the stru
tural vibration by means of a strong fluid-structure coupli
in the form of travelling waves.

The rationale behind introducing the strong air-structu
coupling is that the attenuation of structural vibration cou
be made much higher than that resulted from the air-s
friction. Air-wall coupling has been a topic of investigatio
in the context of the so-called ‘‘breakout noise’’ from ai
handling pipes~Cummings, 1994!, but such coupling is un-
intended and the fraction of energy leaking is insignificant
sound energy could be transferred to structure effectiv
the expertise built in the field of vibration absorption a
isolation will be readily deployed for noise absorption. T
2805(6)/2805/10/$18.00 © 2001 Acoustical Society of America
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question, then, is how could such energy transfer hap
substantially and, if so, whether the damping coefficient
quired of the quick dissipation of structural energy is rea
tic? This study explores a theoretical model which yie
encouraging answers to the above questions. The focu
this paper is on the characteristics of the fluid-structure c
pling although the performance of such a potential noise
sorption technique will also be briefly discussed. The pres
study is a development of the previous one on uniform p
els ~Huang, 1999!, and the performance shown here rep
sents a significant improvement in both sound reflection
dissipation.

We consider a finite, thin membrane under tension
form part of a duct wall. The panel has its ownin vacuo
wave speed,cT* , determined by its density and the tens
stress applied. Note that asterisk in the superscript sign
dimensional quantities which will be represented later
dimensionless ones of the same symbol without asterisk.
air-panel coupling is strong only whencT* is close to the
isentropic speed of sound in free space,c0* , which is around
340 m/s at room temperature. Under such a condition,
structure may be regarded as being ‘transparent’ to so
But at such speed structural waves will go a long way wi
out significant damping, which is undesirable for the purpo
of noise absorption. So a gradation ofcT* is introduced to
slow down the waves. We expect that the energy dissipa
per unit distance will be increased to a level useful to no
absorption, which is confirmed in this study. We also fou
that the actual phase speed of the coupled wave, which
function of the axial distance,c* (x* ), is somewhat less tha
cT* due to air inertia, butc* (x* ) follows the trend ofcT* (x* )
rather closely.

As a preliminary study, we tactically make the followin
assumptions or exclusions, some of which may well be
portant in practical terms.

The frequency of the incident wave is below the fi
cut-on frequency of the duct.

Bending stiffness if ignored even though membranes
moderate to high thickness are implied in numerical
amples. It is hoped that, in future studies, means other t
using tapered membrane may be found to achieve a ce
distribution ofcT* (x).

The problem of possible flow-induced vibration is p
tentially the most serious one and is left to future studies

The effect of the fluid loading on the external side of t
panel serves to complicate the algebra and is excluded.

The last assumption may need further justification. It
noted that when the external air is not confined, it exhib
evanescent waves with an effect of added mass. Therefo
is not expected to impact on the qualitative results sough
this study. In real applications, however, the external air m
be confined by a solid wall to form a cavity to prevent no
breakout. The fluid loading inside the cavity is expected
play a similar role as that of the internal loading and, for t
special case of a cavity having a depth equal to the main
height, the total loading on the panel is simply double tha
the present model without external fluid. The exclusion
the external fluid will be better appreciated when further
tails are revealed for the complicated cross-modal inte
2806 J. Acoust. Soc. Am., Vol. 109, No. 6, June 2001
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tions and many other physical ingredients already presen
the current model.

II. FORMULATION OF NOISE-INDUCED VIBRATION

A. The theoretical model

We consider an infinite channel of heighth* fitted with
a flexible strip of lengthL* on the lower channel wall. We
call this strip a panel although the theoretical configuration
two-dimensional in nature. Noise of low frequency com
from the left-hand side of the channel and causes the pan
vibrate. We first limit ourselves to frequencies below the fi
cut-on frequency of the channel,c0* /2h* . The questions we
ask are what proportion of sound energy is reflected, h
much is transmitted to downstream, and how much
damped by the internal friction of the panel? The reflect
and absorption coefficients of energy are denoted byb and
a, respectively, while TL represents the transmission los

All variables are normalized using the length scaleh*
and time scaleh* /c0* :

x5
x*

h*
, y5

y*

h*
, t5

c0* t*

h*
, c5

c*

c0*
,

f 5
f * h*

c0*
, L5

L*

h*
, k05

v* h*

c0*
,

v52p
f *

c0* /h*
5k052p f , k5

v

c
, h05

h0*

h*
, ~1!

p5
p*

r0* ~c0* !2 , M5
M*

r0* h*
, cT5

AT* /M*

c0*
,

D5
D*

r0* c0*
.

The dimensionless symbols are explained below.x andy are
the Cartesian coordinates.L and h0 are, respectively, the
panel length and the amplitude of the local panel displa
ment.c is the phase speed of the coupled wave in panel
air, which may differ from the isentropic speed of sound
free space, i.e.,cÞ1. f is the dimensionless frequency, fo
which the first cut-on mode of a rigid wall duct has the val
of 0.5. k is the wave number based onc. The dimensionless
angular frequencyv defined here is equivalent to the dime
sionless wave number (k0) based on the speed of sound
free space.p is the general symbol for pressure perturbatio
cT is the in vacuowave speed provided by the tensile for
T* . The panel has a dimensional mass per unit areaM* and
dampingD* . The air has a mean density ofr0* . M and D
are, respectively, the dimensionless structure-to-air mass
tio ~or simply mass henceforth! and the damping coefficien
of the panel.

As shown in Fig. 1, the origin of the Cartesian coord
nates,x5y50, is located at the center of the panel whi
lies in the region ofuxu,L/2. BothM andD may vary with
x. The incident wave of unit amplitude is given aspi

5exp@i(vt2k0x)#. The panel thickness distributionb(x) is
normalized by its mean, so that
2806Lixi Huang: Tapered panel muffler
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FIG. 1. The mathematical model o
plane wave incident on a panel of non
uniform thickness. The panel ha
length L and is under tensile forceT.
The thickness distribution function
b(x) is normalized to have a mean
value of unity.
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L21E
2L/2

1L/2

b~x!dx51.

The local panel mass is written as

M ~x!5M0b~x!,

whereM0 is the mass averaged over the whole length. T
dynamics of the panel vibration is governed by

M ~x!
]2h

]t2 1D~x!
]h

]t
1pw2T

]2h

]x2 50, ~2!

wherepw is the pressure perturbation on the inner side of
panel, the effect of fluid on the external surface being lef
future studies as its inclusion at this moment may only se
to complicate the algebra. For instance, in real applicatio
the panel may be backed by an air cavity formed between
panel and a lower rigid wall to prevent the break-out noi
The cavity air pressure caused by the vibration of the pan
expected to have similar behavior to that inside the m
duct. In the special case where the cavity has the same d
as the duct, the pressure loadingpw is simply doubled. If the
depth is different, the algebra will become rather involve
Therefore the present study is based on an idealistic mod
no external fluid. The structural dampingD(x) is estimated
by its in vacuo dynamics. By specifyingpw50 and h
5h0 exp@i(vt2kx)# we have

2Mv21Div1Tk250.

The loss factor of a material,s, is defined as the ratio o
energy damping per radian to the maximum potential ene
@cf. Ungar~1997!#

s5

1
2Dvuh0

2u
1
2~Tk2!uh0

2u
5

Dv

Tk2 .

The wave numberk here cannot be specified and for th
tensioned membrane the issue of damping is in fact m
complicated than that of bulk material~Berry, 1992!. Since
the present study is focused on other aspects of dynamics
choose a simplistic model by substitutingk with v/cT , so
that

D5
sTk2

v
,

sTv2

vcT
2 5sMv.

For metals, the loss factors is in the range of 1024 to 1023

and is independent of frequency of the audio range. For
coelastic materials like natural rubber,s is weakly dependen
2807 J. Acoust. Soc. Am., Vol. 109, No. 6, June 2001
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on frequency in the range of interest, such as from 100 H
1 kHz. The value ofs for the natural rubber at 100 Hz is 0.
at room temperature. Damping for other viscoelastic mat
als can be over unity, and effective damping for compos
structures like sandwiched or shearing layers can be e
higher. The typical value we choose in our examples will
0.05.

B. Modal dynamics of the panel vibration

For harmonic excitation, the panel displacement may
replaced by its velocity ash5V/ iv. Equation~2! may be
rewritten as

S iM ~x!v1D~x!2
T

iv

]2

]x2DV1pw50. ~3!

In order to satisfy the structural boundary conditions of t
panel,Vux56L/250, we expandV in terms of sine-transform
using a local dimensionless variablej5((x/L)1 1

2) which
spans from 0 to 1 for the panel:

V5(
j 51

`

Vj sin j pj, Vj52E
0

1

V~j!sin j pj dj.

Vj will be referred to as the coefficients of panel modes
avoid confusion with duct acoustic modes although sinjpj is
certainly not the eigenfunctions of the tapered panel with
without fluid loading. The axial variations of the panel pro
erties are expanded in terms of cosine-transform as follo

M ~x!5M0S 11 (
q51

`

Mq cosqpj D ,

D~x!5D0S 11 (
q51

`

Mq cosqpj D ,

whereD05sM0v. Multiplying Eq. ~3! by 2 sin jpj and in-
tegrating over the panel length lead to

E
0

1F ivM ~j!1D~j!1
T

iv S j p

L D 2GV~j!2 sin j pjdj1pw j

50,

where

pw j5E
0

1

pw2 sin j pj dj.
2807Lixi Huang: Tapered panel muffler
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SubstitutingV(j) by its sine expansion andM (j),D(j) by
their cosine expansions, and defining

Lj5 ivM01D1
T

iv S j p

L D 2

,

~4!
Sq5~ ivM01D0!Mq , j ,q51,2,3,... ,

we get

LjVj1 (
q51

`

(
j 851

N

Vj 8E
0

1

2Sq@cosqpj sin j 8pj

3sin j pj#dj1pw j50

in which

E
0

1

@cosqpj sin j 8pj sin j pj#dj

5 1
4@d j 8~ j 1q!1d j 8~ j 2q!2d j 8~q2 j !#,

andd i j is the delta function. So that

LjVj1
1

2 (
q51

`

Sq~Vj 1q2Vj 2q2Vq2 j !1pw j50,

j 51,2,3,...,N. ~5!

The Sq series may be rewritten as

(
q51

`

Sq~Vj 1q1Vj 2q2Vq2 j !

5 (
n51

N

YjnVn ,Yjn5Sn2 j1Sj 2n2Sj 1n ~6!

in which Sj <0 should be assigned a value of zero.
The perturbation pressure on the wall (pw) may be split

into contributions from the incident wave and the radiati
of its own. In terms of panel modes expansion,

pw j5 (
n51

N

VnZjn1I j , ~7!

whereZjn is the radiation impedance on thejth panel mode
induced by the vibration of thenth mode, which has bee
calculated in a previous study~Huang, 1999! and the result is
given below in terms of summations over duct acous
modes,

Zjn52E
0

1

pn sin j pj dj

5L (
m50

`

cm~22d0m!I2~m,n, j !, ~8!

wherepn is the radiation pressure of thenth mode, and

I2~m,n, j !5
np j p~einp2e2 ikmL!~einp1ei j p!

@~kmL !22~np!2#@~kmL !22~ j p!2#

2
ikmLd jn

~kmL !22~np!2 .
2808 J. Acoust. Soc. Am., Vol. 109, No. 6, June 2001
c

Here cm5@12(mp/v)2#21/2 for cut-on modes, butcm

5 i u12(mp/v)2u21/2 for cut-off modes, andkm5v/cm .
Treatments forI2 ~when it becomes 0/0-type! have also been
given in ~Huang, 1999!. Note that it is necessary to tak
account of the cross-modal impedance,zjn , j Þn, since the
panel dynamics are determined by the near-field pressur
the panel, which does not have the convenient orthogo
properties as far as the vibration modes are concerned.

I j is the sine-transform of the incident wave:

I j52E
0

1

e2 ik0L~j21/2!sin~ j pj!dj

52 j peik0L/2Fei ~2k0L1 j p!21

~k0L !22~ j p!2G , ~9!

where the term in square brackets becomes (2ik0L)21 when
k0L→ j p.

Inserting Eqs.~6! and ~7! into Eq. ~5! we have

LjVj1 (
n51

`

YjnVn1 (
n51

`

ZjnVn52I j , j 51,2,3,...,N,

for which the solution is written in the following matrix
form:

@Vj #52Z21@ I j #, Z5@Zjn#1@Yjn#1@Lj j #.

Here @Vj # and @ I j # are column vectors,@Lj j # is a diagonal
matrix formed by structural constantsLj defined in Eq.~4!.

C. Transmission loss and energetics of sound-panel
coupling

The pressure perturbation induced by the wall oscillat
was given by@Doak ~1973!, Eq. ~123!# and is rewritten be-
low in our notations and simplified for the two-dimension
configuration:

p~x,y,t !5
1

2 (
m50

`

cmcm~y!E
2L/2

1L/2

cm~y8!V~x8,t !

3@H~x2x8!e2 iv~x2x8!/cm

1H~x82x!e1 iv~x2x8!/cm#dx8, ~10!

whereH is the Heaviside function,y850 is the coordinate of
the panel,cm is the channel modal function definedcm(y)
5A22d0m cos(mpy), and cm is the complex modal wave
speed defined earlier.

The sound waves transmitted downstream is the sum
incident wave and the downstream travelling wave radia
by the vibrating panel. For excitation frequencies below t
of the first cut-on frequency of the channel, sound wav
radiated downstream,x.L/2, may be calculated from Eq
~10!,

p1

pi
5

L

2 (
j 51

`

VjE
0

1

sin~ j pj8!eik0L~j821/2! dj8

5
L

2 (
j 51

`

Vj j pe2 ik0L/2F ei ~k0L2 j p!21

~k0L !22~ j p!2G ,

2808Lixi Huang: Tapered panel muffler
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FIG. 2. Sigmoid curve used forin
vacuo flexural wave speed prescrip
tion, S(jus,j0), in which s controls
the steepness in the mid-range ofj and
j0 the center of symmetry. The solid
curve with left-shift and moderately
high steepness is the default shap
used for later examples.
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in which the square brackets takes the value ofi /2k0L when
k0L/p5 j . The transmission loss is found by

TL5220 log10Upi1p1

pi
U.

Within the panel region,uxu,L/2, wave radiation from
the panel is also split between left and right directions. T
left-travelling wave is regarded as the local reflection wa

p2~x,t !5
1

2
eik0xE

x

1L/2

V~x8,t !e2 ik0x8 dx8,

for which the time-mean intensity is calculated as

I 2S uxu,
L

2D5
1

2
up2u25

1

8 U Ex

1L/2

V~x8,t !e2 ik0x8 dx8U2

.

~11!

Once I 2 is calculated, the intensity of the right-travellin
wave, I 1 , can also be found by taking a control volum
from x5x to x5L/2 and writing the energy flux conserva
tion as follows:

I 1~x!1E
x

L/2

I s dx5I 21I 1TE,

I 1~x!5I 1TE1I 22E
x

L/2

I s dx,

where subscript TE means evaluation at the trailing edgx
5L/2. Here

I s5
1
2Re@pwV̂# ~12!

is the sound radiation intensity from the panel, andV̂ is the
conjugate ofV. The time-mean energy dampingI d is found
as

I d5 1
2sM ~x!vuVu2 ~13!
2809 J. Acoust. Soc. Am., Vol. 109, No. 6, June 2001
e
,

and the energy balance between the incident, reflect
transmission waves and the damping is

1
2upi u25 1

2up2u21 1
2upi1p1u21I d ,

which has been accurately validated in numerical implem
tations. Note that the reflection and damping coefficients
given by

b5
up2u2

upi u2 , a5
I d

1
2upi u2

.

Also validated is the energy balance for the structure

E
2L/2

1L/2

~ I d1I s!dx50.

III. ANALYSES OF RESULTS

We choose long panels of lengthL550 with moderate
damping as the default setting for the purpose of understa
ing wave behaviors, but the noise abatement performanc
shorter panels~L510! will also be discussed towards th
end. Two identical panels are installed on the two chan
walls, which is equivalent to having one panel in a chan
of width h* /2, a fact which is conveniently used in numer
cal calculations. The following parameters will be regard
as the default values in examples and will not be descri
again in figure captions or text,

L550, M0510, s50.05.

Tapering of membrane thicknessb(x) is specified via the
local in vacuowave speed defined ascT(x)5AT/M (x) and
a sigmoid curve defined as

S~jus,j0!5
1

11es~j2j0! ,
d
y

FIG. 3. The response of a tapere
panel of default setting at frequenc
0.15. a50.095, b50.905, TL
562.2 dB.
2809Lixi Huang: Tapered panel muffler
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FIG. 4. Energetic analysis of the de
fault tapered panel at frequencyf
50.15. TL562.2 dB.
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cT~j!5cT21
S~jus,j0!2S~1us,j0!

S~0us,j0!2S~1us,j0!
~cT12cT2!,

is adopted for easy manipulation of shapes as shown in
2. cT1 andcT2 are, respectively, thein vacuowave speed a
the upstream and downstream ends of the panel. The de
values used in the calculations are

cT151, cT250.1.

Parameters controls the curve steepness in the middle
gion, andj0 is the center position of the curve which co
trols the relative slope at the leading and trailing edges.
larger s is, the steeper the curve becomes in the middle
gion while the leading and trailing edges of the panel rem
relatively smooth. Reducingj0 has the effect of steepenin
the leading edge and flattening the trailing edge. The s
curve in Fig. 2 will be used as the default setting:

s58, j050.4.

A. Fluid-structure interaction

Figures 3 and 4 show the solution for the panel of d
fault setting at frequencyf 50.15. Figure 3~a! shows the ta-
pering curveb(x) which is essentiallycT

21/2(x). The mass
ratio at the leading and trailing edges are 0.388 and 3
respectively. The flexural waveeivtV(x) is decomposed into
waves travelling to the left,V2 , and right,V1 , by means of

eivt sin j pj5@ei ~vt1 j pj!2ei ~vt2 j pj!#/2i

and the results are shown in Fig. 3~c!. The actual local wave
speed is calculated asc(x)5v/k(x), wherek(x) is the local
gradient of decreasing phase angle ofV1(x). The result is
shown in Fig. 3~b!. c(x) follows cT(x) very well at the
downstream half of the panel but the deviation is large at
upstream half. The reason is that the upstream half of
panel is thin and the fluid loading dominates. A snapsho
the vibration is shown in Fig. 3~d! confirming the shortening
of the wavelength. The reduction ofuV1(x)u in general is
caused by both damping and sound radiation.

The reflection coefficient of sound energy~a! is only
9.5% in this case, so the transmission loss of 62.2 dB
mainly contributed by the absorption in the form of flexur
wave damping. The fact that the waves slow down sho
lead to a rising amplitude inV1 , but this is countered by the
increase in panel mass and the removal of energy by da
ing. The full energy balance picture is shown in Fig. 4. F
ure 4~a! gives the rate of energy damping per axial distan
(I d) defined by Eq.~13!. The rate peaks somewhere in th
2810 J. Acoust. Soc. Am., Vol. 109, No. 6, June 2001
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middle of the panel due to the two competing factors. One
the increasing damping coefficientD5sM (x)v, and the
other is the decreasing vibration amplitudeuV(x)u. Figure
4~b! gives the local energy influx from air to structure,2I s ,
where I s is the sound radiation power defined in Eq.~12!.
The energy balance for the panel means that the integra
curves in Figs. 4~a! and ~b! should be equal, which is con
firmed in the calculation with a numerical error less th
0.015%. The spike in Fig. 4~b! means that the sound energ
is transferred to the panel mainly near the leading edge
the damping by panel friction takes place rather gradua
Figure 4~c! shows the distribution of intensity of left
travelling sound,I 2(x), and its axial gradient reflects th
local contribution towards sound reflection by the tape
panel. Starting from the trailing edge,I 2 gathers strength
and reaches about 0.02 near the leading edge, the slope
largest near the middle of the panel. Near the leading e
there is a distinct sharp rise inI 2 representing the effect o
scattering of incident wave. Atx52L/2, I 250.047 is the
intensity of reflection sound further upstream which is som
what lower than the peak ofI 2(x), indicating a destructive
interference of reflection waves radiated over the pa
length and the scattering by the leading edge. Figure 4~d!
gives the intensity of the right-travelling sound,I 1(x),
which is the sum of the incident soundpi and the panel
radiation. The sharpest reduction ofI 1 occurs near the lead
ing edge where two events occur:~a! wave scattering by the
leading edge, and~b! energy tansfer from sound to the pane
the latter being dominant in this case.

B. Comparison with uniform panel

We now compare the behavior of the typical taper
panel with that of a uniform panel and the results are listed
Table I. The uniform panel has the same mass ofM510, a
damping coefficient ofs50.05, and a tension ofT50.39
corresponding to the value of thein vacuo wave speed of

TABLE I. Comparison of tapered and uniform panels.

Panel Tapered Uniform Tapered Uniform

f 0.15 0.15 0.05 0.05
cT 1→0.1 0.20 1→0.1 0.20
c 0.52→0.1 1.14 0.34→0.1 0.19
Reflectionb ~%! 9.5 0.3 20.2 44.1
Absorptiona ~%! 90.5 49.4 79.5 55.0
TL ~dB! 62.2 3.0 25.0 20.5
2810Lixi Huang: Tapered panel muffler
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FIG. 5. Interface model for sound re
flection. The panel parameters ar
those of default exceptcT1 . The fre-
quency is 0.15.~a! is the variation of
prevailing wave speed near the leadin
edge againstcT1 , and ~b! shows the
agreement between the actual sou
reflection coefficientb ~shown as* )
and that predicted by the interfac
modelRint ~shown as the solid line!.
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cT50.2 We first calculate for the frequency off 50.15 for
which the results are listed at the second and third colum
of Table I. For the tapered panel, the actual wave speedc(x)
varies from 0.52 at the leading edge towards 0.1 at the t
ing edge, but for the uniform panel, the subsonic wave
dominated by the supersonic wave of speed 1.14; supers
eigenvalue being identified in the previous study~Huang,
1999!. Since the wave speed is very close to unity, very lit
reflection occurs. Damping takes away 49.4% of the so
energy, which is much lower than 90.5% on the tape
panel. This clearly demonstrates the utility of panel taperi
We then test a lower frequency off 50.05 at which super-
sonic wave is avoided in the uniform panel. The results
shown at the last two columns of Table I. It is found that t
tapered panel has a higher wave speed near the leading
and the reflection is much lower than that of the unifo
panel. But the much improved damping compensates for
overall performance in transmission loss. In fact the tape
panel has a TL of 25.0 dB while the uniform panel has 2
dB.

C. Modelling of the sound reflection

When using tapered panels, one wishes to maxim
sound absorption coefficienta, but absorption cannot occu
for sound reflected at the leading edge of the panel. In
section, we attempt to model the sound reflection coeffic
b so that ways may be found to minimize it. As shown in t
typical case of Fig. 3~b!, the actual wave speedc(x) is rather
constant at the first one third of the panel length where
intensity of the upstream travelling sound,I 2 , is significant.
We model the sound reflection by the panel by replacing
panel with a hard wall and filling the whole downstream du
with another fluid with the density of air but a speed
2811 J. Acoust. Soc. Am., Vol. 109, No. 6, June 2001
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sound equivalent to the prevailing flexural wave speed at
upstream portion of the panel denoted ascLE . cLE may be
calculated by averaging the phase speedc(x) over the first
25% of the panel length. For example, for the basic c
shown in Fig. 3~b!, cLE is found to be 0.52. We call this
interface model. The panel is finite but the damping used
the default setting is expected to eliminate substantial fl
ural wave reflection at the trailing edge, which provid
some ground for optimism for the interface model. The
flection at such interface is

Rint5S 12cLE

11cLE
D 2

.

For the default panel setting,cLE50.52 andRint510.0%,
comparing well with the actual result ofb59.5%. We now
vary the panel property by changingcT1 from 0.5 to 2.0 in
order to changecLE to validate the interface model. The re
sult is shown in Fig. 5, which shows good agreement. Sho
cLE reach unity, sound reflection might be eliminated.

Having identified the deviation ofcLE from unity @as
shown in Fig. 5~a!# as the main source of sound reflectio
we now focus on whycLE,cT1. The reason is that the ai
imposes virtual mass on the panel. For waves travelling
the right at constant speedc, the virtual mass may be foun
as

ma5
p

ivV
5

coth ka

ka
, ka5AS v

c D 2

2S v

c0
D 2

~Huang, 1999!. When c→c051, ka→0, ma→`. For c
,1, lower frequency gives lowerka , hence higher virtual
mass. Asv→0, ka→0, ma→`, whatever the wave spee
c. This analysis does not account for the fact that, near
leading edge, the panel experiences standing flexural wa
r
f-
FIG. 6. Effect of damping paramete
s. ~a! gives the sound absorption coe
ficient a, ~b! gives the reflection coef-
ficient b, and ~c! shows the corre-
sponding TL. All are calculated forf
50.15. ~d! and ~e! are the optimal
damping coefficients and maximum
TL, determined by the peak in~c!, as a
function of frequency.
2811Lixi Huang: Tapered panel muffler
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FIG. 7. Effect of mass on spectral per
formance and optimal damping. Fo
~a! and ~b! the thin solid lines are for
the default panel ofM510, s50.05
while the thick one is for the heavy
panel ofM530, s50.05/3. The loss
factor s is reduced so that the effec
tive energy damping determined b
Ms is the same. For~c! and ~d! the
frequency is 0.05.
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but the virtual mass factor could play an important role,
pecially where the panel is thin.

D. Optimal damping

For the moderate frequency off 50.15, the variations of
sound absorption and reflection coefficients with the mate
loss factors are shown in Figs. 6~a!, ~b!, and ~c! for the
default panel setting. Damping reduces reflectionb and in-
creases absorptiona over almost the whole range ofs
shown above, but the total transmission loss has a pea
s50.38. The variation of the optimal loss factor (sopt) with
frequency is shown in Fig. 6~d!. Note that, for short panels
the curve of this relationship exhibits a highly oscillato
behavior. The maximum transmission loss achieved with
optimal loss factor is shown in Fig. 6~e!.

E. The effects of mass and tension

The variation with panel massM is studied by raisingM
while keepingMs constant since the latter determines t
damping coefficientD. The results are shown in Figs. 7~a!
and~b! covering the whole frequency range. The thick lin
are for the heavier panel which hasM530. The heavier
panel has less sound reflection over the whole freque
range. The reason is that the virtual mass that air impose
the vibrating panel is relatively small and, as a result,
actual wave speed near the leading edge,cLE , is closer to its
in vacuovalue cT1. The absorption coefficienta increaseas
at frequencies less than about 0.2 in the example but
creases at higher frequencies. The increase is related t
reduction in sound reflection but the decrease is associ
with the lack of response from heavier panels at high f
quencies. In Figs. 7~c! and ~d! the effect of mass on the
optimal loss factorsopt and the corresponding optimal tran
2812 J. Acoust. Soc. Am., Vol. 109, No. 6, June 2001
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mission lossTLopt are presented for the frequency of 0.0
The conclusion is that heavy panels cannot take advantag
higher damping.

The effects of tension are studied by increasing or
creasing the values ofcT1 andcT2 proportionally so that the
shape ofcT(x) remains unchanged. Panels with higher te
sion are represented by thinner lines in Fig. 8. The thinn
line is for the case ofT51.55,cT152, cT250.2, while the
thickest line is for the case ofT50.097,cT150.5,cT2

50.05. When the tension is increased, sound reflection
duces and absorption increases, although at very low
quency range there are considerable spectral oscillation
expected. For panels with highercT1, the actualcLE is closer
to unity, hence less reflection. Notice that the increase incT2

andcT(x) in general should not favor wave absorption, giv
the same amount of incident flexural waves, but the abso
tion coefficient is increased for panels with higher tension
this case. The reason is that the damping coefficient cho
for the default panel is high enough to absorb the increa
amount of energy in the excited flexural waves.

F. Frictionless panels

Now we discuss cases where the finiteness of the p
plays an important role in sound reflection by consider
frictionless panels. We first consider short panels of len
L510, and the distributions of left-travelling sound inte
sity, I 2(x), are shown in Figs. 9~a! and~b!. Figure 9~a! is for
the frequency off 50.05 and Figure 9~b! is for the frequency
of 0.06. The oscillatory pattern ofI 2(x) is indicative of in-
terference of sound waves reflected from different parts
the tapered panel. In the case of Fig. 9~a!, the total intensity
of the reflected sound at the leading edge is at the peak o
variation pattern, andb is 96.5%. In the case of Fig. 9~b!,
however, one can see values ofI 2 in excess of 0.5~i.e.,
-

lt

-

FIG. 8. Effect of tension on sound ab
sorption coefficienta and reflection
coefficientb. The panel properties are
those of default except the thin line
has tension four times the defau
value of T50.39 ~medium thickness
line! while the thickest line has a quar
ter of the default tension.
2812Lixi Huang: Tapered panel muffler



r

FIG. 9. Distributions of intensity of
upstream travelling sound. The fou
cases are ~a! L510, f 50.05, b
596.5%, ~b! L510, f 50.06, b
571.0%, ~c! L550, f 50.05, b
592.5%,~d! L550, f 50.05, uniform
panel of the same tension (T50.39),
b585.2%.
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b51! locally, but the total reflection is only 71.0% as th
leading edge emerges near the bottom of the interfere
pattern. Figures 9~c! and ~d! are for the default panel lengt
of 50 and the frequencies are both 0.05. Figure 9~c! is for the
tapered panel while Fig. 9~d! is for the uniform panel subjec
to the same tension as the tapered panel. The tapered
has 92.5% sound reflection but the uniform panel has o
85.2%. The axial variation ofI 2(x) again suggests construc
tive and destructive interference of the reflection waves
the tapered panel. The lack of such varitaion on the unifo
panel indicates that there is little reflection except around
leading edge. The prevailing wave speed near the lea
edge~cLE) is 0.33, 0.30, 0.33, and 0.52 for the four cas
and the corresponding reflection coefficients according to
interface model are 25%, 29%, 25%, 10%, respectively. T
actual reflection in these cases are all much higher. Th
because, on a frictionless panel, there is strong reflectio
flexural waves by the trailing edge,V2(x), which radiates
sound upstream very effectively.

The variation of wave reflection with the panel length
given in Fig. 10 for the frequency off 50.15. The thick solid
line is for the tapered panel, which shows a persistent p
formance when used as a noise reflector. The other two l
are for uniform panels with the samein vacuowave speed of
cT50.20, the solid line is for massM510, which is the
same as the tapered panel, while the dashed line is for a
panel ofM51. The heavy uniform panel hardly reflects a
sound except at a few discrete points, which is why we
troduce the light one for comparison. The reflection is hig
on the light uniform panel but passbands exist, which is ty
cal of conventional reactive mufflers.

G. Performance of panel muffler

For the purpose of passive control of duct noise,L
550 is too long.L510 would be more practical. One ma
2813 J. Acoust. Soc. Am., Vol. 109, No. 6, June 2001
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always design smaller channels~smallerh* ! so the dimen-
sional lengthL* 5h* L may be limited. But for the same
panel material and thickness, the dimensionless mass pa
eter,M5M* /r0* h* , becomes higher and the dimensionle
frequencyf 5 f * h* /c0* of interest will be shifted towards the
lower range. Our task now is to design a muffler whi
would give high transmission loss over the whole frequen
range of f P(0,0.5). We compare the performance of t
following two panel settings, the first being similar to th
default:

~1! M510, L510, s50.05, cT151, cT250.1;
~2! M510, L510, s50.15, cT152, cT250.025.

The second setting has a higher loss factor and a larger r
of thickness tapering, the results are shown in thick lines
Fig. 11 in the form of one-third octave averaging starti
from a dimensionless center frequency of 0.0275. In gen
the highly tapered and damped panel experiences m
sound reflection and less absorption except at very low
high frequencies. The example shows that, by appropr
adjustment, it is possible to have a rather good performa
over the whole frequency range of plane waves. The per
mance shown here is comparable to that of a typical lin
duct, cf. Beranek~1992!, which gives somewhere between
dB and 4 dB attenuation per unit distanceh* at the optimal
frequency. At very low frequencies such asf 50.0275~for a
duct of 20 cm in height,f * 50.02753340/0.2547 Hz) lined
ducts normally achieves some 0.6 dB per channel height
ing very resistive porous material, cf. Fig. 6.1.4 of Inga
~1994!. Note that the latter is compiled for the single-sid
duct lining, and the corresponding abscissa value of chan
width/wavelength for the double lining channel should
f /250.013 75. The TL reading of 0.3 dB is then doubled f
the double lining. In our case the corresponding attenua
is 2 dB perh* . This comparison means that a noise absor
e
l
r

is
FIG. 10. Sound reflection on friction-
less panels at frequency 0.15. Th
thick solid line is for the tapered pane
showing near complete reflection fo
all length. The thin solid line is for the
uniform panel of the same massM
510 and tension. The dashed line
for much lighter uniform panels ofM
51 and the samecT50.2.
2813Lixi Huang: Tapered panel muffler
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FIG. 11. Comparison of performanc
of panel muffler of lengthL510 and
M510 in one-third octave band aver
age starting from central frequency o
0.027 55. The thin lines have the de
fault tapering setting ofcT151, cT2

50.1, ands50.05, the thick lines are
for cT152, cT250.025,s50.15.
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made of tapered panel could achieve a transmission
spectrum flatter than that of the conventional means.

IV. CONCLUDING REMARKS

If a flexible panel is to be used as a muffler for pass
noise control in a duct, it is desirable to have low reflecti
and high absorption. For energy absorption to be effect
sound must first be transferred from air to the flexural wa
in structure. The energy transfer takes place when so
couples strongly with the wall vibrations, but significa
sound reflection occurs near the panel leading edge if
coupling is spatially abrupt. To suppress such reflection,
phase speed of the coupled wave must approach the ise
pic speed of sound in free space. But a perfect matc
difficult to achieve at low frequencies since air imposes h
virtual mass on the vibrating panel whose actual wave sp
differs from its in vacuovalue. Typically, sound energy i
pumped into the structure near the leading edge and it
absorbed by the internal friction of the panel as it trav
downstream. The distribution of the local phase speed ca
made to follow closely a decreasingin vacuo wave speed
cT (x), which should have a smooth profile to avoid signi
cant sound reflection along the length. Damping of flexu
wave energy is enhanced by the slowing down of the wav
It may be said that similar idea of using tapered structure
energy damping was attempted in vibration isolation~Ungar
and Kurzweil, 1984!. The use of sound absorption wedges
anechoic chambers is another example of the same phil
phy. A high degree of sound absorption may be achieved
way and the transmission loss spectrum can be rather fla
the whole frequency range of the fundamental duct acou
mode. Although there are many realistic factors exclud
from our theoretical modelling, the fact that such a flat sp
trum is possible at all with tapered wall panels is an enco
aging sign worthy of further studies.

If the tapered panel has no damping, however, so
reflection occurs all along the panel length. There is stro
2814 J. Acoust. Soc. Am., Vol. 109, No. 6, June 2001
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interference of reflection sound waves radiated by differ
parts of the panel, but the overall sound reflection can
much higher than that on a uniform panel. In addition, pa
band is effectively removed and this phenomenon alone
potentially useful in designing reactive muffler using taper
panels. One of the potential advantages of such a muffle
that it does not change the duct passage area, which m
zero extra pressure loss.
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