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Experimental studies of a drumlike silencer

Y. S. Choy and Lixi Huang®
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. @002 Acoustical Society of AmericdaDOI: 10.1121/1.1508779

PACS numbers: 43.50.Gf, 43.20.Th, 43.20[KARS]

I. INTRODUCTION hance low-frequency noise absorption since, perhaps, very
long time ago in human histor§Bruel, 195). Recently, the

In a recent theoretical study, the second author exploregrinciple of Helmholtz resonator is again becoming essential
the use of tensioned membranes as a sound reflection devige the microperforate@submillimeter holeps noise absorp-
with zero pressure loss penalty in a flow ddduang, 1999  tion techniquegMaa, 1975, 199Bare being rapidly devel-
In that study, the effect of air external to the membranepped to offer fiberless and relatively broadband solutions
which forms part of the duct wall, was excluded. In order to(Zha et al, 2002 for broadcasting studios, music and con-
explore the use of the concept in a real silencer, a cavity hagert halls. Theoretical studies in this area have also increased
to be added to prevent the noise break-out. The formulatioin their sophistication, e.g., Brown, 1964; Ford, 1969; Saka-
has since been extended to include the important cavity efgamiet al, 1996; Kang and Fuchs, 1999; and Horoshenkov
fect. Preliminary tests were carried out by the first author taand Sakagami, 2001. In its simplest setup, a panel absorber is
validate the theoretical frameworlChoy, 200. With fur-  a mass-spring system in which the mass derives from the
ther refinement on the prediction, it now becomes clear thabanel, and the stiffness is mainly determined by the air cavity
far better results are possible with membranes stretched fafithough the panel may also have a significant contribution.
beyond the elastic limit of the plastic material used in thosea shallow cavity gives high stiffness, and this is one of the
initial tests. The present paper reports the full comparisomain reasons why low-frequency, broadband noise is diffi-
between the latest prediction and the tests using metal foilsult to deal with. In this regard, the concept of magnetic field
as membranes. The performance of these metal foils is contreutralizing the cavity air stiffness introduced by Huang
parable with that in many related studies, which are very2000 could be a potential source of advancement in this
briefly reviewed below in the wider context of low- field.
frequency noise control. In the area of duct noise control, absorption of low-

Low-frequency sound radiation often carries most of thefrequency noise by duct lining is more difficult than in rooms
sound power in many engineering applications, such as thgue to the grazing incidence in duct. Effective noise control
ventilation fans and the vibrating machinery. In general, thes achieved with intrusive devices, such as a splitter silencer,
thickness of sound absorption material required in noise conor normal vehicle silencers in which the air flow passage is
trol engineering is tied to the wavelength. Effective absorptortuous. But there are many important utilities, such as
tion of low-frequency noise is impractical in most circum- power plant chimneys and central ventilation systems, where
stances. Before the discussion can be extended to reactivige pressure loss caused by such a design means a substantial
and active noise control methods, it is necessary to specifyunning cost. One alternative to achieving low-frequency
the circumstances of the noise problem. In the area of roomoise abatement in a duct is the active noise control tech-
acoustics, in which sound strikes the walls with normal ornique. Despite the rapid development in this field in the last
random incidence, a few effective treatments have been déew decades, successful applications of this old concept are
veloped, such as Helmholtz resonator and membrane, @il few. Apart from many electronic intricacies, the ineffec-
plate, absorbers. Helmholtz resonators have been used to afveness of the secondary sound source at low frequencies
may also be a factor.

dAuthor to whom correspondence should be addressed. Electronic mail: The group led by Fuch&2001) haV'e be(-?‘n in the fOI’?—
mmlhuang@polyu.edu.hk front of taming the low-frequency noise without imposing
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much pressure loss penalty. Among many patents they have
developed, two are particularly relevant to the present stud-
ies. One is called the membrane absorber box, as described
in detail by Ackermann, Fuchs, and Rambau&Ek88, and -
the other is called the ‘cleanable reactive silen¢see Zha
et al. (2002 for a brief scientific discussignThe latter es-
sentially looks like an expansion chamber except that the
smaller tube runs all the way through the chamber with a
small perforated segment immediately downstream of the
first junction. The device is reactive, similar to the drumlike
silencer described in the present study, but the insertion log9G. 1. Theoretical model of sound incident on two identical stretched
spectrum is typical of a resonator, which is what it essentiall){:‘;’;“;rif”es each backed by a cavity filled with a fluid which may differ
is. The biggest advantage here is that there is no pressure loss
with this design, and the disadvantage is that many such
silencers have to be installed in a row to achieve a broadbanchannel height oh, and two identical cavities of length,
performance. and depthh.. Two membranes are used to cover the two
The device of membrane absorber box is a dissipativeavities, and their length can be less than that of the cavities,
one with a broadband performance in the low to mediumL<L, . With the membrane cover, the gas medium inside the
frequency range. It is made by a host of combined Helmholtzavities can differ from air, and the gas density and speed of
and panel resonators in a honeycomb structure. A typicasound are denoted ag., Cqc, respectively. The membranes
resonator unit consists of a hollow rectangular cavity cov-have a mass per unit length and a tensile force ot is
ered by a perforated membrane. Another impervious thirapplied. The basic method of transmission loss prediction
membrane is placed in front of the perforated membrane téollows that of an earlier studyHuang, 1999 in which the
form a narrow channel between the two sheets. The systegffect of the cavity air was ignored. In addition, the fluid
of perforated panel with cavity resonates at a frequencynside the cavity in the present model is allowed to differ
about twice the resonant frequency of the Helmholtz systenfrom that of air in the main duct. The need of doing so arises
formed by the cavity and the aperture. The two resonancesom the experimental findingsee Sec. 1Y that there is a
are only weakly coupled. Without the impervious membranesubstantial amount of sound energy absorption inside the
cover, the effect of the combined resonator would be rathecavity.
poor as the spectrum of each resonator is peaky. But the When a harmonic sound of time dependest® is in-
narrow channel between the two sheets helps to increase tle@ent on the membrane, it responds by vibrating at a veloc-
system resistance and the dip in the sound absorption speity V which gives rise to a pressure differentp, for which
trum is reduced. The details of the unit impedance are dethe positive value denotes the downward action, hence fluid
scribed in Frommholdt al. (1994). A splitter silencer built  loading. This loading is borne by the membrane in addition
on this concept was successfully used in the exhaust stack & the incident wave perturbatiop;=e'(*'~k¥) wherek,
a papermill(Ackerman and Fuchs, 1989The duct was 1 m = w/cg is the wave number anch is the speed of sound in
wide and the silencer vgal m long. Each splitter is 100 mm air. The dynamics of the fluid-structural coupling is de-
thick and the distance between adjacent splitters is 150 mnscribed by the following equation for the displacement cal-
An insertion loss of 10 dB or above was achieved over oneulated asp=V/(iw),
octave band starting from 175 Hz. The device is mainly ab- 2 2 N 2 _
sorptive although some reactive mechanism might also be at M=l = T(1+i0)dnlox"+ Ap+pi=0, @

work. This contrasts with the entirely reactive mechanism o(Nhereo is a dimensionless loss factor of the membrane. The
the_ drymhke S|Ier_1cer being explored in .the current StUdY'choice of this particular form of friction force is based on the
This difference aglde, two parallels can still be drawn. One Sollowing considerations. The usual dash-pot model would
that _the two devices share _exactly the same goal of low t?esult in an inertia term liken(1—i o) a2 7/at2. This implies
[Eef(jll;m:hfre?]gency dtjctbnmge %bati:nent, and tthe other that the tensioned membrane experiences friction even when
a Tr? ac |e;/e a stopband wi tf]r an one Of "I’“ée't fthit undergoes a uniform heaving motion, which we argue is
1€ current paper compares the experimental data o g, proper. Having said that, the physics of the real damping
drumhke silencer, henceforth drum silencer, with tr.]e.pre.'mechanisms in a thin tensioned membrane is rather compli-
dicted performance. The theory necessary for prediction 'Rated and is beyond the scope of current studies. Equation

outlingd_ very briefly in t.he next _section, fo!lowed by the (1) is anad hocattempt to relate the energy loss with the
description of the experimental rig. The optimal result Ob'shearing motion of membrane, and as suelis not neces-

tgmed in the tests is then analyzed.m terms of both transmlss'arily identical to the loss factor normally quoted for mate-
sion loss and energy_loss mec_hamsms. The effects of MEMrals, but the latter can be used as a reference. In fact, there
brane mass and tension are discussed towards the end. are other acoustic loss mechanisms involved in the experi-
mental rig, and more discussions on the modeling of the
lumped energy loss are given later. The main objective of the
As shown in Fig. 1, the theoretical model resembles acurrent model is to provide some measure of accounting for
standard, two-dimensional expansion chamber with a maithe total vibration energy loss, so that the behavior of the

Il. THEORETICAL OUTLINE
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major part of sound power, which is shown to be reflectedthat the two Heaviside functions are replaced by two con-
may be better predicted. Comparison with the dash-postants,A andB,

model with the samer shows little quantitative difference o e
. i i Po ,

except that t_he da§h pot model gives very low damp|_ng at P el X,y t) = # Cnclﬂn(y/hc)J da(y'Ihe)
low frequencies while the current model gives more uniform cn=0 ~L/2
loss throughout the spectrum. X=Xy 1)

The Galerkin procedure can be followed to solve @yg. [=V(XLy'. 0]
in terms of the modal expansion for a simply supported X[Aefiknc(xfx’)_'_Be+iknc(x7x’)]dxr,
membrane,

ic 1) ©
-~ 1 _ 0c _
L L Cne= , Kpem—,
V=2 Visinjmé), V=2 Vsin(jm&de, " J(nalkoho?—1" " Cnc
j=1 0
(2)  which are found by the rigid wall boundary conditionsxat

E=x/IL+1/2. —xL /2
The main task in doing so is to relate the fluid loadihp P N KnclLy—2X') | 1
with the vibration velocityV through a modal impedance M —0 A= aT,
matrix {Z;} as shown below, 28 x=*L,/2 e'ncl?bo) —1

[ . : ©
_ S i elknC(LU+2x )+1
Ap 21 (121 V’Z”>Sm(l e, @ B= —gkaa 1

fluid loading coefficient caused by the vibration of ik in absorption material is used and modelled as an equivalent
vacuomode of unit amplitude, sipfré). Substitution of Eq.  fjuid, in which case both are functions of frequency. In the
(3) into Eq. (1) then forms a set of linear equations for the next section, mechanisms of cavity energy dissipation is
vibration velocity coefficienty/;, j=1,2,3,..., which may be  modelled by such an approach using the properties of glass-
truncated to an order like=N=25, and solved by standard fiper of various porosity.
matrix inversion techniques like Gaussian elimination. Once the vibration velocity is found via modal coeffi-
The task of finding the modal impedanzg is one in cients V; through solving the coupled dynamics equation,
which, unlike the coupled membrane dynamics, the MeMeq. (1), the reflected wave, denoted ps, can be found by
brane vibration is specified, and the loading is customarilyevamating the radiated wave into the far left from Ed),
called the radiation pressure. The radiation pressure on thgnile the transmitted wave, , is found by the superposition
membrane surface facing the main duct, denote@ a8,  of the incident wavep; , with the radiation into the far-right.
can be found by the summation over all duct acousticsrne coefficients of energy flux reflectiop, wave absorp-
modes./, , as shown belowsee, for example, Doak, 19%3  tjon, o, and the transmission loss, TL can be evaluated as

00 & U2 follows:
Prrad XY, 1) = ﬁnZo Cnl/[n(y/h)ffuz Ynly'Th) Pr=Piradx-—ws Pt=Piradx—t=tPi
! I 0|2 b (7)
XV(x',y" H[H(x=x")e~ kx> B== a=1—ﬂ—p—‘ , TL=20Iogloal.
i i t

r_ +ikp(x—x") ’
FH(X =x)e 1dx’, The theory can be checked by the calculation of sound re-

flection by a simple expansion chamber without membranes

w
n(ylh)= V2= don cOgnmylh), Ky=—, (49 by allowing the membrane mass and tension to vanish. This
" is described in the next section, and the result is compared
ico with experimental data for the expansion chamber, a step
Chn= which also helps to check the experimental method.
J(nmlkgh)?—1

where pg is the air density,c,, and k,, are, respectively,
the phase speed and wave number of nitle duct mode,
H is the Heaviside functiongy, is the Kronecker delta. As shown in Fig. 2, the transmission loss across the
The integration is carried out over the source surface: drum silencer is measured by the four-microphone, two-load
e[—L/2,L/2], y'=0. This result can be easily adapted for method similar to the one described by Munjal and Doige
finding the radiation pressure in the low@avity) channel, (1990, and the resolution of the standing wave pattern fol-
denoted asp_,,q, When p, and cy are replaced by the lows the principle described by Chung and Blagk®80).
corresponding medium properties inside the cayit, and  Briefly, two microphones are required to resolve the two
Coc, respectively, the vibration velocity replaced by—V, travelling waves in a standing wave pattern. The theoretical
and h replaced byh.. Sound reflection by the cavity walls definition of transmission loss involves a downstream condi-
atx==*=L,/2, denoted ap ¢, IS also expressed as a sum- tion which is anechoic. This is not normally possible without
mation of duct acoustics modes, like in Eq. (4) except using excessively long duct lining for low frequencies.

lll. EXPERIMENTAL SETUP
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DIA Convertor AID Convertor
NI PCI-M10-16E-1 NI PCI-4452
300 .80, 510 L 250 . 410 80, 150 FIG. 2. The four-microphone, two-
[ ] ] | T | | load measurement system. Both data
Signal acquisition and source sound genera-
Power Amplifier Condii . . .
Lab. Gruppen 300 S tion are controlled a Labview code in
- B&K 2691 M4 M3 . .
M2 M1 a computer equipped with A/D and
50 DI/A cards.
E3
] Lo, V% Ly,
£ k
Cross Secti
Tandspeaker Membrane under tension __/ 5;';“50 o
Upstream Downstream

Length unit: mm

Therefore the wave pattern downstream of the muffler redigital windowing technique. The program can also be run
mains a standing wave. A total of four microphones arewith random noise measurement, but it is felt that the time
needed for the simultaneous measurements of the two stancequired to scan through the whole frequency spectrum is
ing wave patterns, one upstream and one downstream. Evetceptable thanks to the automatic looping function of the
this is insufficient to define the transmission loss since thé.abview code.

downstream segment still has reflection wave, say The exact locations of the microphones are shown in
Rg1€' (k9 It is possible, and indeed necessary, to chang&ig. 2 with the length unit of mm. Before the two-load tests
the configuration at the downstream without affecting theare conducted, microphones M2, M3, and M4 are calibrated
muffler itself, so that a different standing wave pattern isagainst M1 by the swapping procedure despite the fact that
created and measured giving another residual reflection wawal microphones are very well phase matched. The resultant
Rg2€'(“*¥9 The linear combination of the two sets of data variations of the amplitude ratio and phase angle difference
forms another set which is acoustically correct for the muf-with respect to frequency are fit to a polynomial curve and
fler. The combination can be done in such a way Rgt  saved in files to be read by the Labview code which runs the
+¢R4,=0, i.e., the downstream becomes anechgids a  two-load tests. The first test is conducted with the far end of
complex constant which is determined experimentally by thishe downstream section filled with some sound absorption
anechoic requirement. The derived data set is non-triviainaterials providing a partially anechoic termination. The
only when the two actual experiments are linearly indepensecond test is conducted without any sound absorption ma-
dent of each other, i.e., when they are conducted with differterial. In both tests, the far downstream end is terminated by
ent downstream impedance conditions. The magnitudes af rigid plate so that the signal will not be contaminated by
the incident and transmitted waves in the derived data set cahe background noise. The rigid end and partially anechoic
be determined by the same combination constaand the end conditions provide two linearly independent tests as re-
transmission loss is found. quired by the two-load method.

The incident noise is simulated by a loudspeaker con-  The duct used in the tests has a square cross section of
nected to the duct through a contraction cone. A digital-to-dimensionh=5 cm. The two cavities also have the nominal
analogue conversion car@CIl-M10-16E-1 from National cross section of 5 cm by 5 cm and the length is 25 cm. These
Instrumentgis used to generate the signal which is amplifieddimensions can be adjusted by adding or retrieving some
by one of B&K'’s amplifiers(Lab Gruppen 300 Two pairs of  solid blocks in the rig. The first cut-on frequency in the rigid
1/2 inch, phase-matched microphonB&K type 4187 are  duct is 3430 Hz. According to the prediction, the lower limit
used together with conditioning amplifi€B&K’'s Nexus  of the stopband frequency may be down to a dimensionless
2691). The separation distance for each pair is 8 cm. Thdrequency offh/c=0.05 orf=343 Hz. Such a frequency is
large separation is chosen to reduce experimental error abt that low in the usual sense, but the general agreement
low frequencies up to 1500 Hz. Signals from the four micro-reached between the experimental data and the theoretical
phones, labeled M1 through M4, are digitized by the Na-prediction gives reasonable confidence that substantial noise
tional Instruments card PCI-4452 at the sufficient samplingeflection at frequencies below 100 Hz can be achieved for a
rate of 16 KHz. Both A/D and D/A processes are controlledduct with a height of 20 cm or so. The choice of the 5 cm
by National Instruments’ Labview program and the test isduct in this experiment is partly based on the convenience of
run by a loop of discrete frequencies from 20 Hz to 1.5 kHzan existing rig. In contrast, the choice of the relatively large
with a 10 Hz increment. The discrete frequency approach iseparation distances between the two junctions of the cham-
preferred since it offers opportunities to adjust the loud-ber housing the silencer and the nearest microphones is
speaker volume at nodal frequencies where the output can erced upon by the inconvenience of accommodating the ex-
very low. Since the frequency of the incident wave is accuternal device required to apply and change the membrane
rately controlled by the Labview program, the length of eachtension. Account is taken of the acoustic damping by the duct
sample can be tailor-made to be an integer number of cyclesyalls according to the well-known formula of complex wave
eliminating any possible spectral leakage through the use afumbers(see Pierce 1991, Eqgs. 10-5.10 and 10:5.8
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FIG. 3. The mechanism to apply and measure the membrane tension.

VISHAY P-3500 7
Strain Gauge | — - Plane wave theory
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FIG. 4. Comparison of the measured data with predictions by the plane

w
k=—+(1+i ) Cyalls wave approximation e_and the modal expansion calculation with zero mem-
Co brane mass and tension.
_1lL 8
Qyalis=2"32 w_'“z + yﬁ?}_" brane narrower than 50 mm leaving a small gap between the
PoCo Pr?] A membrane edges and the end walls, but results were quite

similar. It is anticipated that, in real applications, the edges of

the Prandtl numbet, , the perimeter, and\ the cross sec- ten”sionfed m?]r_nt;raneshshogl_d be _entirlelyh glue(_j tCI) theder
tional area. The energy loss has a square-root frequency galls, for which a three-dimensional theoretical mode
should be developed.

pendency. Take 500 Hz as an example, friction for the When th b d and the slit allowi
present duct ovel m gives around 5% loss in sound energy en the membranes are removed and the siit allowing

flux. Corrections for travelling wave amplitudes are made b)}bhe membrar_1es|to get OL_’t ththe deCt,'i covered, the ng
finding out the true incident and reflection waves at the left- ecomes a simple expansion chamber with an area expansion

hand side junction of the chamber from the sound intensitiega_tIO of 3. The transmission loss is measured and compared

measured between M1 and M2. The same applies to th\é{lth two theoretical predictions in Fig. 4. One is the plane-

downstream. But the effect of friction inside the chamber is"/2V€ theory(dashed ling and the other is the present theory

regarded as part of the damping mechanism of the siIence:)’.Sing 25 modes of the virtual membrarieslid line). It is

No attempt is made to separate friction from other mechal0Und that the comparison between the experimental data

nisms such as the inevitable vibration of the so-called rigiof'\’Ith the pres_,ent .theory IS bettgr than that with the plane-
walls of the cavity. wave approximation. The latter ignores the acoustic scatter-

The membranes are clamped and stretched by a mechQ—g at the junctions leading to two characteristic differences

nism shown in Fig. 3. The upstream end of the membrane ig"ith reglity. In real_ity, the frequency range of the lobes Of. the
simply fixed by wrapping it around a cylinder of 6 mm in transmission loss is larger thag/2L, and the peak transmis-

diameter and pressed against the junction walls. The dowpiOn l0ss is higher than that determined by the plane-wave
stream end of the membrane runs through a 0.05 mm S“Eheo_ry. These are all captured correctly_by_the pres_ent theory.
which is exaggerated in the figure, to be fixed by two pIate§_|aVIng S‘fi'd that, the measured_ transm|s_S|_on lOSS. |s_typ|cally
outside the duct. The axial positions of these clamp pIates.O‘5 dB higher than the theoretical prediction. This is prob-

hence the strain in the membrane, are easily adjusted by tf?ebly caused by some energy dissipation mechanisms which

screws shown in the figure. The tensile force applied is mea2'® necessarily present in the rig but excluded in the theory.

sured by a strain gauge glued to the surface of the membradd?a't from the damping by the sharp edges, such as the 6
in the test section. The dimension of the strain gauge sensGf™ cYlinder used to clamp the membranes, one possible
(TML FLA-3-11) is 3 mm and its attachment is believed to M&chanism is the vibration of many constituent parts of the
cause no noticeable influence on the dynamics of th&9 Which is required to adjust the cavity size during the
stretched membrane. However, since the membrane used §§Perimental study. When the same measurement system and

thinner than the epoxy used to attach the strain gauge, si __rocedure were use_d earlier in a single-piece circ_ular expan-
nificant measurement uncertainties may occur. To eradical on chamber, the discrepancy between the experimental data

this problem, a calibration procedure is undertaken by attactfNd the prediction using a finite element calculation was re-

ing dead weights to the membrane through some connectio?nuceld tt)o 0.2dB -at t?]e ?OQaIJrequenC|es t?f the trarr1]sm|ss(|jqn
joints in the upright position. oss lobes. Despite the finite discrepancy between the predic-

In the direction perpendicular to the figure, saythe tion and the experimental data, the test of the expansion
two edges of the membranésf width 52 mn) are inserted chamber serves as a mini validation for both experimental

into a very thin gap between the two constituent plates of th&etup and the theory.

cavity walls. The gap is less than 0.5 mm and has a dept

around 1-2 mm in the direction. This is a deliberate at- R/ BASIC ANALYSIS

tempt to simulate the two-dimensional theoretical model  According to the theoretical prediction, the membrane
shown in Fig. 1. Tests were also conducted using a memmass has adverse effect on the silencer performance. Two

whereu is the air viscosity;y is the ratio of specific heats, Pr

2030 J. Acoust. Soc. Am., Vol. 112, No. 5, Pt. 1, Nov. 2002 Y. S. Choy and Lixi Huang: Drum silencer experimental studies
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40

. higher tension but the stopband of ¥110 dB is slightly
%gg narrower. In the experiments, tensions were applied with an
=10 increment of 10N, and the stopband of 190N was found to be
0 wider than that of 180N. So, the experimental data of 190N
0.5 is chosen for analysis. In Fig. 5, the experimental data is
— shown in small open circles and the prediction for 190N is
' shown as solid curves.
0 As shown in Fig. %), the predicted stopband i
1 €[385,953 Hz, while the experimental result isf
€[398,939 Hz. The ratio of frequency limitsf,/f,, are
=.0.5 2.47 and 2.35, respectively. Figurébcompares the sound
0 ; absorption coefficienty, and Fig. %c) shows the reflection
0 600 800 1000 coefficient of sound energy fluxg. The following observa-

tions are made.

FIG. 5. Comparison of experimental data with theoretical prediction&for

transmission loss TL(b) absorption coefficient, and(c) reflection coeffi- (1) In agreement with the predlct|on, there are three distinct

cient 8. The experimental datéopen circleg was obtained for the thin
stainless steel under 190N tension. The predictions were for the same mem-
branes with a loss factor af=0.5% under tension 190kolid lineg and
181N [dashed line ina)].

@)

types of metal foils were available at the time of experiment:
stainless steel and copper. The stainless steel foils were 0.01
mm and 0.02 mm thick. The membrane is weighed, and the

spectral peaks found within the experimental stopband.
This means that the basic theoretical model is correct for
the experimental rig.

The predicted TL curve has sharp peaks while that from
the experiment is smoother. It means that there are sig-
nificant energy dissipation mechanisms in the rig which

are excluded from the theory. The experimental value of
a ranges from 10% to 45% within the stopband, which is

roughly 10 times higher than the predicted value with
0=0.5%.

Also in agreement with theory, the experimental data
shows that the mechanism of sound reflection dominates
over sound absorption in the whole experimental stop-
band. As shown in Fig. (8), the prediction agrees with
the experimental data almost perfectly below 300 Hz,
which constituents the first small lobe.

mass ratio for the thinner one is calculated as follows:

m _7800><o.01_13
poh  1.225¢x50

This is sufficiently low although even lower values can be

achieved by using aluminum foil in a larger duct. This sec-

tion focuses on the best result using this foil, leaving the

results for heavier membranes and the effect of tensile force
to the next section.

Here, the stopband is defined as the frequency range, !N order to make a proper account of the sound energy
e[f,,f,], in which the transmission loss is everywhere damping in the rig, four possible mechanisms are suggested,

equal to or hlgher than 10 dB, a level which is much hlgher(l) membrane damp|ng over the bulk Vibrating surface;
than the peak performance of around 5 dB for an empty2) membrane damping at the edges;

expansion chamber with an area ratio of 3. Based on thez) cavity damping; and

mass ratio ofn, = 1.3, and assuming a membrane loss factor4) sound induced vibration of some walls during the low
of 0=0.5% for stainless steel, an optimization calculation  frequency test.

can be conducted to see what tensibrwould yield the
highest bandwidth represented fy/f,. The result is shown
below in dimensionless form first,

f1h/co=0.0548, f,h/c,=0.1378,
fo/f1=2.516, Tou/(pocih?)=0.502.

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

9o O

m]_:

Since the membrane is so thin and the dynamics of air
and structure are fully coupled, it is impossible to separate
mechanismgl) from (3). The identifications of mechanisms
of (2) and (4) are also difficult. Two models are proposed
below, one for mechanismd) and (2), and another fo(3)
and(4).

It might be assumed that mechanig2y dominates over
mechanism(1). The losses concentrated at the leading and
f,=377Hz, f,=947 Hz, trailing edges of the membrane should be described by delta
functions, 8(]x+L/2|), but the fact that there are two other

Top=0.502x 1.225x (343< 0.05°= 181N, edges in the membrane length direction gives some hope that
This prediction is shown in Fig. (8 as the dashed line. a model of distributed energy loss might at least capture
Three peaks are found and the dip between the second asdme essential characteristics of mechanigisand (2).
third peaks is right on the critical level of 10 dB. Study of the This is done by assigning an equivalent material loss factor
variation around this tension shows that the dip goes belowhich should be much higher than 0.5%, the typical value
10 dB for a slightly lower tension, indicating that the tensionlisted in material handbooks for metals. This model is called
does play a very subtle role in setting the frequency intervalshe o model.
between the spectral peaks. The dip remains above 10 dB for Cavity damping, mechanisii®), is again hard to model

(10
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gion, as shown in Fig. @c). The modelling of the spectral
dip around 775 Hz and the third peak around 855 Hz is more
successful, but that for the second peak around 670 Hz is not.
The transmission loss far=5% retains a distinct peak, but
it overpredicts the reflection. The model @ 10%, on the
other hand, simulateg correctly but the TL peak disappears
due to the lack of sufficient membrane response. However,
assigning a lower value of for the first mode does not yield
a better overall agreement with the experimental data. These
(1c) 2 - (20) tests, together with the fact that the frequencies of TL peaks
; > are not predicted accurately, seems to suggest that some
three-dimensional effects inherent in the experiment is re-
sponsible for the discrepancy between the data and the two-
dimensional theoretical model. These include the possible
corrugation of the membrane when it's slightly twisted dur-
FIG. 6. Modeling of damping mechanisms by two methods: equivalenting the application of tensile force, nonuniformity of the ten-
membrane loss factdda), (1b), and(1c), and equivalent sound absorption  gjje force across the width in thedirection, and the possible
material in the cavitie§2a), (2b), and(2¢). The experimental data are shown
in open circles, and two levels of damping mechanisms are calculated ir?ffeCt of the gap b_EtW_een Fhe membrane edges and the duct
each model. In the left columns is 5% for the dashed lines, and 10% for Walls along the axial direction, etc. There are also other fac-
the solid lines. In the right columms.mis 40 kg/ni's for the dashed lines  tors in the rig which are normally excluded in any theoretical
and 80 kg/ms for the solid lines. model. For example, the effect of the attachment of the strain
gauge is believed to be minor but, admittedly, it is hard to

exactly. Usually, a loss coefficient is assigned to each cavit*SS€ss this accurately. . o
mode. This procedure becomes awkward in the present 1h€ sam-model based on the fiberglass properties is
model using the expansion of membrane vibration in termdested for two levels of flow resistivitfsan= 40, 80 kg/nis,
of thein vacuomodes of the simply supported membrane. itwhich are about three orders of magnitude lower than that
is assumed that the combined effects of mechani@nand used in usual duct linings. The results are shown in the right-
(4) may be modeled by treating the empty cavity as one filled’@nd-side column of Fig. 6. FiguréZb) shows that the level
with a very fluffy sound absorption material. This is done byl model underpredicts the loss around the first spectral dip at
assigning a small value of flow resistiviBg,,and the model ~ 940 Hz but, contrary to the models, sam models of both
is labeled as the sam model. OrRg,,is given, the complex levels overpredict the loss around the second spectral peak at
density and speed of sound in the cavjiy,, Co., can be 685 Hz. The match between the sam model and the experi-
specified as functions of frequency and flow resistivity mental data is very good beyond the third spectral peak for
porosity using empirical properties of common materials POth @1 and 8. Figure 628 shows that three spectral peaks
like fiberglass available in Mechel and MEL992). are simulated with satisfactory sharpness although, like the
Going back to Figs. &) and(c), it is observed that high ©Ssentially lossless model shown in Fi_g{a)s the interval
sound absorption rate occurs when the reflection coefficierft€tween the second and third peaks is narrower than the
is low. A more useful comparative study can be made by th&€xperimental result. The overall conclusion is that the sam

0 500 1000 0 500 1000
Hz Hz

relative sound absorption coefficient model simulates better than themodel, and an intermediate
level of Rg,,=60 kg/n? s will be used with the basic mate-
a1=al(1-p), (11)  rial loss factor of¢=0.5% in all subsequent comparative

which is a more sensible measure of how much noise tha%tUdles between theory and experiment.
actually enters the silencer is absorbed. Using this concept
the effects ofo- and Ry, are studied separately, and the re-v' EFFECT OF MEMBRANE PROPERTIES

sults are shown in Fig. 6. The subfigures on the left-hand-  The variation of transmission loss spectrum with respect
side columns are for the model, while those on the right- to the membrane tension is shown in Fig. 7 for the thin
hand side are for the sam model. For each model, two levelstainless steel foilrh; = 1.3). Four spectra for 110, 180, 190,
of losses are tested. The dashed lines are for the lower levedsid 200N are chosen for display. The experimental results
and the solid lines higher values. The two levels are chosefopen circleg are compared with the theoretical modeling
in such a way that the experimental data for 19@gen  (solid line§ with Rg,,~=60 kg/n’'s, ando=0.5%. Figure
circles generally fall within the range predicted by the two 7(a) is for the tension of 110N. This is a typical situation
levels with a heuristic curve-fitting. As shown in Fig16), = where there are only two peaks in the stopband since the
the comparison between the experimental data and the resuftird one is too far away from the second. The theoretical
of the level 1 loss factowr=5% shows a large deficit of modelling is seen to be rather successful except that the
relative damping §,;) around 540 Hz. This discrepancy is heights of all the peaks are over-estimated. Figube is for
reduced by the level 2 model witlh=10%. But, as shown 180N, which is shown earlier to be close to the theoretical
in Fig. 6(1a), the transmission loss of the two predicted falls optimal value of 181N. Although the second peak is rather
below the experimental value due to the inability to simulta-close to the third, the breakdown between the two peaks is
neously predict the correct reflection coefficient in this re-still too serious to qualify for a broadband performance un-
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FIG. 7. Variation of TL spectrum with respect to tension for the thin stain- FIG. 8. The performance of a drum silencer made of copper foils of 0.03

less steel foil ofm;=1.3. The values of tension are labeled in subfigures. mm thick and 198 mm long, with a 65 mm deep cavity. The open circles are

Open circles are the experimental data, and the solid lines are predictiorthe experimental data, and the solid curves are predictions using a cavity
incorporating a cavity damping model witRg,,=60kg/n?s and o damping model withRg,,= 60 kg/n? s ando=0.5%.

=0.5%.

Comparing the results from the lighter foil of stainless steel
der the strict criteria of T&=10 dB at all discrete frequen- in Fig. 7, it is found that the heavier copper foil yields stop-
cies. If one third octave band averaging is applied, as is donband in lower frequencies but the bandwidth is also nar-
in most practical applications, this breakdown can be overrower.
looked. The point to be emphasized here is that the spectral Since noise abatement at extremely low frequencies is
variation with respect td is gradual in every sense, and the difficult, it might be reasonable to adopt a performance cri-
sudden change of the bandwidth withis purely caused by terion which varies somewhat with frequency. In that case,
the rigid definition of the stopband. The modelling in this heavy metal foils with a medium stress level will be the most
case can also be regarded as being successful given the faciitable choice. To demonstrate the effect of mass on spec-
that the peak frequencies cannot really be determined acctrum, the typical result of the thin stainless steel foil shown
rately with a two-dimensional theory. FigurécYis for 190N in Fig. 7(c) is plotted together with that of the thick copper
and is analyzed in detail earlier. Comparing with the experifoil shown in Fig. §a) for comparison. These are presented
mental spectrum in Fig.(B), the interval between the second as Figs. @) and (c), respectively. A thicker stainless steel
and the third peaks of the experimental data is reduced, lead-
ing to a more balanced picture with a wider stopband. This
change of pattern is captured rather accurately despite the
two-dimensional approximation. Figurédj is for 200N in
which the second and third peaks from the experiment seem
to merge together. The merge is more complete in the theo-
retical prediction in this case, consistent with the overpredic-
tion of the second peak frequency in all previous cases.

Experiments using copper foil of thickness 0.03 mm
were also conducted with less impressive results. This out-
come is expected, but the results are also analyzed here to
confirm the theoretical prediction of adverse effects of mem-
brane mass. For this foil, the cavity was changed to a shorter
and deeper one following the theoretical search for a reason-
able performance for the heavy foil. The parametershare
=65 mm,L,=L=198 mm,m;=4.43. The results are com-
pared with theoretical modeling in Fig. 8. Figur&pis for
the tensile force of 70N, and the data seems to be rather
scattered relative to the theoretical modeling. The same phe-
nomena are observed for tests with lower tension values such
as 30N and 50N. This was found to be caused by the diffiFIG. 9. Comparison of stopbands for three different values of membrane
culty in setting up a uniform stress for the foil at such low %% !"2‘;2&5 E‘ﬁgksegniq” (eb"’)‘ciz nggffﬁ?éli(se:h:t;?r:[;sséagfﬁfztileaimtg
tension. The ?greement between .theo.ry and ex,pe”mem bgévity length IY_UQSO cm.which is longer than the membrane length
comes much improved for tests with higher tensile forces ot 25'cm, while h,=5 cm. (c) is copper foil with L,=L=198 mm, h,
90N, 130N and 180N in Figs.(B), (c), and(d), respectively. =65mm.

30
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foil was also tested. Its mass ratio of 2.43 provide the inter- T 190

mediate value, so the re_su_lt is shown in Figh)9The gen-  Cr= VW]: \/7800><(0.01>< 109)%0.05 221 m/s.

eral trend of spectral shifting towards lower frequencies is

made clear. Notice that, for the thicker stainless steel foilThis speed is unlikely to be approached in ordinary ventila-
shown in Fig. 9b), the stopband is underpredicted, contrast-tion systems. If the flow speed does approach such value, the
ing with all other comparisons. acoustic impedance of the system would have been changed
drastically. The tensile force of 190N may no longer be the
optimal tension, and the whole device has to be redesigned.
The problem of self-induced vibration should be more seri-

. . . I nsidered if the drum silencer i in a high-
Several issues related to the actual implementation 0?usy cor sidered if the drum silencer is to be used in a hig
slﬁ)eed wind-tunnel.

the concept of drum silencer are discussed here based 0 The third issue is the effect of three-dimensional fea-

what is learned from the two-dimensional modelling. The . - . . .

first issue is the significance of possible molecular reIaxatiorEures In any realistic design of drum silencer. Most likely the
. .membranes will have to be fixed on all the edges. If no

of the stretched membrane after a period of use. For thi

. . . fension is applied in the third dimensi@anmost conclusions
purpose, the last test with the thicker stainless steel, shown i bp 3

Fig. ab), was left in the laboratory for more than a week, reached in the two dimensional model might be preserved

and the reading for the tensile force was reduced from 180ﬁlthough th? membrane mptlon \{vould beCO“.“e co_nS|derany
C ST o more complicated. Three-dimensional modelling will have to
to 178N, which is insignificant considering the accuracy of

. . . vel redi n ign h realistic drum si-
the strain gauge itself. The transmission loss was measurﬁ-boe developed to predict and design such realistic drum s

VI. DISCUSSIONS

again and there was hardly any noticeable change. Strictlencers. Further investigation is also needed to better identify

speaking, this test does not really simulate the actual situa-
tion where the silencer might be exposed to turbulent flow.
For the moment, it can be said that the change of transmis-

sion loss spectrum with possible relaxation in tensile force is/!!-

at least very gradual. The other related issue is acoustic fa-
tigue. The stress level for this particular rig is around 380.
MPa, which falls within the range of fatigue stress of carbon
steels. In order to make sure that no fatigue occurs, goo
quality material should be chosen. But in actual application
with larger duct, thicker membranes can be used, and th
stress level comes down even with the same tensile force, $9
the choice of material should be plenty.

The second issue is the possibility of flow-induced vi-
bration, and secondary sound radiation caused by this vibrdd)
tion. This issue should be divided into two parts. The first is
the possibility of sound radiation by forced membrane vibra-
tions due to turbulent flow eddies. The second is the possi-
bility of self-induced vibration which would lead to a pos-
sible breakdown of the membrane, a problem much more
serious than the noise itself. For the first part, reference can
be made to the work of Ffowcs, Williams, and H{ll987,
who treated the problem of scattering of frozen, convective
wave pattern within the boundary layer flow by abrupt
changes in structural properties, which in the drum silence(2)
is from the rigid wall to the tensioned membrane. Consider-
ing the small length scale of the turbulent eddies, see Howe
and Baumanr{1992, such transfer of energy from the near
field to the far field is most likely to concentrate in the region
of high frequencies. This possible problem of high frequency
radiation is much less important than the low-frequency
noise being addressed in the present study. For the second
part, extensive studies have been carried out by the second
author on this topi¢Huang, 1998, 2001 and it can be con-
cluded that it is unlikely that the membrane would experi-
ence any form of flutteftransfer of mean flow energy to
growing structural vibrationwhen the flow speed is well
below thein-vacuotensile wave speed in the membrane. The
latter is very high for the drum silencer studied here. Take
the thin stainless membrane as an example,
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nd model the damping mechanisms.

CONCLUSIONS

The general conclusion of this study is that the theoret-

ical predictions of the broadband performance of the so-
galled drum silencer are validated by experimental data de-
Spite two major limitations of the theory. One is the two-
dimensional nature of the theoretical model, and the other is
e exclusion of the damping mechanisms which are difficult
0 describe quantitatively. The following are specific conclu-
sions derived from various tests conducted.

The frequency range. Due to the small duct size, the
dimensional frequencies do not fall in the low frequency
range, say below 200 Hz, in engineers’ common sense,
but the dimensionless frequency range does agree with
the prediction. This gives the confidence that low-
frequency broadband noise can be tackled by the new
concept of drum silencer. The main feature of the broad-
band performance is that three peaks appear with suit-
able intervals such that the breakdown between adjacent
peaks remain moderate.

Mechanisms of energy dissipation. In the specific design
of the validation experiments, there exists a significant
source of energy dissipation at frequencies when reflec-
tion is less effective. The exact nature of such damping
mechanisms has not been identified convincingly, but it
appears from the limited attempts of modelling that the
cavity damping is dominant. The other major source of
damping may arise from the clamped membrane edges,
and the two nominally free edges in the third dimension.
When membrane damping is introduced in a distributed
manner, the amount of damping required to match the
measured overall sound absorption coefficient sup-
presses the second spectral peak which is definitely
present in the experiment. Simulation of cavity damping
by fluffy sound absorption material proves to be capable
of preserving all three peaks.
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