

View

Online


Export
Citation

OCTOBER 25 2002

Experimental studies of a drumlike silencer 
Y. S. Choy; Lixi Huang

J. Acoust. Soc. Am. 112, 2026–2035 (2002)
https://doi.org/10.1121/1.1508779

Articles You May Be Interested In

Vibroacoustics of three-dimensional drum silencer

J. Acoust. Soc. Am. (October 2005)

Effect of flow on the drumlike silencer

J. Acoust. Soc. Am. (November 2005)

Modal analysis of a drumlike silencer

J Acoust Soc Am (October 2002)

 26 February 2025 08:36:52

https://pubs.aip.org/asa/jasa/article/112/5/2026/545957/Experimental-studies-of-a-drumlike-silencer
https://pubs.aip.org/asa/jasa/article/112/5/2026/545957/Experimental-studies-of-a-drumlike-silencer?pdfCoverIconEvent=cite
javascript:;
javascript:;
https://crossmark.crossref.org/dialog/?doi=10.1121/1.1508779&domain=pdf&date_stamp=2002-10-25
https://doi.org/10.1121/1.1508779
https://pubs.aip.org/asa/jasa/article/118/4/2313/904150/Vibroacoustics-of-three-dimensional-drum-silencer
https://pubs.aip.org/asa/jasa/article/118/5/3077/897378/Effect-of-flow-on-the-drumlike-silencer
https://pubs.aip.org/asa/jasa/article/112/5/2014/545883/Modal-analysis-of-a-drumlike-silencer
https://e-11492.adzerk.net/r?e=&s=E-bXd64qdDRZS2PPpIv-zi4MXRU


Experimental studies of a drumlike silencer
Y. S. Choy and Lixi Huanga)

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

~Received 26 January 2002; revised 15 July 2002; accepted 15 July 2002!

The theoretical finding of the broadband performance of a reactive silencer is validated
experimentally. The silencer consists of two highly stretched membranes lining part of the duct and
backed by two long and shallow cavities. The test rig was built with a small square duct of 5 cm in
dimension, and each cavity is 5 cm deep and 25 cm long. Two types of metal foils, stainless steel
and copper, were used, and the lowest membrane-to-air mass ratio was 1.3. A transmission loss in
excess of 10 dB was achieved over more than one octave band. For one configuration close to the
optimal parameters, the predicted ratio of the frequency band limits is 2.47, while the experiment
gave 2.35. Three spectral peaks were found in the stopband, as predicted, but the peaks were broader
than prediction, indicating the presence of significant sound energy dissipation mechanisms.
Comparison with theoretical simulation shows that the cavity damping dominates over membrane
friction. Tests using heavier membranes and membrane with different levels of tension also agree
with predictions. Issues of practical implementation of the concept as a flow-through silencer are
also addressed. ©2002 Acoustical Society of America.@DOI: 10.1121/1.1508779#

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

In a recent theoretical study, the second author explo
the use of tensioned membranes as a sound reflection d
with zero pressure loss penalty in a flow duct~Huang, 1999!.
In that study, the effect of air external to the membra
which forms part of the duct wall, was excluded. In order
explore the use of the concept in a real silencer, a cavity
to be added to prevent the noise break-out. The formula
has since been extended to include the important cavity
fect. Preliminary tests were carried out by the first author
validate the theoretical framework~Choy, 2001!. With fur-
ther refinement on the prediction, it now becomes clear
far better results are possible with membranes stretched
beyond the elastic limit of the plastic material used in tho
initial tests. The present paper reports the full compari
between the latest prediction and the tests using metal
as membranes. The performance of these metal foils is c
parable with that in many related studies, which are v
briefly reviewed below in the wider context of low
frequency noise control.

Low-frequency sound radiation often carries most of
sound power in many engineering applications, such as
ventilation fans and the vibrating machinery. In general,
thickness of sound absorption material required in noise c
trol engineering is tied to the wavelength. Effective abso
tion of low-frequency noise is impractical in most circum
stances. Before the discussion can be extended to rea
and active noise control methods, it is necessary to spe
the circumstances of the noise problem. In the area of ro
acoustics, in which sound strikes the walls with normal
random incidence, a few effective treatments have been
veloped, such as Helmholtz resonator and membrane
plate, absorbers. Helmholtz resonators have been used t

a!Author to whom correspondence should be addressed. Electronic
mmlhuang@polyu.edu.hk
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hance low-frequency noise absorption since, perhaps,
long time ago in human history~Brüel, 1951!. Recently, the
principle of Helmholtz resonator is again becoming essen
as the microperforated~submillimeter holes! noise absorp-
tion techniques~Maa, 1975, 1998! are being rapidly devel-
oped to offer fiberless and relatively broadband solutio
~Zha et al., 2002! for broadcasting studios, music and co
cert halls. Theoretical studies in this area have also increa
in their sophistication, e.g., Brown, 1964; Ford, 1969; Sa
gami et al., 1996; Kang and Fuchs, 1999; and Horoshenk
and Sakagami, 2001. In its simplest setup, a panel absorb
a mass-spring system in which the mass derives from
panel, and the stiffness is mainly determined by the air ca
although the panel may also have a significant contributi
A shallow cavity gives high stiffness, and this is one of t
main reasons why low-frequency, broadband noise is d
cult to deal with. In this regard, the concept of magnetic fie
neutralizing the cavity air stiffness introduced by Hua
~2000! could be a potential source of advancement in t
field.

In the area of duct noise control, absorption of low
frequency noise by duct lining is more difficult than in room
due to the grazing incidence in duct. Effective noise cont
is achieved with intrusive devices, such as a splitter silen
or normal vehicle silencers in which the air flow passage
tortuous. But there are many important utilities, such
power plant chimneys and central ventilation systems, wh
the pressure loss caused by such a design means a subs
running cost. One alternative to achieving low-frequen
noise abatement in a duct is the active noise control te
nique. Despite the rapid development in this field in the l
few decades, successful applications of this old concept
still few. Apart from many electronic intricacies, the ineffe
tiveness of the secondary sound source at low frequen
may also be a factor.

The group led by Fuchs~2001! have been in the fore
front of taming the low-frequency noise without imposin
il:
12(5)/2026/10/$19.00 © 2002 Acoustical Society of America
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much pressure loss penalty. Among many patents they h
developed, two are particularly relevant to the present s
ies. One is called the membrane absorber box, as desc
in detail by Ackermann, Fuchs, and Rambausek~1988!, and
the other is called the ‘cleanable reactive silencer’@see Zha
et al. ~2002! for a brief scientific discussion#. The latter es-
sentially looks like an expansion chamber except that
smaller tube runs all the way through the chamber with
small perforated segment immediately downstream of
first junction. The device is reactive, similar to the drumli
silencer described in the present study, but the insertion
spectrum is typical of a resonator, which is what it essentia
is. The biggest advantage here is that there is no pressure
with this design, and the disadvantage is that many s
silencers have to be installed in a row to achieve a broadb
performance.

The device of membrane absorber box is a dissipa
one with a broadband performance in the low to medi
frequency range. It is made by a host of combined Helmh
and panel resonators in a honeycomb structure. A typ
resonator unit consists of a hollow rectangular cavity c
ered by a perforated membrane. Another impervious t
membrane is placed in front of the perforated membrane
form a narrow channel between the two sheets. The sys
of perforated panel with cavity resonates at a freque
about twice the resonant frequency of the Helmholtz sys
formed by the cavity and the aperture. The two resonan
are only weakly coupled. Without the impervious membra
cover, the effect of the combined resonator would be rat
poor as the spectrum of each resonator is peaky. But
narrow channel between the two sheets helps to increas
system resistance and the dip in the sound absorption s
trum is reduced. The details of the unit impedance are
scribed in Frommholdet al. ~1994!. A splitter silencer built
on this concept was successfully used in the exhaust stac
a papermill~Ackerman and Fuchs, 1989!. The duct was 1 m
wide and the silencer was 1 m long. Each splitter is 100 mm
thick and the distance between adjacent splitters is 150 m
An insertion loss of 10 dB or above was achieved over o
octave band starting from 175 Hz. The device is mainly
sorptive although some reactive mechanism might also b
work. This contrasts with the entirely reactive mechanism
the drumlike silencer being explored in the current stu
This difference aside, two parallels can still be drawn. On
that the two devices share exactly the same goal of low
medium frequency duct noise abatement, and the othe
that both achieve a stopband wider than one octave.

The current paper compares the experimental data o
drumlike silencer, henceforth drum silencer, with the p
dicted performance. The theory necessary for predictio
outlined very briefly in the next section, followed by th
description of the experimental rig. The optimal result o
tained in the tests is then analyzed in terms of both transm
sion loss and energy loss mechanisms. The effects of m
brane mass and tension are discussed towards the end.

II. THEORETICAL OUTLINE

As shown in Fig. 1, the theoretical model resemble
standard, two-dimensional expansion chamber with a m
J. Acoust. Soc. Am., Vol. 112, No. 5, Pt. 1, Nov. 2002 Y
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channel height ofh, and two identical cavities of lengthLv
and depthhc . Two membranes are used to cover the tw
cavities, and their length can be less than that of the cavi
L<Lv . With the membrane cover, the gas medium inside
cavities can differ from air, and the gas density and spee
sound are denoted asr0c , c0c , respectively. The membrane
have a mass per unit lengthm and a tensile force ofT is
applied. The basic method of transmission loss predict
follows that of an earlier study~Huang, 1999! in which the
effect of the cavity air was ignored. In addition, the flu
inside the cavity in the present model is allowed to diff
from that of air in the main duct. The need of doing so aris
from the experimental finding~see Sec. IV! that there is a
substantial amount of sound energy absorption inside
cavity.

When a harmonic sound of time dependenceeivt is in-
cident on the membrane, it responds by vibrating at a ve
ity V which gives rise to a pressure differenceDp, for which
the positive value denotes the downward action, hence fl
loading. This loading is borne by the membrane in addit
to the incident wave perturbation,pi5ei (vt2k0x), wherek0

5v/c0 is the wave number andc0 is the speed of sound in
air. The dynamics of the fluid-structural coupling is d
scribed by the following equation for the displacement c
culated ash5V/( iv),

m]2h/]t22T~11 is!]2h/]x21Dp1pi50, ~1!

wheres is a dimensionless loss factor of the membrane. T
choice of this particular form of friction force is based on t
following considerations. The usual dash-pot model wo
result in an inertia term likem(12 is)]2h/]t2. This implies
that the tensioned membrane experiences friction even w
it undergoes a uniform heaving motion, which we argue
not proper. Having said that, the physics of the real damp
mechanisms in a thin tensioned membrane is rather com
cated and is beyond the scope of current studies. Equa
~1! is an ad hocattempt to relate the energy loss with th
shearing motion of membrane, and as such,s is not neces-
sarily identical to the loss factor normally quoted for ma
rials, but the latter can be used as a reference. In fact, t
are other acoustic loss mechanisms involved in the exp
mental rig, and more discussions on the modeling of
lumped energy loss are given later. The main objective of
current model is to provide some measure of accounting
the total vibration energy loss, so that the behavior of

FIG. 1. Theoretical model of sound incident on two identical stretch
membranes each backed by a cavity filled with a fluid which may dif
from air.
2027. S. Choy and Lixi Huang: Drum silencer experimental studies
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 26 February 2025 08:36:52
major part of sound power, which is shown to be reflect
may be better predicted. Comparison with the dash-
model with the sames shows little quantitative difference
except that the dash-pot model gives very low damping
low frequencies while the current model gives more unifo
loss throughout the spectrum.

The Galerkin procedure can be followed to solve Eq.~1!
in terms of the modal expansion for a simply suppor
membrane,

V5(
j 51

`

Vj sin~ j pj!, Vj52E
0

1

V sin~ j pj!dj,

~2!
j5x/L11/2.

The main task in doing so is to relate the fluid loadingDp
with the vibration velocityV through a modal impedanc
matrix $Zjl % as shown below,

Dp5(
l 51

` S (
j 51

`

VjZjl D sin~ lpj!, ~3!

where the single mode impedanceZjl is defined as thel th
fluid loading coefficient caused by the vibration of thej th in
vacuomode of unit amplitude, sin(jpj). Substitution of Eq.
~3! into Eq. ~1! then forms a set of linear equations for th
vibration velocity coefficientsVj , j 51,2,3,..., which may be
truncated to an order likej 5N525, and solved by standar
matrix inversion techniques like Gaussian elimination.

The task of finding the modal impedanceZjl is one in
which, unlike the coupled membrane dynamics, the me
brane vibration is specified, and the loading is customa
called the radiation pressure. The radiation pressure on
membrane surface facing the main duct, denoted asp1rad,
can be found by the summation over all duct acous
modes,cn , as shown below~see, for example, Doak, 1973!:

p1rad~x,y,t !5
r0

2h (
n50

`

cncn~y/h!E
2L/2

1L/2

cn~y8/h!

3V~x8,y8,t !@H~x2x8!e2 ikn~x2x8!

1H~x82x!e1 ikn~x2x8!#dx8,

cn~y/h!5A22d0n cos~npy/h!, kn5
v

cn
, ~4!

cn5
ic0

A~np/k0h!221
,

where r0 is the air density,cn and kn are, respectively,
the phase speed and wave number of thenth duct mode,
H is the Heaviside function,d0n is the Kronecker delta
The integration is carried out over the source surface:x8
P@2L/2,L/2#, y850. This result can be easily adapted f
finding the radiation pressure in the lower~cavity! channel,
denoted asp2rad, when r0 and c0 are replaced by the
corresponding medium properties inside the cavity,r0c and
c0c , respectively, the vibration velocityV replaced by2V,
and h replaced byhc . Sound reflection by the cavity wall
at x56Lv/2, denoted asp2ref , is also expressed as a sum
mation of duct acoustics modescn like in Eq. ~4! except
2028 J. Acoust. Soc. Am., Vol. 112, No. 5, Pt. 1, Nov. 2002
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that the two Heaviside functions are replaced by two c
stants,A andB,

p2ref~x,y,t !5
r0c

2hc
(
n50

`

cnccn~y/hc!E
2L/2

1L/2

cn~y8/hc!

3@2V~x8,y8,t !#

3@Ae2 iknc~x2x8!1Be1 iknc~x2x8!#dx8,
~5!

cnc5
ic0c

A~np/k0chc!
221

, knc5
v

cnc
,

which are found by the rigid wall boundary conditions atx
56Lv/2,

]~p2rad1p2ref!

]x U
x56Lv/2

50→A5
eiknc~Lv22x8!11

eiknc~2Lv!21
,

~6!

B5
eiknc~Lv12x8!11

eiknc~2Lv!21
.

Both r0c and c0c can be complex quantities if soun
absorption material is used and modelled as an equiva
fluid, in which case both are functions of frequency. In t
next section, mechanisms of cavity energy dissipation
modelled by such an approach using the properties of gl
fiber of various porosity.

Once the vibration velocity is found via modal coeffi
cients Vj through solving the coupled dynamics equatio
Eq. ~1!, the reflected wave, denoted aspr , can be found by
evaluating the radiated wave into the far left from Eq.~4!,
while the transmitted wave,pt , is found by the superposition
of the incident wave,pi , with the radiation into the far-right
The coefficients of energy flux reflection,b, wave absorp-
tion, a, and the transmission loss, TL can be evaluated
follows:

pr5p1radux→2` , pt5p1radux→1`1pi ,
~7!

b5Upr

pi
U2

, a512b2Upt

pi
U2

, TL520 log10Upi

pt
U.

The theory can be checked by the calculation of sound
flection by a simple expansion chamber without membra
by allowing the membrane mass and tension to vanish. T
is described in the next section, and the result is compa
with experimental data for the expansion chamber, a s
which also helps to check the experimental method.

III. EXPERIMENTAL SETUP

As shown in Fig. 2, the transmission loss across
drum silencer is measured by the four-microphone, two-lo
method similar to the one described by Munjal and Do
~1990!, and the resolution of the standing wave pattern f
lows the principle described by Chung and Blaser~1980!.
Briefly, two microphones are required to resolve the tw
travelling waves in a standing wave pattern. The theoret
definition of transmission loss involves a downstream con
tion which is anechoic. This is not normally possible witho
using excessively long duct lining for low frequencie
Y. S. Choy and Lixi Huang: Drum silencer experimental studies
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FIG. 2. The four-microphone, two-
load measurement system. Both da
acquisition and source sound gener
tion are controlled a Labview code in
a computer equipped with A/D and
D/A cards.
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Therefore the wave pattern downstream of the muffler
mains a standing wave. A total of four microphones a
needed for the simultaneous measurements of the two st
ing wave patterns, one upstream and one downstream. E
this is insufficient to define the transmission loss since
downstream segment still has reflection wave, s
Rd1ei (vt1kx). It is possible, and indeed necessary, to cha
the configuration at the downstream without affecting
muffler itself, so that a different standing wave pattern
created and measured giving another residual reflection w
Rd2ei (vt1kx). The linear combination of the two sets of da
forms another set which is acoustically correct for the m
fler. The combination can be done in such a way thatRd1

1wRd250, i.e., the downstream becomes anechoic.w is a
complex constant which is determined experimentally by t
anechoic requirement. The derived data set is non-tri
only when the two actual experiments are linearly indep
dent of each other, i.e., when they are conducted with dif
ent downstream impedance conditions. The magnitude
the incident and transmitted waves in the derived data set
be determined by the same combination constantw and the
transmission loss is found.

The incident noise is simulated by a loudspeaker c
nected to the duct through a contraction cone. A digital-
analogue conversion card~PCI-M10-16E-1 from National
Instruments! is used to generate the signal which is amplifi
by one of B&K’s amplifiers~Lab Gruppen 300!. Two pairs of
1/2 inch, phase-matched microphones~B&K type 4187! are
used together with conditioning amplifier~B&K’s Nexus
2691!. The separation distance for each pair is 8 cm. T
large separation is chosen to reduce experimental erro
low frequencies up to 1500 Hz. Signals from the four mic
phones, labeled M1 through M4, are digitized by the N
tional Instruments card PCI-4452 at the sufficient sampl
rate of 16 KHz. Both A/D and D/A processes are controll
by National Instruments’ Labview program and the test
run by a loop of discrete frequencies from 20 Hz to 1.5 k
with a 10 Hz increment. The discrete frequency approac
preferred since it offers opportunities to adjust the lou
speaker volume at nodal frequencies where the output ca
very low. Since the frequency of the incident wave is ac
rately controlled by the Labview program, the length of ea
sample can be tailor-made to be an integer number of cyc
eliminating any possible spectral leakage through the us
J. Acoust. Soc. Am., Vol. 112, No. 5, Pt. 1, Nov. 2002 Y
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digital windowing technique. The program can also be r
with random noise measurement, but it is felt that the ti
required to scan through the whole frequency spectrum
acceptable thanks to the automatic looping function of
Labview code.

The exact locations of the microphones are shown
Fig. 2 with the length unit of mm. Before the two-load tes
are conducted, microphones M2, M3, and M4 are calibra
against M1 by the swapping procedure despite the fact
all microphones are very well phase matched. The resul
variations of the amplitude ratio and phase angle differe
with respect to frequency are fit to a polynomial curve a
saved in files to be read by the Labview code which runs
two-load tests. The first test is conducted with the far end
the downstream section filled with some sound absorp
materials providing a partially anechoic termination. T
second test is conducted without any sound absorption
terial. In both tests, the far downstream end is terminated
a rigid plate so that the signal will not be contaminated
the background noise. The rigid end and partially anech
end conditions provide two linearly independent tests as
quired by the two-load method.

The duct used in the tests has a square cross sectio
dimensionh55 cm. The two cavities also have the nomin
cross section of 5 cm by 5 cm and the length is 25 cm. Th
dimensions can be adjusted by adding or retrieving so
solid blocks in the rig. The first cut-on frequency in the rig
duct is 3430 Hz. According to the prediction, the lower lim
of the stopband frequency may be down to a dimension
frequency off h/c50.05 or f 5343 Hz. Such a frequency i
not that low in the usual sense, but the general agreem
reached between the experimental data and the theore
prediction gives reasonable confidence that substantial n
reflection at frequencies below 100 Hz can be achieved f
duct with a height of 20 cm or so. The choice of the 5 c
duct in this experiment is partly based on the convenienc
an existing rig. In contrast, the choice of the relatively lar
separation distances between the two junctions of the ch
ber housing the silencer and the nearest microphone
forced upon by the inconvenience of accommodating the
ternal device required to apply and change the membr
tension. Account is taken of the acoustic damping by the d
walls according to the well-known formula of complex wav
numbers~see Pierce 1991, Eqs. 10-5.10 and 10-5.8!:
2029. S. Choy and Lixi Huang: Drum silencer experimental studies
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k5
v

c0
1~11 i !awalls,

~8!

awalls5223/2A vm

r0c0
2 F11

g21

Pr1/2 G Lp

A
,

wherem is the air viscosity,g is the ratio of specific heats, P
the Prandtl number,Lp the perimeter, andA the cross sec-
tional area. The energy loss has a square-root frequency
pendency. Take 500 Hz as an example, friction for
present duct over 1 m gives around 5% loss in sound ener
flux. Corrections for travelling wave amplitudes are made
finding out the true incident and reflection waves at the le
hand side junction of the chamber from the sound intensi
measured between M1 and M2. The same applies to
downstream. But the effect of friction inside the chamber
regarded as part of the damping mechanism of the silen
No attempt is made to separate friction from other mec
nisms such as the inevitable vibration of the so-called ri
walls of the cavity.

The membranes are clamped and stretched by a me
nism shown in Fig. 3. The upstream end of the membran
simply fixed by wrapping it around a cylinder of 6 mm
diameter and pressed against the junction walls. The do
stream end of the membrane runs through a 0.05 mm
which is exaggerated in the figure, to be fixed by two pla
outside the duct. The axial positions of these clamp pla
hence the strain in the membrane, are easily adjusted by
screws shown in the figure. The tensile force applied is m
sured by a strain gauge glued to the surface of the memb
in the test section. The dimension of the strain gauge se
~TML FLA-3-11! is 3 mm and its attachment is believed
cause no noticeable influence on the dynamics of
stretched membrane. However, since the membrane us
thinner than the epoxy used to attach the strain gauge,
nificant measurement uncertainties may occur. To eradi
this problem, a calibration procedure is undertaken by atta
ing dead weights to the membrane through some connec
joints in the upright position.

In the direction perpendicular to the figure, say,z, the
two edges of the membranes~of width 52 mm! are inserted
into a very thin gap between the two constituent plates of
cavity walls. The gap is less than 0.5 mm and has a de
around 1–2 mm in thez direction. This is a deliberate at
tempt to simulate the two-dimensional theoretical mo
shown in Fig. 1. Tests were also conducted using a m

FIG. 3. The mechanism to apply and measure the membrane tensio
2030 J. Acoust. Soc. Am., Vol. 112, No. 5, Pt. 1, Nov. 2002
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brane narrower than 50 mm leaving a small gap between
membrane edges and the end walls, but results were q
similar. It is anticipated that, in real applications, the edges
tensioned membranes should be entirely glued to the
walls, for which a three-dimensional theoretical mod
should be developed.

When the membranes are removed and the slit allow
the membranes to get out of the duct is covered, the
becomes a simple expansion chamber with an area expan
ratio of 3. The transmission loss is measured and compa
with two theoretical predictions in Fig. 4. One is the plan
wave theory~dashed line!, and the other is the present theo
using 25 modes of the virtual membranes~solid line!. It is
found that the comparison between the experimental d
with the present theory is better than that with the pla
wave approximation. The latter ignores the acoustic sca
ing at the junctions leading to two characteristic differenc
with reality. In reality, the frequency range of the lobes of t
transmission loss is larger thanc0/2L, and the peak transmis
sion loss is higher than that determined by the plane-w
theory. These are all captured correctly by the present the
Having said that, the measured transmission loss is typic
0.5 dB higher than the theoretical prediction. This is pro
ably caused by some energy dissipation mechanisms w
are necessarily present in the rig but excluded in the the
Apart from the damping by the sharp edges, such as th
mm cylinder used to clamp the membranes, one poss
mechanism is the vibration of many constituent parts of
rig which is required to adjust the cavity size during t
experimental study. When the same measurement system
procedure were used earlier in a single-piece circular exp
sion chamber, the discrepancy between the experimental
and the prediction using a finite element calculation was
duced to 0.2 dB at the nodal frequencies of the transmiss
loss lobes. Despite the finite discrepancy between the pre
tion and the experimental data, the test of the expans
chamber serves as a mini validation for both experimen
setup and the theory.

IV. BASIC ANALYSIS

According to the theoretical prediction, the membra
mass has adverse effect on the silencer performance.

FIG. 4. Comparison of the measured data with predictions by the p
wave approximation and the modal expansion calculation with zero m
brane mass and tension.
Y. S. Choy and Lixi Huang: Drum silencer experimental studies
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types of metal foils were available at the time of experime
stainless steel and copper. The stainless steel foils were
mm and 0.02 mm thick. The membrane is weighed, and
mass ratio for the thinner one is calculated as follows:

m15
m

r0h
5

780030.01

1.225350
51.3. ~9!

This is sufficiently low although even lower values can
achieved by using aluminum foil in a larger duct. This se
tion focuses on the best result using this foil, leaving
results for heavier membranes and the effect of tensile fo
to the next section.

Here, the stopband is defined as the frequency rangf
P@ f 1 , f 2#, in which the transmission loss is everywhe
equal to or higher than 10 dB, a level which is much high
than the peak performance of around 5 dB for an em
expansion chamber with an area ratio of 3. Based on
mass ratio ofm151.3, and assuming a membrane loss fac
of s50.5% for stainless steel, an optimization calculati
can be conducted to see what tensionT would yield the
highest bandwidth represented byf 2 / f 1 . The result is shown
below in dimensionless form first,

f 1h/c050.0548, f 2h/c050.1378,
~10!

f 2 / f 152.516, Topt/~r0c0
2h2!50.502.

The predicted dimensional optimal tension,Topt and band
frequencies for the particular rig are given below,

f 15377 Hz, f 25947 Hz,

Topt50.50231.2253~34330.05!25181N.

This prediction is shown in Fig. 5~a! as the dashed line
Three peaks are found and the dip between the second
third peaks is right on the critical level of 10 dB. Study of th
variation around this tension shows that the dip goes be
10 dB for a slightly lower tension, indicating that the tensi
does play a very subtle role in setting the frequency interv
between the spectral peaks. The dip remains above 10 dB

FIG. 5. Comparison of experimental data with theoretical predictions for~a!
transmission loss TL,~b! absorption coefficienta, and~c! reflection coeffi-
cient b. The experimental data~open circles! was obtained for the thin
stainless steel under 190N tension. The predictions were for the same m
branes with a loss factor ofs50.5% under tension 190N~solid lines! and
181N @dashed line in~a!#.
J. Acoust. Soc. Am., Vol. 112, No. 5, Pt. 1, Nov. 2002 Y
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higher tension but the stopband of TL.10 dB is slightly
narrower. In the experiments, tensions were applied with
increment of 10N, and the stopband of 190N was found to
wider than that of 180N. So, the experimental data of 19
is chosen for analysis. In Fig. 5, the experimental data
shown in small open circles and the prediction for 190N
shown as solid curves.

As shown in Fig. 5~a!, the predicted stopband isf
P@385,953# Hz, while the experimental result isf
P@398,935# Hz. The ratio of frequency limits,f 2 / f 1 , are
2.47 and 2.35, respectively. Figure 5~b! compares the sound
absorption coefficient,a, and Fig. 5~c! shows the reflection
coefficient of sound energy flux,b. The following observa-
tions are made.

~1! In agreement with the prediction, there are three disti
spectral peaks found within the experimental stopba
This means that the basic theoretical model is correct
the experimental rig.

~2! The predicted TL curve has sharp peaks while that fr
the experiment is smoother. It means that there are
nificant energy dissipation mechanisms in the rig wh
are excluded from the theory. The experimental value
a ranges from 10% to 45% within the stopband, which
roughly 10 times higher than the predicted value w
s50.5%.

~3! Also in agreement with theory, the experimental da
shows that the mechanism of sound reflection domina
over sound absorption in the whole experimental st
band. As shown in Fig. 5~c!, the prediction agrees with
the experimental data almost perfectly below 300 H
which constituents the first small lobe.

In order to make a proper account of the sound ene
damping in the rig, four possible mechanisms are sugges

~1! membrane damping over the bulk vibrating surface;
~2! membrane damping at the edges;
~3! cavity damping; and
~4! sound induced vibration of some walls during the lo

frequency test.

Since the membrane is so thin and the dynamics of
and structure are fully coupled, it is impossible to separ
mechanisms~1! from ~3!. The identifications of mechanism
of ~2! and ~4! are also difficult. Two models are propose
below, one for mechanisms~1! and ~2!, and another for~3!
and ~4!.

It might be assumed that mechanism~2! dominates over
mechanism~1!. The losses concentrated at the leading a
trailing edges of the membrane should be described by d
functions,d(ux6L/2u), but the fact that there are two othe
edges in the membrane length direction gives some hope
a model of distributed energy loss might at least capt
some essential characteristics of mechanisms~1! and ~2!.
This is done by assigning an equivalent material loss factos
which should be much higher than 0.5%, the typical va
listed in material handbooks for metals. This model is cal
the s model.

Cavity damping, mechanism~3!, is again hard to mode

m-
2031. S. Choy and Lixi Huang: Drum silencer experimental studies
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exactly. Usually, a loss coefficient is assigned to each ca
mode. This procedure becomes awkward in the pres
model using the expansion of membrane vibration in ter
of the in vacuomodes of the simply supported membrane
is assumed that the combined effects of mechanisms~3! and
~4! may be modeled by treating the empty cavity as one fil
with a very fluffy sound absorption material. This is done
assigning a small value of flow resistivityRsamand the model
is labeled as the sam model. OnceRsamis given, the complex
density and speed of sound in the cavity,r0c , c0c , can be
specified as functions of frequency and flow resistivity~or
porosity! using empirical properties of common materia
like fiberglass available in Mechel and Ve´r ~1992!.

Going back to Figs. 5~b! and~c!, it is observed that high
sound absorption rate occurs when the reflection coeffic
is low. A more useful comparative study can be made by
relative sound absorption coefficient

a15a/~12b!, ~11!

which is a more sensible measure of how much noise
actually enters the silencer is absorbed. Using this conc
the effects ofs andRsam are studied separately, and the r
sults are shown in Fig. 6. The subfigures on the left-ha
side columns are for thes model, while those on the right
hand side are for the sam model. For each model, two le
of losses are tested. The dashed lines are for the lower le
and the solid lines higher values. The two levels are cho
in such a way that the experimental data for 190N~open
circles! generally fall within the range predicted by the tw
levels with a heuristic curve-fitting. As shown in Fig. 6~1b!,
the comparison between the experimental data and the r
of the level 1 loss factors55% shows a large deficit o
relative damping (a1) around 540 Hz. This discrepancy
reduced by the level 2 model withs510%. But, as shown
in Fig. 6~1a!, the transmission loss of the two predicted fa
below the experimental value due to the inability to simul
neously predict the correct reflection coefficient in this

FIG. 6. Modeling of damping mechanisms by two methods: equiva
membrane loss factor~1a!, ~1b!, and~1c!, and equivalent sound absorptio
material in the cavities~2a!, ~2b!, and~2c!. The experimental data are show
in open circles, and two levels of damping mechanisms are calculate
each model. In the left column,s is 5% for the dashed lines, and 10% fo
the solid lines. In the right column,Rsam is 40 kg/m3 s for the dashed lines
and 80 kg/m3 s for the solid lines.
2032 J. Acoust. Soc. Am., Vol. 112, No. 5, Pt. 1, Nov. 2002
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gion, as shown in Fig. 6~1c!. The modelling of the spectra
dip around 775 Hz and the third peak around 855 Hz is m
successful, but that for the second peak around 670 Hz is
The transmission loss fors55% retains a distinct peak, bu
it overpredicts the reflection. The model ofs510%, on the
other hand, simulatesb correctly but the TL peak disappea
due to the lack of sufficient membrane response. Howe
assigning a lower value ofs for the first mode does not yield
a better overall agreement with the experimental data. Th
tests, together with the fact that the frequencies of TL pe
are not predicted accurately, seems to suggest that s
three-dimensional effects inherent in the experiment is
sponsible for the discrepancy between the data and the
dimensional theoretical model. These include the poss
corrugation of the membrane when it’s slightly twisted du
ing the application of tensile force, nonuniformity of the te
sile force across the width in thez direction, and the possible
effect of the gap between the membrane edges and the
walls along the axial direction, etc. There are also other f
tors in the rig which are normally excluded in any theoretic
model. For example, the effect of the attachment of the st
gauge is believed to be minor but, admittedly, it is hard
assess this accurately.

The sam-model based on the fiberglass propertie
tested for two levels of flow resistivity,Rsam540, 80 kg/m3 s,
which are about three orders of magnitude lower than t
used in usual duct linings. The results are shown in the rig
hand-side column of Fig. 6. Figure 6~2b! shows that the leve
1 model underpredicts the loss around the first spectral di
540 Hz but, contrary to thes models, sam models of bot
levels overpredict the loss around the second spectral pe
685 Hz. The match between the sam model and the exp
mental data is very good beyond the third spectral peak
both a1 andb. Figure 6~2a! shows that three spectral pea
are simulated with satisfactory sharpness although, like
essentially lossless model shown in Fig. 5~a!, the interval
between the second and third peaks is narrower than
experimental result. The overall conclusion is that the s
model simulates better than thes model, and an intermediat
level of Rsam560 kg/m3 s will be used with the basic mate
rial loss factor ofs50.5% in all subsequent comparativ
studies between theory and experiment.

V. EFFECT OF MEMBRANE PROPERTIES

The variation of transmission loss spectrum with resp
to the membrane tension is shown in Fig. 7 for the th
stainless steel foil (m151.3). Four spectra for 110, 180, 190
and 200N are chosen for display. The experimental res
~open circles! are compared with the theoretical modelin
~solid lines! with Rsam560 kg/m3 s, ands50.5%. Figure
7~a! is for the tension of 110N. This is a typical situatio
where there are only two peaks in the stopband since
third one is too far away from the second. The theoreti
modelling is seen to be rather successful except that
heights of all the peaks are over-estimated. Figure 7~b! is for
180N, which is shown earlier to be close to the theoreti
optimal value of 181N. Although the second peak is rath
close to the third, the breakdown between the two peak
still too serious to qualify for a broadband performance u

t

in
Y. S. Choy and Lixi Huang: Drum silencer experimental studies
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der the strict criteria of TL>10 dB at all discrete frequen
cies. If one third octave band averaging is applied, as is d
in most practical applications, this breakdown can be ov
looked. The point to be emphasized here is that the spe
variation with respect toT is gradual in every sense, and th
sudden change of the bandwidth withT is purely caused by
the rigid definition of the stopband. The modelling in th
case can also be regarded as being successful given the
that the peak frequencies cannot really be determined a
rately with a two-dimensional theory. Figure 7~c! is for 190N
and is analyzed in detail earlier. Comparing with the expe
mental spectrum in Fig. 7~b!, the interval between the secon
and the third peaks of the experimental data is reduced, l
ing to a more balanced picture with a wider stopband. T
change of pattern is captured rather accurately despite
two-dimensional approximation. Figure 7~d! is for 200N in
which the second and third peaks from the experiment s
to merge together. The merge is more complete in the th
retical prediction in this case, consistent with the overpred
tion of the second peak frequency in all previous cases.

Experiments using copper foil of thickness 0.03 m
were also conducted with less impressive results. This
come is expected, but the results are also analyzed he
confirm the theoretical prediction of adverse effects of me
brane mass. For this foil, the cavity was changed to a sho
and deeper one following the theoretical search for a rea
able performance for the heavy foil. The parameters arehc

565 mm, Lv5L5198 mm,m154.43. The results are com
pared with theoretical modeling in Fig. 8. Figure 8~a! is for
the tensile force of 70N, and the data seems to be ra
scattered relative to the theoretical modeling. The same p
nomena are observed for tests with lower tension values s
as 30N and 50N. This was found to be caused by the d
culty in setting up a uniform stress for the foil at such lo
tension. The agreement between theory and experimen
comes much improved for tests with higher tensile forces
90N, 130N and 180N in Figs. 8~b!, ~c!, and~d!, respectively.

FIG. 7. Variation of TL spectrum with respect to tension for the thin sta
less steel foil ofm151.3. The values of tension are labeled in subfigur
Open circles are the experimental data, and the solid lines are predic
incorporating a cavity damping model withRsam560 kg/m3 s and s
50.5%.
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Comparing the results from the lighter foil of stainless st
in Fig. 7, it is found that the heavier copper foil yields sto
band in lower frequencies but the bandwidth is also n
rower.

Since noise abatement at extremely low frequencie
difficult, it might be reasonable to adopt a performance c
terion which varies somewhat with frequency. In that ca
heavy metal foils with a medium stress level will be the mo
suitable choice. To demonstrate the effect of mass on s
trum, the typical result of the thin stainless steel foil show
in Fig. 7~c! is plotted together with that of the thick coppe
foil shown in Fig. 8~a! for comparison. These are present
as Figs. 9~a! and ~c!, respectively. A thicker stainless ste

-
.
ns

FIG. 8. The performance of a drum silencer made of copper foils of 0
mm thick and 198 mm long, with a 65 mm deep cavity. The open circles
the experimental data, and the solid curves are predictions using a c
damping model withRsam560 kg/m3 s ands50.5%.

FIG. 9. Comparison of stopbands for three different values of membr
mass which is marked in each subfigure.~a! is the thin stainless steel with
Lv5L525 cm, hc55 cm. ~b! is for a thicker stainless steel foil with a
cavity length Lv530 cm which is longer than the membrane lengthL
525 cm, while hc55 cm. ~c! is copper foil with Lv5L5198 mm, hc

565 mm.
2033. S. Choy and Lixi Huang: Drum silencer experimental studies
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foil was also tested. Its mass ratio of 2.43 provide the in
mediate value, so the result is shown in Fig. 9~b!. The gen-
eral trend of spectral shifting towards lower frequencies
made clear. Notice that, for the thicker stainless steel
shown in Fig. 9~b!, the stopband is underpredicted, contra
ing with all other comparisons.

VI. DISCUSSIONS

Several issues related to the actual implementation
the concept of drum silencer are discussed here base
what is learned from the two-dimensional modelling. T
first issue is the significance of possible molecular relaxa
of the stretched membrane after a period of use. For
purpose, the last test with the thicker stainless steel, show
Fig. 9~b!, was left in the laboratory for more than a wee
and the reading for the tensile force was reduced from 18
to 178N, which is insignificant considering the accuracy
the strain gauge itself. The transmission loss was meas
again and there was hardly any noticeable change. Str
speaking, this test does not really simulate the actual si
tion where the silencer might be exposed to turbulent fl
For the moment, it can be said that the change of transm
sion loss spectrum with possible relaxation in tensile forc
at least very gradual. The other related issue is acoustic
tigue. The stress level for this particular rig is around 3
MPa, which falls within the range of fatigue stress of carb
steels. In order to make sure that no fatigue occurs, g
quality material should be chosen. But in actual applicat
with larger duct, thicker membranes can be used, and
stress level comes down even with the same tensile force
the choice of material should be plenty.

The second issue is the possibility of flow-induced
bration, and secondary sound radiation caused by this vi
tion. This issue should be divided into two parts. The firs
the possibility of sound radiation by forced membrane vib
tions due to turbulent flow eddies. The second is the po
bility of self-induced vibration which would lead to a po
sible breakdown of the membrane, a problem much m
serious than the noise itself. For the first part, reference
be made to the work of Ffowcs, Williams, and Hill~1987!,
who treated the problem of scattering of frozen, convect
wave pattern within the boundary layer flow by abru
changes in structural properties, which in the drum silen
is from the rigid wall to the tensioned membrane. Consid
ing the small length scale of the turbulent eddies, see Ho
and Baumann~1992!, such transfer of energy from the ne
field to the far field is most likely to concentrate in the regi
of high frequencies. This possible problem of high frequen
radiation is much less important than the low-frequen
noise being addressed in the present study. For the se
part, extensive studies have been carried out by the se
author on this topic~Huang, 1998, 2001!, and it can be con-
cluded that it is unlikely that the membrane would expe
ence any form of flutter~transfer of mean flow energy t
growing structural vibration! when the flow speed is wel
below thein-vacuotensile wave speed in the membrane. T
latter is very high for the drum silencer studied here. Ta
the thin stainless membrane as an example,
2034 J. Acoust. Soc. Am., Vol. 112, No. 5, Pt. 1, Nov. 2002
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This speed is unlikely to be approached in ordinary vent
tion systems. If the flow speed does approach such value
acoustic impedance of the system would have been chan
drastically. The tensile force of 190N may no longer be t
optimal tension, and the whole device has to be redesig
The problem of self-induced vibration should be more se
ously considered if the drum silencer is to be used in a hi
speed wind-tunnel.

The third issue is the effect of three-dimensional fe
tures in any realistic design of drum silencer. Most likely t
membranes will have to be fixed on all the edges. If
tension is applied in the third dimensionz, most conclusions
reached in the two dimensional model might be preser
although the membrane motion would become considera
more complicated. Three-dimensional modelling will have
be developed to predict and design such realistic drum
lencers. Further investigation is also needed to better iden
and model the damping mechanisms.

VII. CONCLUSIONS

The general conclusion of this study is that the theor
ical predictions of the broadband performance of the
called drum silencer are validated by experimental data
spite two major limitations of the theory. One is the tw
dimensional nature of the theoretical model, and the othe
the exclusion of the damping mechanisms which are diffic
to describe quantitatively. The following are specific conc
sions derived from various tests conducted.

~1! The frequency range. Due to the small duct size,
dimensional frequencies do not fall in the low frequen
range, say below 200 Hz, in engineers’ common sen
but the dimensionless frequency range does agree
the prediction. This gives the confidence that lo
frequency broadband noise can be tackled by the n
concept of drum silencer. The main feature of the bro
band performance is that three peaks appear with s
able intervals such that the breakdown between adja
peaks remain moderate.

~2! Mechanisms of energy dissipation. In the specific des
of the validation experiments, there exists a significa
source of energy dissipation at frequencies when refl
tion is less effective. The exact nature of such damp
mechanisms has not been identified convincingly, bu
appears from the limited attempts of modelling that t
cavity damping is dominant. The other major source
damping may arise from the clamped membrane edg
and the two nominally free edges in the third dimensio
When membrane damping is introduced in a distribu
manner, the amount of damping required to match
measured overall sound absorption coefficient s
presses the second spectral peak which is defini
present in the experiment. Simulation of cavity dampi
by fluffy sound absorption material proves to be capa
of preserving all three peaks.
Y. S. Choy and Lixi Huang: Drum silencer experimental studies
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~3! Dominance of reflection. Sound reflection dominates
every part of the stopband despite the fact that the
mensional frequency encountered in the small duct ri
relatively high. It is speculated that the significance
the unaccounted contribution from damping will be r
duced if a larger duct is used.

~4! Effect of membrane mass. A light membrane is show
both theoretically and experimentally, to yield better p
formance than its heavier counterparts, membrane
zero mass being the theoretical optimum. However,
cording to the present theory, an aluminum foil of thic
ness 0.05 mm or more can still provide a stopband wi
than one octave in a duct of 20 cm in cross sectio
dimension. This excludes the potential technical pro
lems that might be encountered by using ultrathin me
branes.

~5! Optimal membrane tension. The optimal tension is id
tified theoretically and proved rather accurately in t
tests. The problem of possible material relaxation
stretched membrane was only investigated briefly
measuring the same rig again after one week. No det
able change in tension nor performance was found in
test. However, this does not exclude the possibility
membrane relaxation in all practical situations. At th
junction, it is stressed that the actual performance of
drum silencer does not change with tension in any abr
manner although the level of tension does play a delic
role of regulating the intervals between spectral peak

~6! Multiple drum silencer. Since the stopband frequenc
can be manipulated by many variables such as mass
tension, it is theoretically possible to come up with
very broadband design with the sequential combinat
of drum silencers of different membrane properties. T
most profitable design would be the combination
many narrower stopbands in the very low frequen
range while that in the medium to high frequency ran
is better taken care of by normal duct lining covered
light membranes under low tension.

~7! Self-induced vibration and secondary radiation of noi
With a brief reference to the results of related studies
was shown that a drum silencer is unlikely to experien
self-induced vibration because the optimal tensile str
required should be normally very high. Of course, t
level of stress should still be within the elastic limits
normal materials like steel or aluminum. Thein vacuo
flexural wave speed far exceeds the usual flow speed
normal ventilation tunnel, hence no flutter.
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