Proceedings of The Institute of Acoustics

MODELS OF TURBULENT NOISE SOURCES IN THE VOCAL TRACT
Christine H. Shadle

Institute of Sound and Vibration Research, University of
Southampton, Southampton 509 SNHE England

INTRODUCTION

Fricative consonants are produced when the vocal tract is constricted somewhere
aleng its length enough so that air passing through the constriction produces a
hissing sound (see Fig. 1). In English, the unvoiced fricatives are /f,®,s,8/
(as in "fin, thin, sin, shin"). For some of these fricatives it appears that
soun? is also generated by the air exiting the constriction and striking an
obstacle downstream of the constriction, such as the teeth in /s,&/ or the lips
in /€/. PFant [1], Flanagan and Ishizaka [2] and others, have modeled frica—
tivea by adding one or more plane-wave pressure sources to a one-dimensional
acoustic tube model. Whether this has a physical justification, and the limi-
tations of such models, have been explored very little.

This paper presents theoretical calculations and results of experiments with
mechanical models designed to investigate source models for fricatives. The
questions of interest are: is the behavior influenced by the surrounding duct?
and, how well can we predict this behavior with a one-dimensional transmission-—
line model? Mechanical models were used bhecause the articulatory and
aerodynamic parameters could be controlled more exactly than in humans. They
consisted of two idealized configurations: a cylindrical constriction in a
circular duct, and the same constriction with a semicircular downatream

obstacle. The simple shapes made the development of theoretical models
relatively straightforward. The presence of the obstacle was shown by
preliminary experiments to be acoustically significant. In addition, the

obstacle used was similar in shape and position to the teeth, and thus seemed
likely to play an acoustically similar role.

THEORY

Jet noise hag been investigated extensively. The theory of jet noise is based
on the work of Lighthill (3], who described the monopole, dgpole, and
quadrupola sources, and discussed their use in modeling turbulence, Dipole
sources occur along rigid boundaries, which exert an alternating force on the
fluid; quadrupole sources exist in free jets. Although the strength of the
quadrupole sources increases with flowrate at a much higher rate than that of
dipoles (the sound power is proportional to v® rather than v®), quadrucole
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Pig. 1. Diagram of the midsagittal cress-section of the vocal tract during the
production of the fricatives /f£,0,8,3/, a8 in "fin, thin, sin, shin."
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sources are much leass efficient radiators of sound. Thus at the low Mach
numbers typical of speech, dipole sources can be expected to dominate.

Oon this basis, the most reasonable source models for the obstacle and
no-obstacle cases considered here appear to be the following. The sound
generated by the jet is represented by a distribution of weak quadrupole
sources downstream of the constriction; the obstacle case model has, in
addition, stronger dipole sources located at the obstacle, to represent the
sound generated as the jet impinges on it. The orientation of the flow dipoles
is assumed to be longitudinal (i.e. parallel to both the jet and the duct axes)
aince the plane surface of the obgstacle can only support forcea in the
longitudinal direction. As a first approximation, we neglect the gquadrupole
gources relative to the dipole sources for the cbstacle case.

Preliminary results [4] with the mechanical models support these source models.
FPirst, the sound produced is of much greater intensity when the obstacle is
present. Second, when the constriction is mounted flush with a plane baffle,
and the obstacle is suspended in free space downstream of the constriction, the
directivity pattern measured is distinctly dipole-like, with minima at 20° to
the jet axis., Third, in this setup, the far-field sound pressure should be the
sum of the sound produced by the dipcles at the obstacle and that produced by
their reflection in the baffle. Interference effects are therafore ‘predicted,
at specific frequencies dependent on the angle of the observer and the distance
between obstacle and baffle. The measured spectra contained minima at the
predicted frequencies, further supporting the dipole model.

A dipole source can be modeled as two put—of-phase simple sources a distance d
apart, each generating a volume-velocity U. The total dipole strength is then
5 = Ua. The predicted far-field sound pressure due %to a dipole and it=s
reflection in a baffle is

wip

Po (r.ow} = === 5 [c__os 0 oIk (282 e‘JkR] (1}

4nc r R

where w = 2rf = 2w (frequency), ¢ = speed of sound, k = w/¢, and r,R.0,9 are
defined in Fig. 2. Dividing both sides of Eqn. (1) by 5, we obtain an
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Fig. 2. Schematic of dipole reflected in baffle, defining r,R.0.9.l,.
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expression for the ratio P.(r.e,uw}/S(w}. We can think of this ratio as a
transfer function that specifies the effect of the baffle an the source, and
therefore derive an estimate of the source function, §, by inverse filtering
the measured pressure p.(T,8,u):

4= o-Po (r:9.w
Po (r.0,w)/5(w)

We now wish to find an eguivalent source pg in terms of 3. pg Will be uzed to
model sound generaticn inSide the tube, where only plane waves propagate {for
frequencies less than the first cutoff frequency, which is about 8 kHz), If
we make the -assumption that all of the sound radiated by the flow dipoles
excites longitudinal modes of the tube, we can approximate the spherical
sources comprising the dipole by plane-wave sources of the same strength U,
The distance ¢ separating them becomes a transmission-line section of (small)
length 4, which is represented by an acoustic mass of value pd/A, where A is
the cross-sectional area of the duct, It is then straightforward to derive the
pressure drop across the circuit, which is then the strength of the equivalent
pressure source:

(2)

ps () = 4 ()03 =1 (303 €3
We now have an expression for the sound source generated by the obstacle in a
tube that depends only on the sound measured when the obstacle is in free
space. We would like to gee if this. i3 a good model, and whether the source as
30 defined remains the same when the obstacle is contained within the duct. To
do se, the experiments schematized in Pig. 3 were devised. The transfer
functions T, and T,. were derived using transmission-line representations of
the duct for the different pusitions of constriction and obstacle. The derived
transfer functions were multiplied by the asource functicons, Jderived from
experiment as deacribed above, to produce a predicted output for each configur-
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Pig. 3, Diagram of the predictions and comparisons to be made for the cbatacle
casa.
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ation, which was compared to sound spectra measured for the actual configura-
tiona. The procedures for the mechanical model experiments will be described
in the next section. A few words are in order here about the method of
deriving the transfer functions.

These transfer functions are derived by simulating the tubes with a pressure
source at the lecation of the obstacle, using an iterative solution of the
plane-wave propagation equations {5,6]. ULosses due to radiation, heat conduc-
tion, viscosity, and flow resistance of the constriction were included in the
model. The effects of the various model parameters can be summarized as fol-
lows. The natural fraguencies of the entire tract are excited by the source;
because of the relatively small area of the constriction, the front and back
cavities are nearly decoupled, and the natural frequencies are approximately
equal to the quarter-wavelength resonances of the front cavity and the half-
wavelength resonances of the back cavity. Radiation losa at the mouth of the
tube lowers all of the "front-cavity™ resonances and increases their band-
widths; this effect is moré pronounced for a greater mouth area propertionate
to the front-cavity volume. In addition, the pressure source in the front
cavity excites anti-resonances, near zero Hz and at frequencies approximately
equal to the half-wavelength resonances of the back cavity and of the portion
of the front cavity between the source and the conatriction. Thus, the “back-
cavity" resonances and anti-resonances effectively cancel each other. The
remaining anti-resonances are not subject to radiation loss; viscosity and heat
conduction cause some damping at low frequencies, shifting the first anti-
resonance up in frequency slightly. Higher anti-resonances appear in the pre-
dicted spectrum as relatively sharp minima, with frequencies very sensitive to
the distance between the obstacle and the constriction., Comparison of these
predictions to the measured spectra will demonstrate how well tha prassure
gsource model works, and whether there is evidence of interaction of the source
with the tube.
METHOD

Figure 4 shows the experimental setup used. Air passes frem the tank through a
flowmeter, past a pressure manometer, through a muffler that provides acoustic
isolation, and finally intc a tube which has the configuration under
congideration. The sound generated is picked up by a microphone and fed into
an HP spectrum analyzer, which computes an RMS-averaged spectrum { for a 10 kHz
frequency range, sixteen 12.5 msec windowed spectra are averaged together).

Por the experiments reported on here, the constriction is always a 1 cm long
aluminum cylindrical plug with an axial circular hole 3 mm in diameter. It is
positioned in a 17 cm long, 2.5 cm diameter plastic tube, either 0, 3, or 12 cm
from the mouth. The cobstacle is a semicircular piece of aluminum of the same
radius as the tube, and 2 mm long.. When used, it is 3 cm downstream of the
constriction., Pinally, flowrates between 160 and 420 cc/sec were used, which
covera the ranga used by people producing fricatives. This results in a flow
velocity through the constriction of between Mach 0.06 and 0,20,

RESULTS

Figure 5 shows the estimates of pg derived from the sound pressure measured for
a o cm front cavity at four flow rates. The pg curves are noisy and have a
peak around 6 kHz. The small-scale perturbations are random in nature and
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Pig. 4. a) Diagram of the setup for the mechanical model experiments, The

tract, whose outer wall is a cylindrical tube, is shown in cross section in b)
of the figure.
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Fig. 5. a) Par-field eound pressure Po at four flowrates,
noise. b) Equivalent pressure source Ps derived from p,.
0 cm, obstacle is 3 cm downstream of constriction.

with regressed room
Por. both cases, iy =

Proc.l.O.A. Voi8 Part 3 (1986) 217




Proceedings of The Institute of Acoustics

MODELS OF TURBULENT NOISE SOURCES IN THE VOCAL TRACT

oy T rrrr iy rrr et rrrT r1r1ryrryrrrJ7r1r1rr1T1irF

— Progugied Fer-Fleld Sevad Presaurs Flowrate = 3600 <o wei
s Plospureyd FarField Saunt Preagaucss -
Flawrais = 1003 su/eee

A AR A ) 1 b & % % % L 1 & r'llllllLllIlllllllllll

B R B

Flomreis = ZEAS oi/mes I ’ Flomratly = 420.0 surses

Magnitude (dB SPL In 4@-Hz bins)

[ T T O I |

)

F requency (kHz)

Pig. 6. Far-fiald sound pressures for front cavity length 1y = 12 cm, cbstacle
9 cm from mouth; measured, p,;., versus predicted, ﬁu. at four flowrates.

tend to smooth out as more averages are taken; individual wiggles are unimpor-
tant. The peak at 6 kHz indicates that the interference effect is not quite as
severe as predicted. This is indicative of slight problems with our source
model, but for the comparisons we are about to make, it is unimportant’ and
makes it more difficult to compare, Thus, these curves were regressed, exclu-
ding the peak, resulting in the dashed lines shown, and the regressed curves
were used as the source functions.

Figure & shows the predicted and measured curves for a front cavity of 12 cm at
the same four flow rates., The fits are very good with regard to both the spec-
tral shape and absclute level. At 5.7 kAz, the frequency of the predicted
zerg, the data exhibit only a modest “dip”. This is due in part to the smear-
ing effect of the window, but is also evidence of a less than perfect source
miel. If, for instance, the source were modeled not as a single dipole but as
a set of dipoles spatially distributed by even 1 mm along the tube axis, then
the depth of the predicted minimum would also be more modest. FPinally, the
slight mismatch of bandwidths is due mainly to the approximation made in the
model of the radiation out the open end of the duct. Overall, the fit is quite
good, indicating that there is very little interaction betwean the sound source
and the filtering action of the tube, Results for ly = 3.2 cm are similar.

To check for the posaibility of interaction in a different way, we looked at
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Pig. 7. Pressura exponents for the three cbatacle (top). and no—chstacle
{bottom} configurations. Each point represents the change in sound pressure
with respect to flow velocity over the frequency range indicated by the
markings on the line labeled "SPL Bins". The points labeled “All Bins* are
- computed over the entire range of S00 to 10200 Bz,

the relationship between scund pressura and flow velocity for the three con~
figurations. The intensity of the sourk generated by monopole, dipole and
quadrupole sources depend on, respectively, the fourth, sixth and eighth powers .
of the flow velocity. Therefore, one way of checking for source-tract inter-—
action is to see if the power laws differ as the tract — the length of the
front cavity -— changes. In Pig. 7 we see that the pressure exponents are
nearly the same for all three front cavity lengths, indicating that there is no
source—tract interaction for these configurations. Its average value across
all frequencies of roughly 2.5 is slightly less than the 3.0 we would aexpect
for flow dipoles, and much less than the value of 4.0 that would be expected
for quadrupoles, It thus appears that the assumptions on which the source
model were based were valid.

Because of the extreme low amplitude of the sound generated for the no—obstacle
case, particularly when the constriction was at the mouth of the tube, it was
not possible to derive a source gpectrum from data and use it to test the
. source model as in the obstacle case. <The no-obatacls case was tested for
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interaction effects in two ways, however. First, the predicted resonances were
subtracted Erom each spectrum, leaving behind a residue spectrum consisting of
the anti-resonances excited by the source and the source apectrum itself, These
residue spectra should be identical regardless of front—cavity length, if the
same sound is generated in each case, In fact, they differed by as much as 10
dB. Computation of the pressure exponents yielded a similar result, which can
be seen in Fig. 7: unlike for the obatacle case, they differed for the two
front—cavity lengths, and alsc were on average of higher value, closer to that
expected of a quadrupole source. A likely explanation is that sound is genera-
ted along the walls of the tube; if they are not included in the determination
of the source model, there will appear to be scurce—tract "interaction.”

CONCLUSION

Two mechanical models were studied that are simplified, idealized representa-—
tions of configurations actually occurring in fricative sounds., The obstacle
case, that model in which a jet strikes an obstacle in a tube, produced a radi-
ated spectrum that is well-modeled by measurements of sound produced by the
obstacle in free space used together with a linear plane-wave model of the tuba
gystem, Thus for this configuration an independent source-filter model is
valid, with a pressure source at the obstacle, For the no—obstacle cage, it
~was shown that there is interaction if the source is considered to be deter-
mined by the jet alone; it appears that sound generation occurs along the walls
of the tube, and thus a more realistic model would include the walls as a
source~determining factor.

In related work [4] it has been demonstrated that the obstacle case is a good
model of the fricatives /e,8/. It appears that other fricatives fall between
the cbstacle and no—cbstacle cases: there is significant sound generation aleng
the walla of the tract or at cobstacles that are net at right angles to the
flow. For such fricatives, more complex source models will be necessary.

[This work was supported by NIH-NINCDS. )
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ABSTRACT

The sound attenuation in a free path rectangular duct of constant crossectional
area was theoretically studied for the case of a parabolic change of wall con-
ductance. The solution of the obtained Bessel differential equation consists
of a combination of modified Hankel functions of the order 1/3.

The parabolic change of the wall conductance can be realized by means of a homo-
genious sound absorbing flow resistance together with a slit which changes
parabolically along the length of the attenuator.

The attenuator characteristics at a certain fregquency were found to depend
only on the duct length (L) and an attenuator characteristic area (Ac):

- S/L iwhere 5 = actual attenuator cross-sectional area,

o b g, = normalized wall conductance at a distance of 1 ¢m
from attenuator input.

slit width at the end of the duct

AC

/=]

b

When this attenuatoer is introduced as a termination to a hard duct, an input
reflection coeff. of the order of 0.1 and a transmission loss of the order.of

30 dB were calculated for a freq.> 100 HZ , L= 150 ¢m and Ac = 1000 cmz.

Experimental results were in fair agreement with the theoretical results.

INTRODUCTION

Sound attenuation in ducts lined with local, constant and homogenious wall
admittance has been extensievly studied [1-3]. As a result of these studies,
a number of graphs has been published. These graphs deliver the attenuation
for a given complex wall admittance of the lining, the duct height and socund
frequency [ 2,3,4,6 1. However, sound attenuators having a constant complex
wall admittance lining can only be easily designed if narrow frequency band
operation is desired. Alsc Ingard et Al [7) and Kurze [4] studied the sound
propagation in a duct with different wall lining. Heins et Al [8] studied the
sound propagation in a duct with two different values of wall impedance.

In the present work the sound attenuation as well as the input wave impedance
in one dimensional rectangular duct lined with a parabolically increasing real
wall admittance are theoretically studied, and experimentally verified for the
case of this duct being inserted bet- two hard ducts of equal cross-sectional
area. Such a duct can be used as a sound attenuator as well as an anechoic ter-
mination with free path.
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ATTENUATOR DUCT LINED WITH PARABOLIC
INCREASING WALL CONDUCTANCE

In the following analysis, plane wave propagation will be assumed by limiting
the largest cross dimension to approximately half the minimm wave-length. In
this case the wave equation for the velocity potential u(x) is given by [3].

2
0, (ks -4 Ko, 3C. 6 ut= o (
dx h
where K, the wave mumber = 2 T /2

G = the local wall conductance
= particle velocity normal to the lined wall / (sound pressure)
h = the effective height of the duct
_ duct cross-sectional area (S)
absorbent width along the prephiry (a)
8C = characteristic air impedance
i = v

Assuming the wall conductance to be a function of x, a closed form solution
of eqn. (1) will be derived for the case of the parabolic variation of the wall
conductance according to the relation

GIx) = G VX (2}

o
where G_ [ 1/ Rayl. cm : ] is the wall conductance at a distance 1 cm from
the inl8t of the duct.

This can be realized by means of lining the duct with a material having cons-
tant conductance, whereby the parabolic change is attained by means of a para-
bolic slit of maximum width 'b' at the end of the attenuator of length 'L'.

In this case the effective height is given by

h = § [T

According to Cremer [3]) the condition for plane wave propagation will hold if

§CG <<k h << 1 4)
[+] ol eff g-c-'c;—'
Introeducing eqn. (2,3) in eqn.(1) gives
duw + (k7 - i % x) um =0 )
dx c 2
where A, = 5¢ L = attenuator characteristic area [cm™].
§C Go b
Using the following transformation
z = - Ko At + 1 x
eqn. (4) takes the form
Fuw + fo oz ou@ = U 6
az2 Aq
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Further, by means of the transformaticn

ulz) = Yz . QM and T =2 Ko . 232
3 _ﬁz

equation (6) finally becomes

.T_dzq + 1 dQ v (1-mt ) M=o
dr T dl T

This is a Bessel differential equation of order one-third and has the closed
form solution

am = ¢, HE m ¢, wZ 7

where Cl and C2 are arbitrary integration constants and H;}%’(z)(T) are Hankel

functions first and second kind [9] of the complex argument T and the order
1/3. The 2 functions are triple-valued functions of T, with a branch-point at
the origin . The product, however, of the two multiple valued functions

T3 and HE}%'(z (T) is the single valued function h, ,(z) , which
represents the modified Hankel functions of the order one third.
These functions are related to each other by the equations

/3 4 (- hy (2 )

3

/3 {2 ey

h2 C z, )]

Accordingly, the complete solution of the® differential equation (5) is given
b

u@) = VI =/ 7.7 (¢, by (a2) +C, hy (a2) )

The solution represents the incident as well as the reflected waves. For
harmonic time dependence of the sound field, the sound pressure P(x) and the
particlle velocity are then given by

pu)a-iﬂou=%[QM(H)+%h2BﬂJ (8)
vi) = du() = dy (C; by (a2) + Cy by (a2))  (9)

where h; and hé are the derivatives of h, and h, respectively and

a= 3K, 4= jug(af ) 1/
A &,

. 1/6
dy = i (9 /4A.)

Such an attenuator, when used for noise attenuation in air ducts, is usually
inserted between 2 hard ducts of equal cross-section.
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Considering this configuration we use the boundary conditions at the input of
the attenuator duct, namely the continuity of sound pressure and sound flux,
to determine the constants c, and G, of eqn. ( 8,9 ).

On the other hand, the boumdary conditions at the end of the attenuator deli-
ver the expressions for the reflection coefficient (r) and the normalized wave
impedance (Zo )

ST L. BN -BS (10)
292 T %12

and o
2o = 1+r (11}

S
also the sound transmission loss &L can be calculated and is given by

al=201og |3Cd,H

W, Gaz) (5, *+ 15, ) - hy (az;) (N, + rN ) a2)
where '
B, = d] h2 (azL) -%C dz h? (azL)
B2 = f.'Ll h1 (azL) -5C c.l2 h,l _(azm

5 =8C d2 M + h2 (azo) "
hy (az,) P CEN I

=¥C d2 M + h2 (azo) .
“h‘ (azo] . h1 (azo) 2

N1 =§cC dz h1 (azo) - d1 h1 (azo)
N2 =gc d2 I'11 (azo) + d‘l h1 (azc)

’ []
M = h1 (azo) h2 [azo) - h2 (azo) h.| (azo)
= -1 1.457495 :
2o T 2y = Ko A .
2L Tt KA ril

INFINITE LINED DUCT

The sound transmission loss of the limiting case of an attenuator of infi-
nite length will be calculated . This will also give the sound transmission
loss of many practical configurations, by which the reflected energy at the
end of the attenuator is negligible [10] due to the high sound attenuation of
the incident wave . In this case only the incident sound wave propagates down
the attenuator. This means that the constant C2 =0 in eqn. (8,9) and accordin-
gly the normalized wave impedance of the input® of the infinite attenuator is
given by
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7 1/3
‘O . Plo) 1 (K Ac ) h1 (azo)
s¢ YO gc hy (az )
I W S (13)
hy (-F9)
and F = a frequency parameter
’ _ 2
= KAL)

The reflection coefficient r, at the inlet of the infitire afteauator is
given by : '
' 2 -1 ‘ (14)

Ce
r, = s
ZOnn + 1

5C
Using the results of the gjnfinite attenuator a limiting value for the trans-
mission loss ( AL") can be calculated . al” gives the transmission loss of
an attenuator of finite length which fullfills the condition of negligible
reflected energy at its end. In this case

aL’ =20 log P (x=0) = 20 log hy (az_)
P (x=] “1 fazLj

THEORETICAL RESULTS

Scme representative results were calculated for different duct lengths of 100,
150 and 200 cm . It was found that for A_ > 500 , the condition of eq. (4) is
valid in the medium frequency range betw&en 100 and 1000 Hz for wide range of
duct heights and lengths.

Fig (1a) depicts the change of aL as a function of frequency for different

duct lengths at constant attenuator characteristic area A_ of 1000 cml.

Fig. (1b) shows the corresponding change of the input reflection coefficient
(r) .

Fig.2 shows &l and r for constant duct length of 100cm and for different

values of AC, namely 500, 1000, and 5000cm?.

The change of the real and imaginary parts of the normalized input impedance
are given in fig.3 for L=100cm , and Ac=1000cm‘.

As seen from eqn.(13,14), the reflection coefficient for the Iimiting case 'r '
(case of neglilible reflected sound energy at attenuator end) is only a
function of the frequency parameter 'F'. This gives the unique representation
of the reflection coefficient of fig.4 for arbitrary attenuator parameters.
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Fig. 5 shows a comparxson of this limiting value r,, and the corresponding
value for A 5000 em? and L = 200 ¢m . As seen from fig.5, the exact
calculated gnd the limiting values are comparable. This is due to the relati-
vely large value of L and the corresponding small reflected energy at the end
of the attenuator.
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Fig.6a Fig.6b
Measured —— against Calculated ...
for L=200cm , and Ac=5000cmz

ATTENUATOR REALIZATION AND
EXPERIMENTAL RESULTS

For testing the calculated reflection coefficient and the calculated sound
transmission loss a rectangular duct was designed having a length of 200 cm
and a cross-sectional area of 16x10 em? , One of its larger sides was lined
such that a value of A_ = 5000 was attained [10].

The parabolic change of the wall conductance can be realized by means of a
wmogenious sound absorbing flow resistance together with a slit which changes
parabolically along the length of the attenuator. By the experimental impl-
ementation of this slit a variable perforation area having the same depend-
ence on x and a perforation raticof 35% was used.

In order to prevent the sound propagation in the lining parallel to the duct,
thin partitions in the lining were used ata distance ot 20 cm apart. The
comparison of the experimental and theoretical results are denicted in fig.6 .

The decrease of the measured al in deviation to the calculated values can be
explained by the unavoidablly added imaginary part of the wall impedance due

to the vibrating air mass inside the lining. The value of this added part
obviously increases with increasing the frequency. As seen from flg.ﬁb the
measured and calculated values of the reflection coeifficient are in fair agree-
ment.
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CONCLUSION

The gradual parabol1c increase of the wall conductance of an attenuator is
shown to give low values of immut reflection coefficient at relatively high
values of sound transmission loss.

This attenuator, which can be easily realized, allows a wide frequency band
operations. Thls is due to the frequency 1ndependence of its lining.

Having a free path and a constant cross-sectional area this attenuator can .
have many applications; for example as an attenuator for air-conditioning
ducts, as an unechoic termination for machine testing with non zero flow
by the in-duct nethod, or as an exhaust silencer.

REFRENCES

[1] L.J. Sivian,'Sound oropagation in ducts lined with absorbing materials',
J.A.S.A., vol 9, 135, (1937).

{2] P.M.Morse, 'The transmission of sound 1n51de pipes', J.A.S.A., vol. 11,
' 205, (1939).

(3] L. Cremer, 'Theorie der Luftscalldaempfung in Recheckkanal mit schluck-
ender /and', (German), Acoustica, vol. 3, 249, (1953).

{4] U. Kurze, 'Schallausbreitung 1m Kanal mit periodischer Wandstruktur',
’ (German), Acoustica, vol. 21, 74, (1969).

[5] P.M. Morse and U. Ingard, 'Theoretical Acoustics', McGraw-Hill,
New York, 1968.

[6] F. Mechel, 'Einfluss der Queruntertelluno von Absorbern auf die Schall-
ausbreltung in Kanaelen', (German), Acustica, vol.16, 90, (1965/1966).

[7]1 U. Ingard and D. Prichmore- Brown, 'Propagation of sound in duct w1th
constrictions', J.A.S.A., vol.23, 689, (1951).

(8] A.G. Heins and H.E. Feshbach, ' The coupling of two acoustical ducts',
~J. of Math. and Phys., vol. XXVI 143, (1947).

[9] G.N. Watson, 'A treatise on the .theory of Bessel functions', Nbxihllan,
" New York, 1944.

F.B. Shenoda, 'Reflexionsarme Abschluss fuer durchstroemte Kanaele', .
(German) , VDI-Geme1nschaftstagung Akoustik und Schw1ngunostechn1k (DAGA),
'Stuttgart 1972, VDI-Verlag, Berlin, 269, (1972)

Proc.l.0.A. Vol Part3 (1986)




Proceedings of The Institute of Acoustics

230

Proc.).O.A. Vol8 Part3 (1986)




