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Experimental study of sound propagation in a flexible duct

Lixi Huang, Y. S. Choy, R. M. C. So, and T. L. Chong
Department of Mechanical Engineering, The Hong Kong Polytechnic University, Kowloon, Hong Kong

(Received 8 June 1999; accepted for publication 5 May 2000

Propagation of sound in a flexible duct is investigated both theoretically and experimentally. Strong
coupling of sound and flexural waves on the duct wall is found when the wall-to-air mass ratio is
of the order of unity. The axial phase speed of sound approaches tfecuospeed of flexural
waves(subsonic in this cageat low frequencies. However, a speed higher than the isentropic sound
speed in free spad®40 m/g is found beyond a critical frequency which is a function of the mass
ratio. Experiments using a duct with a finite section of tensioned membrane are compared with the
propagating modes pertaining to the infinite membrane model. Satisfactory quantitative agreement
is obtained and the measured phase speed ranges from 8.3 to 1348 m/s. In the moderate frequency
range, the theory predicts high spatial damping rate for the subsonic waves, which is consistent with
the experimental observation that subsonic waves become increasingly undetectable as the
frequency increases. Substantial sound reflection is observed at the interface between the rigid and
the flexible segments of the duct without cross-section discontinuity, which, together with the high
spatial damping, could form a basis for passive control of low-frequency duct nois€000
Acoustical Society of AmericBS0001-4966)0)03308-7

PACS numbers: 43.50.Gf, 43.20.Mv, 43.20.HMRS]

INTRODUCTION Another smooth cover sheet, typically of 0.1-mm-thick alu-
_ _ minum, is then added in front of the perforated plate to pro-

Strong sound—structure coupling normally occurs in Un+ect the resonator from flow and dust. The separation dis-
derwater applications where the fluid density is of the samgance is typically 1 mm. The result is an improved
order of magnitude as the structural densfighy, 1997, the  performance between the two resonance peaks. Membrane
same in air is possible at the presence of substantial flowpsorhers of this type have provided useful attenuation of
speed. This 'artlcle reports strong air—structure CO“pl'”.%w-frequency noise down to some 60 Hz when used in a
without flow in a chosen parameter range and the work I$apermill exhaustAckermann and Fuchs, 198%ut exact

motivated by the prospect of devising smart structures fOt o qretical prediction proved rather difficu{Erommhold
broadband passive control of low-frequency noise, which i%t al, 1994

hitherto more effectively dealt with by active noise control

techniques. In traditional pas;ive nqise contfgranek and. brane absorber for low-frequency duct noise. A membrane of
Ver, 1993, sound reflection is achieved through Changlngmoderate length forms part of a duct wall which vibrates in

the duct cross section, such as in a vehicle exhaust muffler N . .
T . . . “response to grazing incident noise. The membrane experi-
and sound attenuation is invariably achieved by forcing air

through porous media or structures with the exception of nces flexural waves W!th phase speed less thamthacuo
some membrane sound absorbéis be discussed later wave s_pegd, V\.'hICh 'S ”.1 turn much less than the speed of
Both measures may have detrimental aerodynamic effectscf,ound n air. Itis theorgtlcalIy.demo.nstrated t@tsubst.an-
namely high pressure loss, and even causing extra noiéléal reflecthn of noise is possible without the F:hange in duct
called “self-noise.” Besides, they are either too bulky or 0SS Section area, an() the slowly traveling coupled
very ineffective in the low-frequency range such as belowVaves provide a powerful mechanism of energy dissipation
500 Hz (Ingard, 1994 To deal with low-frequency noise, at an attenuathn raten dB per unit distance of travein-
there are two types of membrane absorbers whose workin(e"Sely proportional to the phase speed. B@hand, to a
mechanisms depend on the strong sound—structure couplingSSer extent(b) are demonstrated experimentally in the
Ford and McCormick1969 described an earlier type con- Present study. Theoretically, the flexural waves can be
sisting of layers of thin membranes, such as 0.2-mm alumislowed down indefinitely by increasing the compliance of
num sheets, stacked at a certain distance from one anothdéfe membrane, but in practice there is a limit on the mem-
They are used in broadcasting studios, concert halls, etc., affane thickness that may be used. The present study is mo-
substantial sound absorption occurs only at narrow bandévated by the desire to further understand the coupled waves
around a few resonance frequencies of the membrane-cavigh @ thin membrane under tension. The focus is on the map-
structure. Fuchs and his colleagues developed another tygéng of the whole wave speed spectrum. At low frequencies,
of membrane absorbéAckermannet al, 1989 in which a  the phase speed is found to be less thanitheacuowave
perforated thin plate is glued to an all-metal honeycombspeed of the membrane. At higher frequencies, however,
structure forming an array of Helmholtz resonators. The dewaves of speed higher than the speed of sound in air, namely
vice shows two resonance peaks relating to the Helmholtsupersonic waves, are also found although not necessarily
resonance and the resonance of the cover plate, respectiveliseful for noise control.

Recently, Huand1999 proposed another type of mem-
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The fact that the speed of waves, including sound waves AV
is controlled by the compliance of passage walls is well y'=h'
known (Lighthill, 1978). Shallow water waves are the most
familiar example where the free surface as a boundary con
trols the wave speed. Another example is wave propagatior
in the aorta of large mammals where wave speed ranges fror  Backing cavity y=n=me
5 to 10 m/s(Lighthill 1978, p. 99. In the broader context of
biological applications, Shapir@l977 studied the incom- y ==k
pressible flow through flexible tubes where the very low
eigenwave speed replaces the usual sound speed in control-
ling the flow behavior, some of which is quite extraordinary.

. |, THEORY

For example, when the flow speed exceeds the eigenwavée
speed, friction causes static pressure to rise instead of falling, To illustrate the acoustic principle, a simple configura-
similar to supersonic airflow in the contraction—expansiontion of two-dimensional channel of height with a single
nozzle. Physical experiments using water have also bedower flexible wall aty* =0 is considered, as shown in Fig.
constructed to demonstrate such an eff&aceciogluet al, 1. The word “duct” will still be used in the text, but the
1981). In the area of wave attenuation, Horne and Hanseithree-dimensional effect is not considered theoretically.
(1982 demonstrated that as much as 60-dB reduction coulome three-dimensional effects are inevitable in the experi-
be achieved by the coupling of water wave and the pipe walment, but the agreement between the measured data and the
of comparable acoustic impedance. In a separate work biwo-dimensional prediction is satisfactory after taking spe-
Dunlop (1992, the speed of sound in such a coupled systential precautions to minimize these effects. It is assumed that
was measured and the result was shown to agree with simptbe flexible wall is very thin and the only mechanical restor-
theory. A more general coverage of this topic was recentlyng force against displacement is the tensile stress applied.
given by Fahy(1997. The flexible wall vibrates and radiates sound externally, and

Similar examples do not seem to exist in airflow throughthe so-called breakout noise will be importa@ummings,
collapsible tubes in the sense that most such experimenf94 in the context of ventilation noise. In order to avoid
were conducted in a starling-resistor-type configurateag.,  such leaking, and more importantly to avoid the three-
Gavrielyet al, 1989. In such cases the tube collapses in onedimensional effect in the experiment, we consider an addi-
cross section, this can hardly be modeled as a long channépnal lower rigid wall aty* = —h:h*, whereh, is the ratio
of uniform property. On the other hand, some theoreticapf channel heights. The flexible wall has a mass per unit area
attempts have been made in the context of submerged struef M*, a damping coefficiend*, and a tensile forc&* is
ture (Ko, 1994 to resolve the eigenvalues of structural vi- applied. The flexible wall is subject to a traveling wave per-
brations coupled with either air or water flow inside a duct.turbation of displacement
The duct considered in the example is made of 2-in.-thick Kk ai(0F T —KEx%)
steel. The structure-to-fluid mass ratio is very high when the ~70® '
fluid is air, and is of the order of unity when the fluid is Under these conditions, what is the characteristic flexural
water. In both cases subsonic eigenwaves are found. Whetherave speed* = »*/k* ? Note that, in an infinite duct, there
the eigenvalues found in the case of very high mass raticannot be separate wave speeds for the structural and air
represent anything significant in reality has not been valimotions although the same may not be true in the experiment
dated experimentally. Supersonic eigenwaves are inadmigvhere the structure is finite. A similar model excluding the
sible in Ko’s model because of the presence of external fluigffect of external fluid was briefly studied in a previous paper
which extends to infinity. The present study aims to explore(Huang, 1999 The result of that model will now be used as
the coupled waves in a laboratory experiment using a tena special case for comparison.
sioned membrane whose mass ratio is of the order of unity All variables are normalized by three basic quantities
and the external fluid is limited to a finite cavity. Acoustic pg » h*, andcg . Herepg andcg are, respectively, the air
excitation is used and the sound waves measured over tigiensity and isentropic speed of sound in free space. After
membrane shows dominating features of the eigenvalugdormalization these variables are denoted by
found theoretically. As a first attempt to understand the phys- y* o t* e
ics the effect of flow has not been included. The possibility —x=-—, y= el t= ﬁ—*, no:h_f,
of flow-induced vibration is also postponed, but it is believed
that a clear understanding of wave behavior without flow c* o* h*

v

(@' -kx")

FIG. 1. Geometrical configuration of the theory.

w
could benefit such instability studies in the future. C=xr O =ko, k= s
In what follows, the eigenwave speed in a duct of infi- 0 0 )
nite length is first calculated, the main results being the pre-
diction of both subsonic and supersonic phase speeds in air ;- M* Cr= NTH/M* D= D*
depending on frequency. The existence and significance of poh*’ co PoCo

these wave speeds are then examined experimentally in a
duct with finite length. Both subsonic and supersonic waves 4= = P= 553
are found. coh po(c)
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where M, D, and ct are, respectively, the mass ratio, the p* —p*

dimensionless damping coefficient, and ihevacuo panel L= S E
wave speed, ang andp are, respectively, the dimensionless
perturbation velocity potential and sound pressure inside the pP.—p-
channel. Note that the dimensionless angular frequenisy P

. . n

equal to the dimensionless wave number basedprand
ko, and is related to the ratio of the driving frequenty, to
the first cut-on frequency of sound in the rigid chanrigl,

k
+i k—o[cothka+ cothkzhe], for c<1;
a

by a factor ofw. Thus = Ko
w=ko=mf, wheref=f*/f* and f*=ck/2h*, ~ i pLeotlkal) +cotl|kahe)],  for c>1.
In dimensionless form, the wave equation in fluid be-For long waves without change of amplitudie,| <1, hence
comes cothk, and cotlk,) are positive. The effect of fluid loading
P2 on the wall dynamics is the added mass for subsonic waves;
(_ —+V?| =0, however, for supersonic waves it is a spring stiffness. The
at presence of a trigonometric function in the supersonic case

which, for harmonic excitation, is reduced to the Helmholtzsignifies oblique wave fronts similar to those in the high-
equation order duct modes with rigid boundaries. The dynamics of the
flexible wall is described by the equation

P g ) ,
2 =~ Ka®s °n an “n
ay e Do tP-mPi =M, ©

where, for real wave numbds
s where the damping coefficiedd may be substituted by
Vko—kg,  c<1, k>ko, M wo after invoking the concept of complex Young’s modu-
iVKZ—KZ, c>1, k<ko. @ s, Here,o is the loss factor of the material defined as the
ratio of energy lost per radian to the maximum potential

Herek, is real for subsonic waves but imaginary for super-energy. Inserting the fluid pressures of E@.and (5), Eq.
sonic waves. The solution for the perturbation velocity po-(6) becomes

tential inside the channel satisfying the following rigid wall
condition and the kinematic condition on the flexible wall,

k2=k2—k3, ka:|

21— it @ M2k
Mw(l—io)+ K [ cothk,+ cothk;h.]—Mctke=0.
a

W o 0, @
% y=1 % y=0 g Mathematically, the complex eigenvalke-k, +ik; has
is to be sought on the entire complex plane. But in reality, only
) Ka(1=y) 1 aeka(1oy) those in the fourth quadrant of the complex plake; 0, k;
__lope™™ 7+e (3 <0, are of physical interest. These eigenvalues represent
Ka gla—efa ' propagating waves with decaying amplitude. For a lossless

gaterial,c=0, numerical search in this wave number quad-
rant indicates that eigenvalues exist only on the pure real
axis, k=k,, and on the pure imaginary axik=ik;. The

The pressure perturbation on the upper side of the flexibl
wall, y=0+, is denoted by, ,

09 _ w?n hk former represents free waves propagating in the axial direc-
Pv=- ot k_aCOt ar @ tion, while the latter represents standing waves between the
= hard wall and the flexible wall, which we call the vertical

The boundary conditions for the perturbation velocity poten-mode. In both cases there is no amplitude decay in the direc-

tial in the lower channel are tion of wave travel. This is understandable since there is no
Py I iy energy dissipation mechanism wher=0. When there is

W =0, W T iwn, damping(o>0), however, the eigenvalues are expected to be

y=—hg y=0 complex. The numerical results show that there is no sudden

jump in solutions when the damping approaches zero. The

so that
_ following numerical procedure is used to find the complex
o7y ekaNety) e kalhety) eigenwave number which then gives the eigenwave speed
¢= Ky gkahc — @~ Kafc : =w/k, and the attenuation in decibels per unit distance of

*

Similarly, the pressure on the lower surface is found to be
a=20logqe “i=—8.686; .

J w?
p-=-— (9—? =+t 77COthkahc- (5 Given the flexible wall parameteid, c;, and o, the lower
y=0 2 channel heighh,, and angular frequenay, c andk; are the
The wave impedance of the fluid loading on the wall is de-two independent variables in E(7). The value of the left-
fined and calculated as follows: hand side of Eq(7), denoted ag, is calculated over a uni-
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o A @ FIG. 3. Vertical mode for lossless membrane with=1.64,c;=0.14, and
’ 1¢ \ h.=1.1.(a) is the axial attenuation rate arib) is the vertical wave speed.
0.12 BN The solid curve ira) corresponds to the solid curve (b), and similarly for
S0.11 10 N £=0.29 the dashed curves, in the same clockwise order.
0. e
10 M164 SO
0.09 =2 L . L
o0 . BN The attenuation is also proportional to frequency which is
' 02 04 06 08 1 0 01 02 03 04 05 inherited from the simple damping model adopted,

=Muwo. Thus, at intermediate and high frequencies, say
o _ _ ~>0.3, it would be impossible to observe these waves, al-
FIG. 2. Theory of sound propagation in a channel with a erX|b_Ie wall with though theoretically they are found to coexist with super-
M=1.64 andc;=0.14. Three cases are calculatéd:lossless flexible wall . This i istent with . tal ob
without external fluid loading for which the results are shown in dashedsor.]IC waves. IS I_S consistent with our experimental obser-
lines; (Il) lossless flexible wall with a lower channel of depth ratip ~ Vvation that subsonic waves can hardly be measured beyond
=1.1; and(lll) flexible wall of loss factore=0.1 with lower channel of 500 Hz.

h.=1.1. Note that cases Il and Ill are shown in solid lines but the differ- The frequency of the wave speed singularit;(—em)
ences are too small to distinguigh) is the supersonic eigenwave spegi. . . -

is the subsonic eigenwave speég).is the attenuation rate for case I(t) shown in Flg. 2a) may I_De called the critical frequenc%’

is the functional relationship between mass ratio and the “cut-on” fre-20Ove which supersonic waves may occur, namely super-
quency for supersonic eigenwaves. sonic cut-on frequencyf., may be found by lettindk= w/c

—0, ky—ikpe, andky.= 7f., so that foro=0 Egq. (7) im-

form mesh on the plane af andk;. The eigenvalues of mediately gives the following relationship:

and k; are found by the intersections of contour lines of (8)
Re@=0 and Img)=0 utilizing Matlab software.

Figure 2 is an example which covers the parametersgvhich is shown in Fig. @l). Heref reduces a8/ increases,
used in the experimentd = 1.64 andct=0.14. Three cases and in this particular example,=0.29. The comparison be-
are calculated; case | is a lossless wall without external fluidween cases | and Il in the figure means that the lower chan-
loading, namely with external vacuum, and is shown in thenel, or air cavity, adds virtual mass to the membrane. Note
figures as dashed lines; case |l is the lossless wall with ghat cotky, and cotkych, are periodic functions okq.. That
lower rigid wall forming a second channel of width, means for a single mass rath, there are multiple critical
=1.1; case lll is based on case I, but with a loss factorfrequencies associated with the multiple solutionskfgr. In
0=0.1 which is of the order of magnitude expected of thethe example given above, the range of frequency is restricted
membrane material used in the experiments. Figéapahd to the first cut-on of the duct and the backing caviy,

(b) is the eigenwave speeds for the three cases mentioned.7, koh.<7. As a result, there is only one critical fre-
The two solid lines are for cases Il and llI, respectively, butquencyky. found. In the experiment, this means a frequency
they can hardly be distinguished from one another. Thiseiling of 5 kHz for a square duct of 3 cm in cross section.
means that for the normal materials the eigenwave speed is The vertical mode mentioned earlier for a lossless mem-
hardly influenced by its friction. Figure() shows that sub- brane, o=0, has a pure imaginary eigenwave numiyer
sonic eigenwaves approach=0.14 asf—«, which can be =ik;. In this case,k,=ik,; where k;;= \/ki2+ koz, and
demonstrated as follows. Ak,—ko—o, cothk,/k, and k' cothk,=—k;'cotk,. The vertical wave speed isy
cothk;h./k,—0. Equation (7) then givesc—cy for the  =w/ky, . The result is shown in Fig. 3 for a configuration
simple case o&=0. Figure Zb) shows the supersonic eigen- identical to that of Fig. 2. The range for the search is limited
waves which are only found for frequencies above a certaino —k;<3.5. Two modes are found in this range. One is the
value to be explained with Fig.(@). slowly decaying moddsolid curveg which meets the no-

Figure Zc) gives the sound attenuation ratdin dB per  decay limit ofa=0 at the critical frequency predicted earlier,
distance equal to the channel heigtit) for both subsonic f.=0.29, and the othetdashed curvgshas a rather high
and supersonic eigenwaves. Supersonic waves hardly decattenuation rate in the axial direction. Note that the vertical
but subsonic waves experience attenuation compatible wittvave speed reaches unity,= 1, at the critical frequency for
that of sound propagating through a duct lined with poroughe less damped mode. The possible presence of this mode in
sound absorption material$ngard, 1994. The reason for a duct of finite length could confuse the axially propagating
such a high attenuation in the present case is that the wavaodes near the edges of the membrane, but the problem is
speed is much lower so that, for a unit travel distance, thexpected to diminish after a distance equal to a few duct
resident time is longer and the frictional losses are greateheighth*.

M =[ cotky + cotkgchc 1/ Koe
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Sliding cover plate analysis system described below. A probe microph&&K
type 4182 with a 5-cm stiff probe head of 1.24-mm diameter
75cm /ﬁﬁ is inserted through the sliding plate next to th@&. micro-
e — | ] phone. It moves along with thgin. microphone and is used
to measure the sound pressure right above the membrane
surface. The frequency response of this probe is 3 dB down

105cm

3.3cm 3x3cm

100cm

<-—>37 from dc to 2 kHz which is the maximum frequency required
cm .

for the probe measurement. The probe microphone measure-
FIG. 4. The setup of the rig. ment is necessary because the sound amplitude decays expo-

nentially in they direction for subsonic waves and the ratio
Mathematically speaking, the plane wave mode of pressure measured by the two microphones at the same

=k, is always a possible solution when the backing cavity®Xial coordinate can be estimated from E8j, or

is present. This solution is seen when the membrane experi- p|y:0 ¢|y:o ekat g ka

ences no displacemeny=0, and the two sides of the mem- ol = ol = >

brane experience equal pressure disturbapg¢es p_ . This y=1 y=1

mode is mathematically trivial for the configuration of infi- For example, according to the solid line shown in Fig)2

nite duct, but it may become physically significant when theat f=0.2, ¢,=0.1265,k,=4.9278, and cosk,=69.0. Ex-

duct is finite. This is observed in the following experiment. perimental data indeed shows that subsonic waves are more
evident near the membrane surface than on the opposite wall.

The microphones are supported by the B&K’s Nexus
IIl. EXPERIMENTAL SETUP AND DATA PROCESSING four-channel conditioning amplifidtype 2693 and the sig-

The rig is shown in Fig. 4. A loudspeaker driver unit of nals are fed into a Pentium 266MHz DELL PC installed with
6-in. diameter with 40-Hz resonance frequency is enclosed i@ National Instruments AD cardtype PCI-MIO-16-E-1
a wooden box and is driven by a function generator angontrolled by the LabVIEW software. Three narrow-band
amplifier. The duct has a square cross sectionx82n?  frequency sweep®r chirpg are generated from the function
and is coupled with the loudspeaker via a contraction conegenerator: 50-300 Hz, 300 Hz to 2.5 kHz, 2.5-5 kHz. The
The duct has three regions: an upstream part of 75-cm lengfveep is linear “ramp-up” and the durations are 4, 2, and 1
with rigid walls, a test section with a 1-m-long membrane onS: respectively. The AD card sampling frequencies are 4, 16,
the lower side, and a downstream section with a 15-cm-longnd 32 kHz for the three bands, respectively, and data sam-
rigid wall and a 90-cm-long section filled with sound absorp-Pling is carried out over one sweep cycle. The three-band
tion material. Complete sound absorption is not expectegeparation is necessary because the conditioning amplifier
since reflection occurs at the leading and trailing edges of thér the microphone requires a different setting in order to
membrane anyway. The membrane is backed by a lower caypraximize the true resolution of the A/D conversion. The
ity 3.3 cm in depth to prevent breakout noise. A tensile forcesPatial step for the “sliding” microphones is 2 cm for low
of 4.0 N, which produces 10% membrane elongation, is apfrequencies and 1 cm for high frequencies. This step size is
plied. The membrane used is 3M'’s transparent dispenser tapaund to be sufficiently small to resolve the waveforms. For
of thickness 0.065 mm and mass per unit areaMf each position, the amplitude ratio and phase angle relative to
=60g/nt. In order to best model a two-dimensional con- the reference microphone are found at all frequencies. The
figuration, a small clearance of less than 0.5 mm is allowedlata output is then sorted out in terms of amplitude and
between the tensioned membrane and the side walls of tHghase distribution along the membrane for all individual fre-
duct. Tests with the small gap sealed were also carried otuencies. A set of harmonic excitation tests were also carried
(see latex. Sound traveling over the membrane is expected t@ut, which confirmed the validity of the chirp measurement.
have a phase speed different from the normal speed of sound Taking pg =1.225kg/nt and ¢ =340m/s, the dimen-
of about 340 m/s at a room temperature of 15°C. The disSionless parameteld andcy are calculated as follows,

=coshk, .

persion relatiorc(f) is the main objective of the measure- 60X 103
ment. M= ——F—-=1.64,
Two B&K 3-in. condenser-type microphonégpe num- 1.225<0.03
ber 4135 with+1-dB amplitude response from 6 Hz to 14 4.0 N
kHz) are installed flush with the duct walls: one at 37 cm CcT= \/0 0603 kg/m<0.03 m=47.0 m/s,

upstream of the membrane and the other on the rigid wall

opposite the membrane, which is designed to slide back and cF
forth so that all axial locations can be covered with justafew  ¢r=— =0.14,

microphone insertion holes. To get the sound field of the 0

whole length over the membrane at repeatable loudspeaké®r which the supersonic cut-on frequency is predicted at
excitation, the signal taken from the “mobile” microphone _ x

over the membrane section is compared with that from the fe=0.2854, f;=1617 Hz.
upstream microphone which acts as a reference. The amplihe real damping for the membrane is also a function of the
tude ratio and phase difference between the two pressumgplied tension and the measurement of such a parameter
measurements are determined using the data acquisition anefjuires vacuum environment which is not available in the
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) utilize the octave bands as the convenient segmentation and
showed that a set of orthogonal harmonic wavelets may be
defined as

o(x)=(e"4™—e'2™)/i2mx

for dimensionless wave number fromr20 47r. The magni-
tude of such a wavelet decays asn(d !, which is much
less compact than other popular wavelet techniques. How-
ever, the latter suffer from the fact that a clear physical in-
© @ terpretation for the wavelets is not always possible. There-
fore, the concept of harmonic wavelet is chosen with flexible
choice of spectral bands adopted. The wider the spectral
band, the more compact the wavelet becomes and the better
the spatial resolution it gives. In the present case, only two
bands are chosen in order to maximize the spatial resolution.
e O b0z o4 56 08 A Note that an impulse-style measurement is not appropri-
ate in this study becauge) reflections occur very close to
FIG. 5. Analysis of spatial sound pressure distribution for frequency 1030the test sections, leaving no time window for low-frequency

Hz. (a) is the pressure waveform afio) is the spectrum in which two peaks measurement an(b) excitation of higher duct modes may
are identified within the two bands which are used to construct bandpass ’

signals shown inc) and (d). The speed of sound represented by the two Seriously pollute the data at moderate to high frequencies.
peaks are 344.0 and 42.7 m/s, respectively.
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. . I#I. RESULTS AND DISCUSSION
present study. As a result the analysis on the damping o

sound waves is only qualitative. Before analyzing the experimental data, it has to be
The amplitude and the phase angle of the pressure sidporne in mind that the theoretical predictions shown in Fig. 2
nals taken by the mobile microphone are compared with thevere made for a duct of infinite length. Thus, the sound
simultaneous measurement taken by the upstream referencadiated by the flexural waves definitely manifest themselves
microphone. The amplitude ratio and the phase delay armto traveling waves of a single phase speed. In a finite duct,
found and used to construct the pressure distribution alongowever, such sound waves could interact with the scattering
the membrane. This distribution is equivalent to the simultaat the leading and trailing edges of the membrane to produce
neous measurement for all points. Shown in Fig. 5 is ara complicated pattern. Nevertheless, the acoustic field can be
example taken at 1030 Hz. Figuréabis the measured axial tactically divided into two parts: one part is the normal
pressure distribution which shows long waves being modustanding wave pattern in a finite duct of partially reflecting
lated by short waves. Since the membrane length is limitedgnding if the membrane were replaced by a rigid wall, while
the number of wave cycles found is few and the wave numthe other part is the wave radiated by the membrane vibra-
ber resolution is therefore limited to 1Th In most cases the tion which is itself induced by the incident sound. The
true wave number may fall between two discrete wave numpresent interest lies in the latter, namely, the second peak
bers given by the discrete Fourier transform and the spectrahown in Fig. %b), which may or may not dominate the
leaking is corrected by taking the spectral center-of-gravity spectrum.
Kpeai=2K;P;j/%P;, whereP andk are spectral power and Two factors need to be clarified before analyzing the
wave number, respectively, over five wave number pointsresults. One is the influence of the backing cavity, and the
two on the left and two on the right of the apparent spectrabther is the edge scattering. As shown in Fig. 4, the lower
peak. Wave speed, is then found byw/Kgea. With this  rigid wall is added to prevent breakout noise. But more im-
procedure two peaks can be identified in the power spectrurportantly, the backing cavity enables the rig to simulate wave
shown in Fig. Bb), one atk=18.8rad/m and the other &t  propagation in two spatial dimensions for which a theory is
=151.6rad/m, corresponding to wave speedxof344.0 easily constructed for comparison. It is likely that the very
and 42.7 m/s, respectively. In order to see the spatial featurdght and limp membrane partition is almost transparent to
of the two perceived wave components, the spectrum is disound waves. A plane wave mode propagating at the normal
vided into two parts shown by the thin solid line in Fighh  speed of sound of 340 m/s may dominate in some frequency
Inverse FFT is applied to each side and the decomposetnges. For this mode, the membrane does not experience
waveforms are shown in Figs(& and 5d), the latter being any vibration and the result is a trivial solution for the mem-
amplified for easier observation. The long wave propagatebrane dynamics. This outcome does not necessarily imply
at sonic speed and the short wave has phase speed closewteak or no coupling between the sound and the membrane
ct=47.0m/s. In this case the sonic wave dominates andor other configurations. The second factor addressed here is
both waves show apparent spatial decay. But the exact athe effect of scattering by the two edges of the membranes.
tenuation rate cannot be calculated directly from the ampliAll physically admissible eigenmodes may be excited and
tude envelope due to the presence of significant wave refleour attention is focused on whether the propagating mode
tion. The spectral decomposition is similar to the harmonicdominates. Vertical modes shown in Fig. 3 have moderate to
wavelet transform found by Newland 993, who chose to high attenuation rates, and are therefore unlikely to dominate
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400 a BT 57 B ppts Supersonic waves are found to be dominant beyond about 2

1000 1500 2000 2500 3000 3500 4000 4500 5000 kHz, but, in this case, the frequency does represent the
cut-on for the supersonic waves, although not a cutoff for the

FIG. 6. Comparison of the dispersion relationship between theory and exsonic waves either.

periments(a) is the overall distribution of experimental data, &iwlis the Figure §b) compares the prediction of subsonic waves

zoom-in view of the data in the subsonic regime. Theoretical prediction is . h th . | d Th o b

given by the solid curve, squares are from the probe microphone measurg\-”t the experimenta ?‘ta' .e quantltat've agreement be-

ment on the membrane surface, and triangles are fronj-themicrophone  tween theory and experiment is satisfactory. Note that sub-

measurement of pressure on the hard w@)l.compares the measured su- sonic waves can only be detected up to 250 Hz for the pres-

personic wave speeds with theoretical predictiwlid line). The squares ure on the rigid walldata points indicated by). This is

are for the membrane with small sideway gaps simulating two-dimensiona% istent with lier th tical ob ti t.h t

wave field and triangles are data taken when the gap is covered. COI‘I_SIS _en with earlier eore ICal observation that pressure

oscillation decays exponentially across the channel.

Figure Gc) compares the theory with experimental data
the waveforms over the bulk length of the membrane excepeyond the critical frequency. The predicted critical fre-
for frequencies very close to the supersonic cut-on.  guency isf,= 1617 Hz. The data shows a maximum of 1348

Including only the dominant propagating waves, Fig.m/s at 1950 Hz for the membrane with a side-gap allowance
6(a) gives the dispersion relationship deduced from one sefr) |y general, there is good agreement between theory and
of experimental data using the slidirgn. microphone flush  gata, put the critical frequency is predicted under by about
with the rigid wall. The sound waves propagating at the nor333 |t is suspected that this discrepancy could be caused
mal speed of sound are always present, and are in fact do”lb‘y the gap between the membrane and the side walls. This
nant below 500 Hz. The reason why the normal speed ofgnjuncture was tested by sealing up the gap with minimal
sound is not shown in the figure is that the test section is ©0@ytra membrane material without tensile force. The results
short to hqve a co_mplete waveform below 500 Hz. In SP€Care presented as the trianguldk) points. The maximum
tral analysis, one finds that the cprre_spondmg spectral peak {§ave speed is 1120 m/s and it occurs at a frequency of 1465
located a}tk—>0 as shown later in Fig. 7. Beyond 500 H;, Hz, which is 152 Hz lower thari, predicted by the two-
waves withco=340 m/s can be resolved and seen as an isogimensional theory. Such results may be understood from the
lated peak in the wave number spectrum. The accompanyinggint of view of effective mass of the membrane vibration.
subsonlq waves is rather weak, as shown in Fig. 5 for thgynhen there is a gap, the pressure difference between the
probe microphone measurement near the membrane surfaggyner and lower surfaces of the membrane vanishes around
and are not shown in Fig(& beyond 500 Hz. Note that 500 he edges. As a result, the edges do not vibrate as much as

Hz happens to be where the spectral dominance chang@fewhere and the membrane as a whole appears lighter. This
from the subsonic wave number to the sonic wave number. lpads to a smaller equivaleM and a higher, (see Fig. 2

does not represent a cutoff frequency for the subsonic wavegyhen the gap is sealed, the pressure difference across the

width may be very uniform, but the restraint at the mem-
2 30 brane edges makes the structure effectively heavier than it

) . X
W 2 = really is. Note that the maximum speed of sound that can be
@2 obtained with confidence in the signal processing is limited
2 é’,s by the membrane length. For example, at the observed top
W s T &, wave speed in Fig. (6), the wavelength is nearly 0.7 m.
AP 7 s However, wave speeds higher than 2000 m/s were deduced
g from the constant phase angle slope of a single traveling
0 02 04 06 08 1 0 50 100 150

) K (radim) wave observed when the lower rigid wall was removed, but
meaningful analysis of such configuration can only be car-

FIG. 7. Typical subsonic waveform found at frequency 250 tazis the  ried out with a three-dimensional theory for the breakout
real part of the complex waveform measured by the probe microptibne.

shows the wavelets representing the sonic w@ygpey and subsonic wave Waves. . . . . .
(lower) of speed 46 m/s(c) is the spectrum showing the decomposition Typical SUbSqmc and supersonic Waveforms' are givenin
boundary. Figs. 7 and 8 using the method described earlier in Fig. 5.
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The spectra are divided into two blocks and the decomposefdce of the rigid and flexible sections of the duct. The speed
“wavelets” correspond to sonic waves and those radiated byf eigenwave over the membrane may be understood from
the membrane response. These examples differ from the eahe viewpoint of the mass-spring system of the fluid-loaded
lier ones in that the sonic waves do not dominate the overalinembrane. At low frequencies, the effect of fluid is purely
waveform. The spectral division for the two waves is not asmasslike and the result is a membrane heavier than its own
clear-cut as in Fig. 5 since the two wave numbers are closereight. The wave speed is slower than thevacuovalue,
together and the wave number resolution is limited by thewhich, in this example is determined by the tensile force
total length of the membrane section. Figure 7 shows that applied. At higher frequencies the effect of fluid loading is
250 Hz, subsonic waves undulate the long wave, which ispringlike and the eigenwave is found to be faster than the
mainly made up of sonic waves plus the effects of scatteringpeed of sound in free space. At a particular frequency the
by the edges. The subsonic wave speed is found to be 46 méffect of mass and spring balance each other, and singular
and the amplitude clearly decays downstream. However, theound speed is predicted for a lossless system. The frequency
attenuation rate is not analyzed due to the difficultiesapf at which this singularity occurs depends only on the mass
the measurement of damping coefficient for the thin mem+atio and close agreement with experimental data is obtained.
brane under tension, an®) the calculation of exponential At supersonic speed, waves travel in a way similar to the
decay rate at the presence of edge scattering and significaigh-order modes in a rigid duct where the sound waves
wave reflection. A typical supersonic wave is illustrated inadvance in a zig-zag path with supersonic axial wave speed.
Fig. 8 in which the long wave, the dashed line in Figh)8
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