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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 decreasingcuowave 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[MRS]

I. INTRODUCTION stacked at a certain distance from one another. They are used

EF broadcasting studios, concert halls, etc. Fuchs and his col-

We are interested in devising a mechanism of broadban develoned h ¢ b b "
passive control of duct noise without using porous medi eagues developed another type of membrane absokogr

such as glass wools or perforated metal sheets. Porous mediEnannet al, 1988 in which a perforated thin plate is glued
have been the backbone of almost all dissipative noise abatl? an all-metal honeycomb structure forming an array of
ment technique&Beranek, 1992 When air is forced into the Helmholtz .resonators. The device shows two resonance
pores or cavities by sound, substantial viscous friction occurB82Ks refating to the Helmholtz resonance and the resonance
between air and solid structures, typically fibrous and opti-Of the cover plate, respectively. Another smooth cover sheet,
mized to have the maximum surface contact area with airtyPically of 0.1 mm aluminum, is then added in front of the
The performance of a porous noise absorber is closely rgeerforated plate to protect the resonator from flow and dust.
lated to its ability to cause pressure loss to the mean flow. Ad he separation distance is typically 1 mm. The result is an
air duct is often split into small channels with lined walls andimproved performance between the two resonance peaks.
the normalized flow resistance is usually over uritygard Membrane absorbers of this type has provided useful attenu-
(1994, p. 2-1]. If the flow speed is high, such lining may ation of low-frequency noise down to some 60 Hz when used
also cause extra noise. In addition, dusts get into pores easilj & papermill exhaustAckermann and Fuchs, 198%ut
and have to be cleaned periodically, which obviously con-€xact theoretical prediction proved rather diffic(romm-
tributes to the maintenance cost of building ventilation syshold et al, 1994. The main disadvantage of both types of
tems using porous linings. There are also places, such @8embrane absorbers, however, is their narrow-bandedness
operation theatres, where high hygienic requirement forbidéypical of all resonator-type silencers. What is needed then is
the use of such materials. In fact, there are already publi@ nonresonator-type membrane absorber which will work for
concerns of bacteria breading in the ventilation systems of broad frequency band. We propose to achieve this through
ordinary commercial buildings equipped with central air con-transferring energy effectively from sound in air to the struc-
ditioning systems. The use of porous material for noise otural vibration by means of a strong fluid-structure coupling
heat insulation purposes in the ventilation pipeworks is bein the form of travelling waves.
lieved to contribute to an indoor air quality which is often The rationale behind introducing the strong air-structure
worse than outdoors. The other problem of using porous ogoupling is that the attenuation of structural vibration could
fibrous materials for sound absorption is that its performancée made much higher than that resulted from the air-solid
degrades towards low frequencies, such as below 200 Hz. friction. Air-wall coupling has been a topic of investigation
To deal with the low-frequency noise and to avoid thein the context of the so-called “breakout noise” from air-
disadvantages associated with the rough surfaces of porobsndling pipeSCummings, 1994 but such coupling is un-
materials, two types of membrane sound absorbers witintended and the fraction of energy leaking is insignificant. If
smooth surfaces have been developed in the past. Ford asdund energy could be transferred to structure effectively,
McCormick (1969 described an earlier type consisting of the expertise built in the field of vibration absorption and
layers of thin membranes, such as 0.2 mm aluminum sheetisolation will be readily deployed for noise absorption. The
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question, then, is how could such energy transfer happetions and many other physical ingredients already present in
substantially and, if so, whether the damping coefficient rethe current model.

quired of the quick dissipation of structural energy is realis-

tic? This study explores a theoretical model which yields

encouraging answers to the above questions. The focus ﬂf FORMULATION OF NOISE-INDUCED VIBRATION
this paper is on the characteristics of the fluid-structure cou-

pling although the performance of such a potential noise abA. The theoretical model

sorption technique will also be briefly discussed. The present  \ye consider an infinite channel of heigfit fitted with
study is a development of the previous one on uniform pany fiexiple strip of lengtiL* on the lower channel wall. We
els (Huang, 1999 and the performance shown here repre-c| this strip a panel although the theoretical configuration is
sents a significant improvement in both sound reflection anglyo-dimensional in nature. Noise of low frequency comes
dissipation. o _ _ from the left-hand side of the channel and causes the panel to
We consider a finite, thin membrane under tension tQiprate. We first limit ourselves to frequencies below the first
form part of a duct wall. The panel has its owmvacuo  cyt-on frequency of the channeis/2h*. The questions we
wave speedcr , determined by its density and the tensile ask are what proportion of sound energy is reflected, how
stress applied. Note that asterisk in the superscript signifiegych is transmitted to downstream, and how much is
dimensional quantities which will be represented later bygamped by the internal friction of the panel? The reflection
dimensionless ones of the same symbol without asterisk. Thgnd absorption coefficients of energy are denoteg3tand
air-panel coupling is strong only wheef is close to the 4, respectively, while TL represents the transmission loss.

isentropic speed of sound in free spac, which is around All variables are normalized using the length schfe
340 m/s at room temperature. Under such a condition, thgnd time scalén*/c}

structure may be regarded as being ‘transparent’ to sound.

But at such speed structural waves will go a long way with- _ ﬁ _ K t= cot* c= z
out significant damping, which is undesirable for the purpose e YT he h* cy '
of noise absorption. So a gradation @f is introduced to - L* w*h*
slow down the waves. We expect that the energy dissipation  §— — L=y, ko=—5—,
per unit distance will be increased to a level useful to noise Co h Co
absorption, which is confirmed in this study. We also found f* o 7
that the actual phase speed of the coupled wave, which is a w=27———=ko=27f, k=—, 770:_2, (1)
function of the axial distance* (x*), is somewhat less than Co/h h
ct due to air inertia, but* (x*) follows the trend ot (x*) p* M* ST IM*
rather closely. P= 553 =——, Cr= —
As a preliminary study, we tactically make the following po(Cq) poh Co
assumptions or exclusions, some of which may well be im- D*
portant in practical terms. D=——+.
The frequency of the incident wave is below the first PoCo
cut-on frequency of the duct. The dimensionless symbols are explained beloandy are

Bending stiffness if ignored even though membranes othe Cartesian coordinatek. and 7, are, respectively, the
moderate to high thickness are implied in numerical expanel length and the amplitude of the local panel displace-
amples. It is hoped that, in future studies, means other thament.c is the phase speed of the coupled wave in panel and
using tapered membrane may be found to achieve a certaair, which may differ from the isentropic speed of sound in
distribution ofc} (x). free space, i.e¢# 1. f is the dimensionless frequency, for

The problem of possible flow-induced vibration is po- which the first cut-on mode of a rigid wall duct has the value
tentially the most serious one and is left to future studies. of 0.5.k is the wave number based enThe dimensionless

The effect of the fluid loading on the external side of theangular frequencw defined here is equivalent to the dimen-
panel serves to complicate the algebra and is excluded. sionless wave numbek§) based on the speed of sound in

The last assumption may need further justification. It isfree spacep is the general symbol for pressure perturbation.
noted that when the external air is not confined, it exhibitscy is thein vacuowave speed provided by the tensile force
evanescent waves with an effect of added mass. Thereforet*. The panel has a dimensional mass per unit 8&aand
is not expected to impact on the qualitative results sought ilampingD*. The air has a mean density p} . M and D
this study. In real applications, however, the external air mayre, respectively, the dimensionless structure-to-air mass ra-
be confined by a solid wall to form a cavity to prevent noisetio (or simply mass henceforttand the damping coefficient
breakout. The fluid loading inside the cavity is expected toof the panel.
play a similar role as that of the internal loading and, for the  As shown in Fig. 1, the origin of the Cartesian coordi-
special case of a cavity having a depth equal to the main ductates,x=y=0, is located at the center of the panel which
height, the total loading on the panel is simply double that ofies in the region ofx|<L/2. BothM andD may vary with
the present model without external fluid. The exclusion ofx. The incident wave of unit amplitude is given gs
the external fluid will be better appreciated when further de=exfi(wt—Kkyx)]. The panel thickness distributidn(x) is
tails are revealed for the complicated cross-modal interacaormalized by its mean, so that
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y=h=1 FIG. 1. The mathematical model of
_ . _ plane wave incident on a panel of non-
b= eXp[z(a)t kox)] uniform thickness. The panel has
W Thickness b(x) lengthL and is under tensile force.
0 \I/ . The thickness distribution function
Y Pl und 7,( Y, b(x) is normalized to have a mean
ancl under .
value of unity.
tension 7’
>~
L
[t on frequency in the range of interest, such as from 100 Hz to
L J, L b(x)dx=1. 1 kHz. The value ofr for the natural rubber at 100 Hz is 0.2
at room temperature. Damping for other viscoelastic materi-
The local panel mass is written as als can be over unity, and effective damping for composite
M (X) =M gb(), structures like sandwiched or shearing layers can be even

higher. The typical value we choose in our examples will be
whereMj is the mass averaged over the whole length. The).05.

dynamics of the panel vibration is governed by

&27;

at?
wherep,, is the pressure perturbation on the inner side of the ~ For harmonic excitation, the panel displacement may be
panel, the effect of fluid on the external surface being left to'eplaced by its velocity agy=V/iw. Equation(2) may be
future studies as its inclusion at this moment may only servéewritten as

to complicate the algebra. For instance, in real applications, T 42
the panel may be backed by an air cavity formed between the | iM(X)wo+D(X)— — —
panel and a lower rigid wall to prevent the break-out noise. lw ox
The cavity air pressure caused by the vibration of the panel it order to satisfy the structural boundary conditions of the
expected to have similar behavior to that inside the mairpanel,V|,— ., ,»,=0, we expand/ in terms of sine-transform
duct. In the special case where the cavity has the same deptising a local dimensionless variabfe= ((x/L)+ 3) which

as the duct, the pressure loading is simply doubled. If the spans from 0 to 1 for the panel:

depth is different, the algebra will become rather involved.
Therefore the present study is based on an idealistic model of
no external fluid. The structural dampil(x) is estimated
by its in vacuo dynamics. By specifyingp,=0 and %
=7 exfdi(wt—kx)] we have

an 8277
M(x) +D(x) ot tPw— Tg_xf =0, 2) B. Modal dynamics of the panel vibration

V+p,=0. 3

V=2V, sinjmé, Vj=2flV(§)Sinj7T§ dé.
=1 0

V; will be referred to as the coefficients of panel modes to
avoid confusion with duct acoustic modes althoughjsiéis
~Mw?+Diw+Tk?*=0. certainly not the eigenfunctions of the tapered panel with or

The loss factor of a materialr, is defined as the ratio of without fluid loading. _The axial variaFions of the panel prop-
energy damping per radian to the maximum potential energ?mes are expanded in terms of cosine-transform as follows:

[cf. Ungar(1997]
M(x)=M,

1+ > M cosqu),
Do|n)| Do &
T 75 Tk
D(x)=D,

. 1+ > M, cosqwg),
The wave numbek here cannot be specified and for the q=1

tensioned membrane the issue of damping is in fact more _ - . -
complicated than that of bulk materiéBerry, 1992. Since WhereDo=oMow. Multiplying Eq. (3) by 2 sinjm¢ and in

. . t ti th | length lead t
the present study is focused on other aspects of dynamics, W%gra ing over the panetiength lead fo

choose a simplistic model by substitutikgwith w/ct, so 1 T /(jm\? o
that JO loM(§)+D()+ || |V(E)2Zsinjmédé+py;
D oTk? oTw? oM -0
= o y (x)_C-|2—__O- w. !
where

For metals, the loss facter is in the range of 10* to 103 )
and is independent of frequency of the audio range. For vis- — 2 sinimeé d

: o : Pwj pw2 sinj & d&.
coelastic materials like natural rubberis weakly dependent 0
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SubstitutingV(£) by its sine expansion anéll(¢),D(¢) by  Here ¢,,=[1— (mm/w)?] Y2 for cut-on modes, butc,,

their cosine expansions, and defining =i|1—(mm/w)? Y2 for cut-off modes, andky,=w/Cp,.
T ia)2 Treatments fofZ, (when it becomes 0/0-typd&ave also been
Li=ioMg+D+ — J_W> , given in (Huang, 1999 NoteT that it is necessary to take
lo| L account of the cross-modal impedanzg,, j #n, since the

i S (4) panel dynamics are determined by the near-field pressure on
Sq=(1oMo+Do)Mgq,  ],4=1,2.3,..., the panel, which does not have the convenient orthogonal

we get properties as far as the vibration modes are concerned.

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

L N
1
vt . i 1
LVt 2 V) J 25dcosame siny' = =2 ] o o i o
0

XSinjﬂf]df'f'ij:O i(—koL+jm) _q
(koL)*=(jm)*

where the term in square brackets becomék{l2) ~* when

in which = 2] me'kot/2 : 9

jol[cosqrrg sinj’'mwé sinjwé]dé

koL—j .
. Inserting Eqs(6) and (7) into Eq. (5) we have
=S GratéG-a= dia-pl . .
and & is the delta function. So that /;J-VJ-+n§=:1 YVt nz,l ZiVo=—1;, i=1,23,.N,
_ for which the solution is written in the following matrix
£JV]+§C‘Z1 Sq(Vj+q—Vj_q—Vq_j)+pwj—O, form: g
ji=1,23,.N. (5 [Vj]= _2_1“]], Z=[Zjn ]+ [Yjnl+[ L]

Here[V;] and[l;] are column vectord,L;;] is a diagonal

The S, series may be rewritten as ] - -
matrix formed by structural constanty defined in Eq.(4).

q; Sq(VjsqtVi—q—Vg-j)

N C. Transmission loss and energetics of sound-panel
couplin
= 2 YinVa, Yin=Sn—j+Sj-n—Sj+n (6) Ping
n=1 The pressure perturbation induced by the wall oscillation
in which S;, should be assigned a value of zero. was given by[Doak (1973, Eq. (123)] and is rewritten be-
The perturbation pressure on the ijlNQ may be Sp“t low i.n Our. notations and Slmpllfled for the two-dimensional
into contributions from the incident wave and the radiationconfiguration:
of its own. In terms of panel modes expansion, 12 L2
N PXY.D=5 2 Cothn(y) | dm(y IV(X' D)
m=0 —L/2
Pui= 2, VoZint 1}, (7) S
n= X[H(X_X/)eflw(xfx )cm
whereZ;,, is the radiation impedance on tfth panel mode : ,
. jn ; . . r_ +iw(x—x")/ ’
induced by the vibration of theth mode, which has been HH(X —xjer el dx, (10
calculated in a previous studifuang, 1999and the resultis whereH is the Heaviside functiory’ =0 is the coordinate of
given below in terms of summations over duct acousticthe panel,y,, is the channel modal function define,(y)

modes, =\2— dpmcosfnmy), and ¢, is the complex modal wave
1 speed defined earlier.
zjnzzf P, sinjmé dé The sound waves transmitted downstream is the sum of
0 incident wave and the downstream travelling wave radiated
% by the vibrating panel. For excitation frequencies below that
=L E Cm(2— Som) Zo(m,n,j), (8) of the first cut-on frequency of the channel, sound waves
m=0 radiated downstreamx>L/2, may be calculated from Eq.
wherep, is the radiation pressure of tith mode, and (10),
o i i . L > 1 ,
. nj m(e"—e 'kml‘)(e'n”-i-e”ﬂ') p_+: L J L 1\ aikoL (€ —1/2) ,
Zy(m,n,j)= Kk L)2— T (kL= (172 pi 2 J-Zl Vi OS|n(J77§ )e dg
[(KL)“=(nm)“J[(KmL)“ = (j7)7]
iKmL 8jn L= S eitkoL=jm _q
. —_ V e IkOL/Z —_——|,
(kL )= (nr)?” 2 121 i (koL)*=(jm)*
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1 =y
08+ ) FIG. 2. Sigmoid curve used foin
vacuo flexural wave speed prescrip-
o6k 7 tion, S(¢|s,&p), in which s controls
" the steepness in the mid-rangeéaind
§0A4 = b &o the center of symmetry. The solid
curve with left-shift and moderately
02k - high steepness is the default shape
) - used for later examples.
82 12

in which the square brackets takes the valu&/2f,L when and the energy balance between the incident, reflection,
koL/7=]. The transmission loss is found by transmission waves and the damping is

pitp+

ApilP=2p-[?+3pitpl?+1g,
which has been accurately validated in numerical implemen-
Within the panel regionjx|<L/2, wave radiation from tations. Note that the reflection and damping coefficients are
the panel is also split between left and right directions. Thegiven by
left-travelling wave is regarded as the local reflection wave, Ip |2 |
- d

TL=-20logy

1 . L2 o B=7-7, a= .
p,(X,t):Eelkoxf V(X',t)eilkox dx’, |p|| %|p||2
g Also validated is the energy balance for the structure
for which the time-mean intensity is calculated as

+L/2
2 f (I4+15)dx=0.
X —L/2

L\ 1, ., 1| e
—_ = = — ! —IKp !
I |x|<2) 2|p,| 3 L V(x',t)e dx

13

Oncel _ is calculated, the intensity of the right-travelling )
wave, | ., can also be found by taking a control volume  We choose long panels of length=50 with moderate
from x=x to x=L/2 and writing the energy flux conserva- damping as the default setting for the purpose of understand-

Ill. ANALYSES OF RESULTS

tion as follows: ing wave behaviors, but the noise abatement performance of
shorter panelgL=10) will also be discussed towards the
L/2 . . .
_ end. Two identical panels are installed on the two channel
lL(X)+ lgdx=1_+1,1g, L . . .
X walls, which is equivalent to having one panel in a channel
L of width h*/2, a fact which is conveniently used in numeri-
LX) =1,7e+1 7_J 5 dx, cal calculations. The following parameters will be regarded
X as the default values in examples and will not be described
where subscript TE means evaluation at the trailing edge @92in in figure captions or text,
=L/2. Here L=50, My=10, ¢=0.05.
ls=3RepyV] (12 Tapering of membrane thickne$gx) is specified via the

is the sound radiation intensity from the panel, ani the 10calin vacuowave speed defined &s(x) = VT/M(x) and
conjugate ofV. The time-mean energy dampig is found & Sigmoid curve defined as

as
S(€ls, = ——F"75,
l4=30M(X) w|V|? (13 (ls.60)= T m)
“la@ ' ' 1/ —_ ©
a2 05 WV, !
u| FIG. 3. The response of a tapered
0 (13 panel of default setting at frequency
! "(b) @ 0.15. «=0.095, B=0.905 TL
05 =~ 0
c(x) g
0 -1
20 -0 0 10 20 20 10 0 10 20
X X
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0.06

0.01F @) : " ' ' (©)
0.04
~20.005 Nlo 02
o 0 ; . FIG. 4. Energetic analysis of the de-
0.15 m : - - @ fault tapered panel at frequenc
o ® 04 =0.15. TL=62.2 dB.
7 0.05 . ~02
0 0
-20 -10 0 10 20 -20 -10 0 10 20
X X
S(&ls,&0) — S(1]s, &) middle of the panel due to the two competing factors. One is
C =Crp+ C11—C12), i i i iciel =
T(é)=cr2 S(0[5.€,)— S(1[5.£5) ' °T T2) the increasing damping coefficiel=oM (x)w, and the

other is the decreasing vibration amplitupé(x)|. Figure
is adopted for easy manipulation of shapes as shown in Figyp) gives the local energy influx from air to structure],
2. ¢y andcy; are, respectively, this vacuowave speed at wherel is the sound radiation power defined in Eg2).
the upstream and downstream ends of the panel. The defauthe energy balance for the panel means that the integral of
values used in the calculations are curves in Figs. @) and (b) should be equal, which is con-
cri=1, Crp=0.1. firmed in the Ca_llcu!atio_n with a numerical error less than
] ) 0.015%. The spike in Fig.() means that the sound energy
Parametess controls the curve steepness in the middle re<g yransferred to the panel mainly near the leading edge but
gion, and, is the center position of the curve which con- the gamping by panel friction takes place rather gradually.
trols the_ relative slope at the leading and tr:_;ulmg edges. Th?igure 4c) shows the distribution of intensity of left-
largers is, the steeper the curve becomes in the middle regayelling sound, _(x), and its axial gradient reflects the
gion while the leading and trailing edges of the panel remainoca| contribution towards sound reflection by the tapered
relatively smooth. Reducing, has the effect of steepening panel. Starting from the trailing edgé, gathers strength

the leading edge and flattening the trailing edge. The solidyq reaches about 0.02 near the leading edge, the slope being

curve in Fig. 2 will be used as the default setting: largest near the middle of the panel. Near the leading edge
s=8, ¢&,=0.4. there is a distinct sharp rise In. representing the effect of
_ _ _ scattering of incident wave. At=—L/2, 1 _=0.047 is the
A. Fluid-structure interaction intensity of reflection sound further upstream which is some-

Figures 3 and 4 show the solution for the panel of dewhat lower than the peak of (x), indicating a destructive
fault setting at frequenc§/=0.15. Figure &) shows the ta- interference of reflection waves radiated over the panel
pering curveb(x) which is essentiallcy ¥3(x). The mass length and the scattering by the leading edge. Figyth 4
ratio at the leading and trailing edges are 0.388 and 38.dJives the intensity of the right-travelling sound, (x),
respectively. The flexural wav@“'V(x) is decomposed into Which is the sum of the incident sourg) and the panel

ing edge where two events occa) wave scattering by the

el sin jmg=[e/ T —glletImE 2 leading edge, antb) energy tansfer from sound to the panel,
and the results are shown in FigcB The actual local wave the latter being dominant in this case.
speed is calculated &$x) = w/k(x), wherek(x) is the local
gradient of decreasing phase angle\of(x). The result is
shown in Fig. 8b). c(x) follows c(x) very well at the
downstream half of the panel but the deviation is large at the  We now compare the behavior of the typical tapered
upstream half. The reason is that the upstream half of thpanel with that of a uniform panel and the results are listed in
panel is thin and the fluid loading dominates. A snapshot offable I. The uniform panel has the same mas#/ef 10, a
the vibration is shown in Fig.(8) confirming the shortening damping coefficient ofo=0.05, and a tension of =0.39
of the wavelength. The reduction 0¥, (x)| in general is corresponding to the value of the vacuowave speed of
caused by both damping and sound radiation.

The reflection coefficient of sound energy) is only  TABLE I. Comparison of tapered and uniform panels.
9.5% in this case, so the transmission loss of 62.2 dB i

B. Comparison with uniform panel

mainly contributed by the absorption in the form of flexural Panel Tapered  Uniform  Tapered  Uniform
wave damping. The fact that the waves slow down should 0.15 0.15 0.05 0.05
lead to a rising amplitude X, , but this is countered by the cr 1-0.1 0.20 0.1 0.20
increase in panel mass and the removal of energy by damg§- 0.52-0.1 114 0.34-0.1 0.19
ing. The full energy balance picture is shown in Fig. 4. Fig-igzgf;'t?;fa(@) gg"z 4%'3 27%'2 ‘é‘é’%
ure 4a) gives the rate of energy damping per axial distancer; (yg) 62.2 3.0 250 205

(l14) defined by Eq(13). The rate peaks somewhere in the
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0.65 20

(@ (b)
FIG. 5. Interface model for sound re-
06 ¥ flection. The panel parameters are
15 N those of default exceptr;. The fre-
m0-55 2 quency is 0.15(a) is the variation of
o = prevailing wave speed near the leading
0.5 10 edge againsty;, and (b) shows the
agreement between the actual sound
0.45 reflection coefficientd (shown as)
3 and that predicted by the interface
o.% s ] s 2 %45 p 15 2 model R, (shown as the solid line
s Cr1

cr=0.2 We first calculate for the frequency 6£0.15 for  sound equivalent to the prevailing flexural wave speed at the
which the results are listed at the second and third columnspstream portion of the panel denotedcgs. ¢ g may be

of Table I. For the tapered panel, the actual wave sp¢ell  calculated by averaging the phase speéx) over the first
varies from 0.52 at the leading edge towards 0.1 at the trail25% of the panel length. For example, for the basic case
ing edge, but for the uniform panel, the subsonic wave ishown in Fig. 8b), ¢ g is found to be 0.52. We call this
dominated by the supersonic wave of speed 1.14; supersoniaterface model. The panel is finite but the damping used in
eigenvalue being identified in the previous studjyuang, the default setting is expected to eliminate substantial flex-
1999. Since the wave speed is very close to unity, very littleural wave reflection at the trailing edge, which provides
reflection occurs. Damping takes away 49.4% of the soundome ground for optimism for the interface model. The re-
energy, which is much lower than 90.5% on the taperedlection at such interface is

panel. This clearly demonstrates the utility of panel tapering.
We then test a lower frequency 6t 0.05 at which super-
sonic wave is avoided in the uniform panel. The results are
shown at the last two columns of Table I. It is found that the

tapered panel has a higher wave speed near the leading e paring well with the actual result gf=9.5%. We now

and tlheB r:a{lr(]actmn |hs_much Ic&vx(/jer thgn that of thet un:cformvary the panel property by changimg; from 0.5 to 2.0 in
panel. but the much Improved damping compensates for grder to change ¢ to validate the interface model. The re-

overall performance in transm'ission Iogs. In fact the tapere ult is shown in Fig. 5, which shows good agreement. Should
panel has a TL of 25.0 dB while the uniform panel has 20.50LE reach unity, sound reflection might be eliminated.
dB. Having identified the deviation of g from unity [as
shown in Fig. %a)] as the main source of sound reflection,
C. Modelling of the sound reflection we now focus on whyc g<ct;. The reason is that the air
imposes virtual mass on the panel. For waves travelling to

$he right at constant speexithe virtual mass may be found

1—cg)\?

int=

or the default panel setting, ¢=0.52 andR;,;=10.0%,

When using tapered panels, one wishes to maximiz
sound absorption coefficient, but absorption cannot occur
for sound reflected at the leading edge of the panel. In this
section, we attempt to model the sound reflection coefficient p  cothk, 0\2 [ w2
B so that ways may be found to minimize it. As shown in the mfm: Tk KT ( ) —( )
typical case of Fig. @), the actual wave speex{x) is rather a
constant at the first one third of the panel length where théHuang, 19992 When c—cy=1, k,—0, m,—c. For c
intensity of the upstream travelling sourid,, is significant. <1, lower frequency gives lowek,, hence higher virtual
We model the sound reflection by the panel by replacing thenass. Asw—0, k,—0, m,—o, whatever the wave speed
panel with a hard wall and filling the whole downstream ductc. This analysis does not account for the fact that, near the
with another fluid with the density of air but a speed of leading edge, the panel experiences standing flexural waves,

c Co

08 4 @

s (?// FIG. 6. Effect of damping parameter
b§2 J\/\/\/\ o. (a) gives the sound absorption coef-

0.75 ficient «, (b) gives the reflection coef-
(b) ‘ ficient B, and (c) shows the corre-

« \ 158 ® sponding TL. All are calculated fof
e

=0.15. (d) and (e) are the optimal

92 : g damping coefficientr and maximum
(@/—kv §100 TL, determined by the peak ift), as a
50. function of frequency.

L
50
00 0.5 1 15 2 0 0.1 0.2 03 04 0.5
f
<

TL(dB)
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! a) 15 ©
08 B 1 FIG. 7. Effect of mass on spectral per-
B ©° formance and optimal damping. For
0.6 05 (a) and (b) the thin solid lines are for
the default panel oM =10, 0=0.05
) 110 (@] while the thick one is for the heavy
04 & 100 panel ofM =30, 0=0.05/3. The loss
@ E‘a 90 factor o is reduced so that the effec-
0.2 ,£° 80 tive energy damping determined by
70 Mo is the same. Fofc) and (d) the
% 04 02 03 04 05 5 10 15 20 frequency is 0.05.
f M

but the virtual mass factor could play an important role, esmission l0ssT L, are presented for the frequency of 0.05.
pecially where the panel is thin. The conclusion is that heavy panels cannot take advantage of
higher damping.

The effects of tension are studied by increasing or de-
creasing the values a@f;; andcy, proportionally so that the

For the moderate frequency bE 015, the Variations of Shape OfCT(X) remains unchanged_ Pane's with h|gher ten-
sound absorption and reflection coefficients with the materiajon are represented by thinner lines in Fig. 8. The thinnest
loss factoro are shown in Figs. @), (b), and(c) for the |ine is for the case off =1.55,c1;=2, Cr,=0.2, while the
default panel setting. Damping reduces reflectand in-  thickest line is for the case off=0.097,c1,=0.5,C»
creases absorptioa over almost the whole range af  =0.05. When the tension is increased, sound reflection re-
shown above, but the total transmission loss has a peak ahces and absorption increasesy a|though at very low fre-
0=0.38. The variation of the optimal loss factar,) with  quency range there are considerable spectral oscillation, as
frequency is shown in Fig.(6). Note that, for short panels, expected. For panels with highef,, the actuat, g is closer
the curve of this relationship exhibits a highly oscillatory to unity, hence less reflection. Notice that the increass in
behavior. The maximum transmission loss achieved with theindc(x) in general should not favor wave absorption, given

D. Optimal damping

optimal loss factor is shown in Fig(@. the same amount of incident flexural waves, but the absorp-
tion coefficient is increased for panels with higher tension in
E. The effects of mass and tension this case. The reason is that the damping coefficient chosen

o _ _ ) o for the default panel is high enough to absorb the increased
The variation with panel masd is studied by raisingv amount of energy in the excited flexural waves.
while keepingMo constant since the latter determines the

damping coefficienD. The results are shown in Figs(ay
and (b) covering the whole frequency range. The thick lines
are for the heavier panel which had=30. The heavier Now we discuss cases where the finiteness of the panel
panel has less sound reflection over the whole frequencplays an important role in sound reflection by considering
range. The reason is that the virtual mass that air imposes drictionless panels. We first consider short panels of length
the vibrating panel is relatively small and, as a result, thd. =10, and the distributions of left-travelling sound inten-
actual wave speed near the leading edgg, is closer to its  sity, | _(x), are shown in Figs.(@) and(b). Figure 9a) is for

in vacuovalue c1. The absorption coefficient increaseas the frequency of =0.05 and Figure @) is for the frequency

at frequencies less than about 0.2 in the example but desf 0.06. The oscillatory pattern df (x) is indicative of in-
creases at higher frequencies. The increase is related to therference of sound waves reflected from different parts of
reduction in sound reflection but the decrease is associatate tapered panel. In the case of Figa)9the total intensity
with the lack of response from heavier panels at high fre-of the reflected sound at the leading edge is at the peak of the
guencies. In Figs. (€) and (d) the effect of mass on the variation pattern, ang is 96.5%. In the case of Fig.(19),
optimal loss factowr,, and the corresponding optimal trans- however, one can see values lof in excess of 0.5i.e.,

F. Frictionless panels

U 03 ®)

09 0.4 FIG. 8. Effect of tension on sound ab-

08 sorption coefficiente and reflection
03 coefficientB. The panel properties are

507 @ those of default except the thin line

0.2 has tension four times the default

0.6 value of T=0.39 (medium thickness
0.1 line) while the thickest line has a quar-

05 ter of the default tension.

04 0.1 0.2 03 0.4 0.5 00 0.1 0.2 03 0.4 05

2812 J. Acoust. Soc. Am., Vol. 109, No. 6, June 2001 Lixi Huang: Tapered panel muffler 2812

Z¥ 1720 G20z Ateniged /g



(a) ’ (©)
1 : 1
-~ ~' FIG. 9. Distributions of intensity of
05 05 1 upstream travelling sound. The four
0\/\/\ 0 PAMMANAN cases are(d) L=10, f=0.05, B
15 15 =96.5%, (b) L=10, f=0.06, B
() @ =71.0%, (c) L=50, f=0.05 B
1 o =92.5%,(d) L=50, f=0.05, uniform
= 05 = 05 ] panel of the same tensio €0.39),
k B=85.2%.
0 0
5 0 5 -20 -10 0 10 20
X X

B=1) locally, but the total reflection is only 71.0% as the always design smaller channdlmallerh*) so the dimen-
leading edge emerges near the bottom of the interferencgional lengthL* =h*L may be limited. But for the same
pattern. Figures @) and(d) are for the default panel length panel material and thickness, the dimensionless mass param-
of 50 and the frequencies are both 0.05. Figui® B for the  eter, M =M*/p%h*, becomes higher and the dimensionless
tapered panel while Fig.(8) is for the uniform panel subject frequencyf=f*h*/c} of interest will be shifted towards the
to the same tension as the tapered panel. The tapered pamgher range. Our task now is to design a muffler which
has 92.5% sound reflection but the uniform panel has onlyould give high transmission loss over the whole frequency
85.2%. The axial variation df_(x) again suggests construc- range off (0,0.5). We compare the performance of the
tive and destructive interference of the reflection waves ofollowing two panel settings, the first being similar to the
the tapered panel. The lack of such varitaion on the unifornyefault:
panel indicates that there is little reflection except around the
leading edge. The prevailing wave speed near the leading) M=10, L=10, ¢=0.05 cn=1, cr,=01;
edge(c,_g) is 0.33, 0.30, 0.33, and 0.52 for the four cases? M=10, L=10, 0=015 cp=2, cr,=0.025.
and the corresponding reflection coefficients according to thgrh d setting h hiaher | fact dal
interface model are 25%, 29%, 25%, 10%, respectively. Th € second setling has a higher 10ss factor and a farger range
actual reflection in these cases are all much higher. This i fth|ckn'ess tapering, the resglts are shown in t.h'Ck Ime; n
because, on a frictionless panel, there is strong reflection fl9- 1 n the_form of one-third octave averaging starting
flexural waves by the trailing edg®, (x), which radiates from §d|men3|onless center frequency of 0.0275. In general
sound upstream very effectively. the highly ta}pered and dampeq panel experiences more
The variation of wave reflection with the panel length is sgund reflectpn and less absorption except at very low gnd
given in Fig. 10 for the frequency d¢f=0.15. The thick solid h'gh frequenu.es. Thg example shows that, by appropriate
line is for the tapered panel, which shows a persistent peIz;1djustment, it is possible to have a rather good performance
formance when used as a noise reflector. The other two lingd/€r the whole frequency range of plane waves. The perfor-

are for uniform panels with the sarirevacuowave speed of Mance shown here is comparable to that of a typical lined
¢r=0.20, the solid line is for masM =10, which is the duct, cf. Beranek1992, which gives somewhere between 3

same as the tapered panel, while the dashed line is for a ligii® @nd 4 dB attenuation per unit distarit® at the optimal
panel ofM = 1. The heavy uniform panel hardly reflects any frequency. At very low frequencies such s 0.0275(for a

sound except at a few discrete points, which is why we in-duct of 20 cm in heightf* =0.0275<340/0.2= 47 Hz) lined
troduce the light one for comparison. The reflection is higheiducts normally achieves some 0.6 dB per channel height us-

on the light uniform panel but passbands exist, which is typild Very resistive porous material, cf. Fig. 6.1.4 of Ingard
cal of conventional reactive mufflers. (1994. Note that the latter is compiled for the single-sided

duct lining, and the corresponding abscissa value of channel
width/wavelength for the double lining channel should be
f/2=0.01375. The TL reading of 0.3 dB is then doubled for
For the purpose of passive control of duct noite, the double lining. In our case the corresponding attenuation
=50 is too long.L=10 would be more practical. One may is 2 dB perh*. This comparison means that a noise absorber

G. Performance of panel muffler

FIG. 10. Sound reflection on friction-
less panels at frequency 0.15. The
thick solid line is for the tapered panel
showing near complete reflection for
all length. The thin solid line is for the
uniform panel of the same madd
=10 and tension. The dashed line is
for much lighter uniform panels dfi
=1 and the same;=0.2.

© 145 15
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8 05F /7 FIG. 11. Comparison of performance
of panel muffler of length.=10 and
M =10 in one-third octave band aver-
age starting from central frequency of
0.027 55. The thin lines have the de-
fault tapering setting oftr;=1, cy,
=0.1, ando=0.05, the thick lines are
- for ct1=2, ¢1,=0.025,0=0.15.

N

@Q5F )

made of tapered panel could achieve a transmission logaterference of reflection sound waves radiated by different
spectrum flatter than that of the conventional means. parts of the panel, but the overall sound reflection can be
much higher than that on a uniform panel. In addition, pass-
band is effectively removed and this phenomenon alone is
potentially useful in designing reactive muffler using tapered
If a flexible panel is to be used as a muffler for passivepanels. One of the potential advantages of such a muffler is

IV. CONCLUDING REMARKS

noise control in a duct, it is desirable to have low reflectionthat it does not change the duct passage area, which means

and high absorption. For energy absorption to be effectivezero extra pressure loss.
sound must first be transferred from air to the flexural waves
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