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Fault detection in engines through higher order
spectral analysis of acoustic signatures

G. D. Meegan, H.R. Nelson, M. L. Barlett, and G. R. Wilson

Applied Research Laboratories, The University of Texas at Austin,
P.O. Box 8029, Austin, Texas 78713-8029, USA

meegan@arlut.utexas.edu  barlett@arlut.utexas.edu  wilson@arlut.utexas.edu

Abstract: This paper describes new engine fault detection methods that
involve a higher order spectral analysis method known as the parametric
spectral coherence (PSC). Measurements of radiated acoustic and
vibrational signatures were conducted on a one-cylinder engine with a
continuously worsening loss of cylinder compression. Compared to
vibrational signatures, the radiated acoustic signatures provided the most
dramatic indication of a loss of cylinder compression when PSC analysis
was performed. It is demonstrated that the fault can be detected by simply
monitoring the average spectral coherence or the peak spectral coherence of
the acoustic signature, whereas the more traditional power spectral methods

fail to detect the fault.
©1999 Acoustical Society of America
PACS numbers: 43.50.Yw, 43.60.Cg, 43.60.Lq

Introduction

The concept of machinery monitoring for the detection of faulty operation is not new.
However, very little work has been done on monitoring and detecting faults in internal
combustion engines. This deficiency seems to be due at least in part to the relative
complexity of vibrational and acoustic signatures that are generated by internal combustion
engines as compared with simpler rotating machinery. Nonetheless, if an effectivemethod of
early fault detection in engines can be developed, engine maintenance costs can be reduced
and reliability increased though the use of a predictive maintenance (PdM) or condition based
maintenance (CBM) method. With CBM, a repair is performed only as needed—for
example, when the engine starts to run poorly. With PdM, maintenance is performed only
when a need for repair is predicted, according to some method of detecting a problem with the
engine. Thereby, maintenance costs decrease and reliability increases.

A typical application of machinery monitoring involves monitoring the vibration or
acoustic power spectra of a machine for comparison with known spectra of normal and
abnormal machinery. This method is widely used in detecting defectsin rotating machinery
such as turbines and electric motors. =~ Some machinery monitoring devices are fully
automated systems that continuously analyze power spectra. An alarm is triggered when an
absolute spectral amplitude threshold is exceeded, indicating that a vibration at a specific
frequency is unusually large.>® This concept is illustrated in Fig. 1 where a power spectral
acceptance envelope, as defined from historical data, is used to define the normal operation of
a machine. In this case, we see that the spectral lines at 3f; and 5f;, have exceeded the
acceptance threshold—this indicates that there may be a problem.

Unfortunately, power spectral analysis methods of detecting faults in internal
combustion engines are much less reliable than detecting faults in turbines and electric
motors. The vibrational and acoustic signatures of internal combustion engines typically
contain a complicated series of harmonics of the engine firing rate, which, itself, varies with
throttle level or engine RPM.*® In contrast, an electric motor typically operates at a fixed
RPM and produces vibrations dominated by a single frequency equal to the rotation rate. The
complicated spectral signatures of normally operating internal combustion engines make it

J. Acoust. Soc. Am. 106(1), Jul 1999 0001-4966/99/106(1)/L1/6/$15.00 (c)1999 Acoustical Society of America

L1



Meegan et al.: Acoustics Research Letters Online [PII SO001-4966(99)50007-6] Published Online 18 May 1999

impossible to define a simple but effective spectral envelope for detecting faulty operation or
imminent failure.

The application of higher order spectral analysis methods for the detection or
classification of machinery faults has only recently been studied.”* Unlike a power spectral
analysis, a higher order spectral analysis provides a quantitative measure of spectral
coherences that may exist in a vibrational or acoustic signature. These spectral coherences are
independent of spectral power and indicate the existence of a nonrandom phase relationship
between frequency pairs. Here we shall apply a higher order spectral analysis technique
known as the parametric spectral coherence C defined by’

306 (w1) = ko (w2)]
Clonwn) = ‘AwnlAlnle :_ ) (1)
V(A2 (w1)) (A2(w2))

where <> denotes time averaging, and A(w) and ¢@(w) are the magnitude and phase of the
Fourier transform of a time series x(?) defined according to

z(t) = /°° A(w)ejé(w)e'wdw (2)

—o0

From Eq. (1), it is apparent that C is a function of frequency pairs w; and , and ranges from
zero to one. C is nonzero when the following parametric phase relationship exists:’

b)) = :‘j—;qa(w) + constant (3)

Therefore, unlike more common higher order spectral analyses (i.e., the bispectrum), the
parametric spectral coherence does not require frequency pairs to be harmonically related. For
example, an engine or motor with reduction gearing will produce nonharmonically related
frequenciesthat would go undetected with the bispectrum, whereas the parametric spectral
coherence will detect all coherent tonals.

Q
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@ ]
[0]
14
o ,
(0]
S
o
o
Q
(8}
Q
g ]!
MwarduML
1
—zf0 fy 21 3f,

Frequency

Fig. 1. Acceptance envelope method of power spectral fault detection.

Experiments

Figure 2 shows the experimental setup for the sound and vibration measurements on a single
piston, two-stroke model airplane engine of 12.3 cm’ displacement, known as the Super
Tigre 75. The propeller was removed for the measurements reported here. Probe tube
microphones were used for insertion into the exhaust manifold and at the tailpipe. The on-
axis farfield acoustic signature was measured with a 1/4 inch B&K microphone with a foam
wind screen. Engine vibrations were also measured with an accelerometerthat was attached
to the engine mount. The axis of the accelerometer was placed in line with the axis of piston
motion (perpendicular to the page in Fig. 2).
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Fig. 2. Setup for measurements on the mono-cylinder engine.

An initial set of data on the mono-cylinder engine was collected under normal engine
operation at constant throttle. Following these measurements, a fault was gradually induced
in the engine by loosening the seal on the engine glow plug. This created a loss of
compression in the cylinder by allowing some gas to escape from the glow plug tap on the
cylinder head. On this particular engine, the glow plug could be loosened and tightened
while collecting acoustic and vibrational data on the running engine. This allowed for
measurement of progressive failure of the engine to the point that the engine stalls out.

Data analysis

In this section, data and analysis results are presented from the farfield acoustic measurements
of a progressively worsening loss of cylinder compression in the one-cylinder engine. Results
obtained from accelerometerand probe tube microphone sensors are qualitatively similar to
those obtained from the farfield microphone. However, the farfieldmicrophone sensor data
yielded the most dramatic indication of faulty engine operation. This may be due to the
particular type of fault we are studying here. Specifically, a loss of cylinder compression will
have a direct effecton the pressure amplitude of the exhaust pulses generated with each
combustion event. These exhaust pulses are the acoustic source that propagates through the
exhaust system and to the farfieldmicrophone. By comparison, one might expect that the
engine block vibrations are only weakly coupled to the combustion events. Other types of
faults, such as a main bearing failure, may be most strongly coupled to engine block
vibrations and most easily detected through an analysis of vibrational signatures.

Power spectral plots of the farfield acoustic signature, averaged over consecutive time
segments of the measurement, are shown in the left panel of Fig. 3. In general, the power
spectrum is characterizedby a complicated series of harmonics of the engine firing rate (120
Hz, in this case). Modeling results not reported here suggest that the underlying spectral
noise floor is due largely to the acoustic response characteristics of the exhaust system. As
the loss of compression worsens (towards the bottom of the figure), a suppression of distinct
tonals is observed in the spectral data. Similar results were observed in the analysis of
accelerometer and probe tube microphone data. Therefore, one may conclude that the fault is
detectable through standard power spectral analysis methods. However, when an acceptance
envelope is applied to the power spectral analysis results, fault detection is not successful.
This failure is illustrated in the left panel of Fig. 3 where a possible acceptanceenvelope is
overlaid on the power spectra—the faulty engine operation would go undetected by this
method. Unlike much simpler rotating machinery, the series of harmonics that are present in
normally functioning engines limit the usefulness of the power spectral acceptance envelope
method. The effectof some faults in internal combustion engines is often a more subtle
distortion of the power spectra that can be very difficult to detect by an automated vibration or
noise monitoring system. For comparison, the results of a parametric spectral coherence
analysis are shown in Fig. 4. The parametric spectral coherenceis a function of frequency
pairs w; and w; and is normalized to the power spectra according to Eq. (1). Notice that the
diagonal (where w;, = @) is identically 1, indicating that a tonal is always perfectly coherent
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with itself. The loss of compression is found to be observable in the PSC analysis as a
general loss of coherence. In the following section, methods for defining a simple coherence
fault detector are presented that can be applied in much the same way as the acceptance
envelope demonstrated in Fig. 1.

Coherence fault detector

The simplest type of coherence fault detector investigated here is a measure of the mean
parametric spectral coherence. The mean parametric spectral coherence was calculated by
simply averaging the coherence in Fig. 4, excluding the diagonal w; = w,, over all frequency
pairs to obtain a single measure of coherence in a given time interval. In this way, the
analysis presented in Fig. 4 is reduced to the single point mean coherence measurements
shown in Fig. 5. The mean coherenceis well correlated to the progressive loss of cylinder
compression as is detected by a loss of mean coherence. Therefore, mean coherence could be
used as a simple metric for the development of automated methods of monitoring internal
combustion engines for the detection of some types of faults. Two approaches are suggested:
(1) A mean coherence threshold could be defined as shown in Fig. 5, based on machine
history. A fault alarm would then be triggered when the mean coherence falls below the
acceptable limit. (2) Trending methods could also be applied that may not require
knowledge of machine history. For example, the rate of change in the mean coherence (the
slope in Fig. 5) could be monitored so that a sudden change would indicate an engine fault.

= o

Peak Coherence

Farfield Microphone Response (50 dB/Div.)

by

: A A 0 1 .
0 2000 4000 6000 0 2000 4000
Frequency (Hz) Frequency (Hz)

Fig. 3. Analysis of farfield acoustic signatures at time intervals (a) 0 to 4.8 seconds, (b) 4.8 to
9.6 seconds, (c) 9.6 to 14.4 seconds, (d) 14.4 to 19.2 seconds, (e) 19.2 to 24.0 seconds, and
(f) 24.0 to 28.8 seconds. The loss of cylinder compression begins at 8 seconds and gradually
increases. Left: Consecutive plots of the power spectral average as calculated from the
farfield microphone measurement on the one-cylinder engine. The microphone was placed
57 cm from the tailpipe. A suppression of spectral lines is observed above 1 kHz when there
is a loss of cylinder compression. The engine firing rate is 120 Hz and is indicated by the
vertical dashed line. The power spectral acceptance envelope method fails to detect the
fault. Right: The parametric spectral coherence was collapsed to a simpler plot of peak
spectral coherence as a function of a single frequency. A Aw= 200 Hz main lobe mask was
applied. The peak spectral coherence acceptance envelope method was successful in
detecting the presence of a fault.
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Fig. 4. The parametric spectral coherence was calculated for the farfield microphone
measurements on the mono-cylinder engine at consecutive time intervals. A substantial loss
of coherence occurs after the one-cylinder engine loss of compression at 8 seconds. The
consecutive time intervals are: (a) 0 to 4.8 seconds, (b) 4.8 to 9.6 seconds, (c) 9.6 to 14.4
seconds, (d) 14.4 to 19.2 seconds, (e) 19.2 to 24.0 seconds, and (f) 24.0 to 28.8 seconds.

0.15

0.14 -

Mean Coherence

Mean Coherence
Threshold for Fault
Detection

0-4.8

T
4896  9.6-144 144192 19.2-240 24.0-28.8

Time Interval (sec)

Fig. 5. The mean parametric spectral coherence was applied as a method of detecting the
loss of compression. The dashed line specifies a coherence threshold alarm that is capable

of detecting the fault.

The parametric spectral coherence can be plotted as a function of a single frequency to
generate a waterfall plot, as is commonly used to track changes in the power spectra. The
peak coherence C, is defined here as a function of w;, according to

Cp(W1) = C(W1,W2 = Wmaoc)a

w1 # Wmax

(4)

where W 1s the value of c, that has the maximum coherence at coordinate w; # ..
Collapsing Fig. 4 according to Eq. (4) results in the loss of distinct spectral peaks that are
obvious in Fig. 4. This difficulty is because the peak coherence is dominated by the response
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of the parametric spectral coherence near w, = w, (near the diagonal in Fig. 4). Although Eq.
(4) requires w; # >, the w, = w; self-coherent tonals result in strong sidelobes in the two-
dimensional space (w,, ay). Therefore, the sidelobes near w; = w, should be masked before
calculating a peak coherence at a frequency w;. This calculation was accomplished by
excluding the coherence for |w; — w)| <Aw so that we calculate the peak coherence as a
function @, according to

Cp(wr) =C(w1,w2 =Wmae), w1 — Wmas| > Aw (5)

where Aw is the width of the w, = @, sidelobe to be nulled.

In the right panel of Fig. 3, we present the peak coherence as calculated from Eq. (5)
with a sidelobe nulling of Acw= 200 Hz. We find that the resulting plots of peak coherence
show clear tonal peaks corresponding to harmonics of the engine firing rate. As the loss of
compression increases, we see clear evidence in the peak coherence analysis. In the right
panel of Fig. 3, we also demonstrate how a lower limit acceptance envelope (minimum
coherence criteria as a function of w) successfully detects the fault when coherences drop below
normal levels. Unlike the standard power spectral acceptance envelope method demonstrated
on the left panel of Fig. 3, the peak coherence envelope provides effective fault detection.

Summary and conclusions

A series of acoustic measurements was conducted on properly functioning internal combustion
engines and engines with progressively worsening faults. Results indicate that it is possible
to detect faulty engine operation by monitoring either the power spectra or the parametric
spectral coherence. However, standard approaches such as a power spectral acceptance
envelope method fail to detect the fault. By comparison, PSC analysis was shown to provide
new methods of fault detection that could easily be automated. The mean spectral coherence
and peak spectral coherence analysis methods presented here could provide the basis for
automated fault detection and classification systems for a wide range of machinery types.
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Turbulent acoustic streaming excited by resonant
gas oscillation with periodic shock waves
in a closed tube
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Abstract: Resonant gas oscillations with periodic shock waves in a closed
tube are studied by executing large-scale computations of the compressible
2-D Navier—Stokes equations with a finite-difference method. In a quasi-
steady state of oscillation, acoustic streaming (mean mass flow) of large Rs is
excited, where Rs is the streaming Reynolds humber based on a characteristic
streaming velocity, the tube length, and the kinematic viscosity. Whea Rs
560, relatively strong vortices are localized near the tube wall. The resulting
streaming pattern is almost stationary but quite different from that of the
Rayleigh streaming. The streaming of R%200 involves unsteady vortices

in a region near the center of the tube. Turbulent streaming appears in
the result of Rs= 56000, where vortices of various scales are irregularly
generated throughout the tube.

©1999 Acoustical Society of America

PACS numbers: 43.25.Cb, 43.25.Gf, 43.25.Nm

Introduction

We shall consider the streaming motions excited by fundamental resonant gas oscillation in a
two-dimensional closed tube filled with an ideal gas. The tube, whose lengtlarisl width

is W, is closed at one end by a solid plug and the other by a piston (sound source) oscillating
harmonically with an amplitude and angular frequency (see Fig. 1). When the source
frequency is in a narrow band around a resonant frequency, the resulting gas oscillation may
not be a sinusoidal standing wave with fixed loops and nodes but a nonlinear oscillation of large
amplitude including periodic shock waves traveling in the tube repeatedly reflected at the sound
source and closed erid.

*

sound 7 upper wall closed
source f end
(piston) W ideal gas
a(coswt*-1) ||O l lower wall x*
L

Fig. 1. Schematic of the model.

Such large-amplitude oscillations can induce streaming motions of large streaming
Reynolds number Rs UsLs/v, whereUs is a characteristic magnitude of streamirig,is a
linear dimension of the system, ands the kinematic viscosity. It is known that the jet-like
streaming of Rss> 1 usually becomes a turbulent flow. However, the excitation of turbulent
streaming in a resonant tube has remained unsolved. In the present study, we shall numerically
demonstrate when and how the streaming motion in the tube becomes turbulent. Because very
large-scale (extensive) computations are required, we restrict ourselves to the case in which
the angular frequency at the sound soutgeis equal to the fundamental resonance (angular)
frequencyeom/ L, wherec is the speed of sound in an initially undisturbed gas.

In practical applications of high-intensity resonant oscillations in a closed*ttine,
excitation of large Rs streaming may often be inevitable. The knowledge of classical streaming
induced by the linear sinusoidal standing wave with fixed loops and nodes is useless because
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there should be a steady creeping motion of R4.°~7 An understanding of large Rs and
turbulent streaming may be indispensable for the development of such applications.

Problem

We shall consider the fundamental resonance in a closed tube in a case of a wide tube and low
frequency. That is, the tube lengihsatisfies the condition

Lw/cy =, (1)

and the widthi¥ is sufficiently large compared with the typical dimension of the Stokes
boundary layer on the wall,

Ww/cy = AT > € = Vvw/co, (2)

whereA = W/L is an aspect ratio of the tube, ant a normalized typical linear dimension
of the Stokes boundary layer on the wall.

The sound source is a piston locatedrat 0 for ¢ < 0, which begins oscillating
harmonically with amplitude: and angular frequenay att = 0, wherez = z*w/co and
t = wt*. The acoustic Mach number at the sourgé, is supposed to be sufficiently small
compared with unity,

M=aw/cy < 1. (3)
In the present study, we assume that the ordé/dé comparable with that of, i.e.,
o =¢/M=0(1), (4)

wherea is a nondimensional constant. The acoustic Reynolds number at the sound source may
then be given as
Re=2r/eq, (5)

which is sufficiently large compared with unity. In addition to condition Re 1, if the
dispersion and attenuation effettiue to the Stokes boundary layer are sufficiently small, a
shock with a discontinuous wave front will be formed. The dispersion effect can be estimated
by a nondimensional parametef(Av/M), because, as shown below (see also Ref. 1), a
nondimensional wave amplitude at a quasi-steady state (an almost steady state of gas oscillation)
is of O(v/M). Conditions (3) and (4) ensure that the wave amplitude increase6,f07). By

the second-order nonlinear effect, the streamin@@¥/) is induced, whose Reynolds number

Rs is large so that streaming may exhibit a transition from laminar to turbulent.

Under conditions (1)—(4), we shall numerically solve the initial- and boundary-value
problem of the two-dimensional Navier—Stokes equations for compressible flow. We assume
that the temperature on the solid surface is constant. The gas in the tube is considered to be
air (the ratio of specific heats is 1.4 and the Prandtl number is 0.7). Sutherland’s formula is
adopted for the temperature dependence of shear viscosity, and the bulk viscosity is neglected for
simplicity. The flow field is supposed to be symmetric aroynd An/2, wherey = y*w/co.

Numerical method

We have to use a numerical method capable of resolving discontinuous shock waves. Therefore
an upwind finite-difference TVD scherhés employed, because the capability of the method
has already been confirmed in the analysis of the near field of oscillating circular plstoe.

2-D Navier—Stokes equations are directly solved without introducing further assumptions. The
turbulent streaming motion is not artificially excited but self-generated in the numerical solution
for the case of sufficiently large Rs.

In many cases, the two-dimensional assumption is suitable for gas oscillation but, in
reality, the excited turbulent motion may have a three-dimensional characteristic. Neverthe-
less, we can obtain valuable information from 2-D direct simulations. The execution of 3-D
simulations would be extraordinarily expensive for the present problem.

The lower half of the tubel/ (cost — 1) < 2 < wand0 < y < An/2, is subdivided
into @300 x 60 nonuniform mesh, where the minimum grid size is less #yan Mesh points
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are clustered near the solid surface, and hence we can resolve the Stokes boundary layer and a
secondary boundary layer of thickness(fl /v/Rs).%* The time step i€7/120000, and the
CFL number is about 0.5. To clarify the transition process to turbulent streaming, very lengthy
computations are required. For example, the cpu time for 250 cycles of piston oscillation
exceeds 200 hours on the supercomputer at Hokkaido University.

As a preliminary test, we have calculated the casé/of= 0.0004 ande? = 0.0001
(Re = 25), where shock waves are not formed, and a steady creep flow-ef(Rsis induced.
The streaming motion quantitatively agrees with those in Refs. 5-7. The results presented in
the following have been validated by verifying the convergence that resulted from comparing
the results obtained with different mesh sizes.

The important parameters that characterize the present problem are the source Mach
number)M, the normalized thickness of the Stokes layeand the aspect ratid: A = 0.1 and
eis chosen ag.5 x 10~%. The latter corresponds to the source frequern(3m = 250Hz in the
air of the standard state. We have computed three cages-610.000036, 0.0004, and0.0036.
The parameters and results are summarized in Table 1. Short animations of main results can be
seen at URL: http://www.hucc.hokudai.ac.jp/"b11422

Table 1. Parameters and main results.

Mach number SPL* SPL** m € .
Rs= — Shock St
at Source (Source) (Max) ° T e AVM o¢ reamng
0.000036 104.9dB  147.5dB 560 0.75 finite stationary
thickness flow pattern
0.0004 125.8dB 161.9dB 6200 0.23 discontinuity unsteady
0.0036 144.9dB 172.4dB 56000 0.08 discontinuity turbulent

* SPL for the plane progressive sinusoidal wave radiated by the corresponding sound source.
** SPL based on the rms value of pressure perturbation at closed end in the quasi-steady state.

Resonant gas oscillation with periodic shock waves

First, we shall present the evolution of on-axis velocity amplitude from the initial state of
uniform and at rest (Fig. 2). The amplitude initially grows in proportioie. At a larget

of O(1/v/M), an almost steady state (quasi-steady state) is established, where the maximum
amplitude of oscillation during one period is almost consta@@f M). The quasi-steady state

is supported mainly because of the balance of energy input at the source and energy dissipation
at the shock front.

.1
0 M=0.0036

0'01,( M=0.0004
0.0014 M=0.000036
0.0001

0 50 100 150 200 250
time normalized by period

wave amplitude

Fig. 2. Evolution of velocity amplitude on the symmetric axis, which is evaluated
as the maximum of v minus the minimum of u at t = n7n/2 (n =0,1,2,...), where
u = u*/co is the axial component of nondimensionalized fluid velocity.

Figure 3 shows the wave profiles in the quasi-steady state. A wire-framed yellow disk
in the figure is merely a virtual image of the sound source. Note that our computations are neither
three-dimensional nor axisymmetric. SingéA./M) is not so small folM/ = 0.000036 (see
Table 1), the dispersion effect due to boundary layer prevents the shock front from becoming
steepened [Figs. 3(a) and 3(b)]. For the cases/of= 0.0004 and0.0036, the shock front
developsinto a discontinuity. From Figs. 3(a), 3(c), and 3(e), one can readily see that the profile
of axial fluid velocity has a small peak in the boundary layer (Richardson’s annular effect).

Roughly speaking, the fluid motion outside the boundary layer can be regarded as the
superposition of resonant oscillation and streaming motion. Accordingly, in the case in which
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Fig. 3. Snapshots of wave profiles of the normalized axial velocity v = u*/co and
sound pressure p = (p* —po)/poci. (a) u and (b) p for M = 0.000036 at t = 879.57,
(¢) w and (d) p for M = 0.0004 at t = 589.57, and (e) u and (f) p for M = 0.0036
at t = 461.57. Each color bar indicates the value of u or p.

the streaming velocity is relatively large and irregular (see Figs. 4 and 5), the axial velocity
outside the boundary layer is slightly uneven as shown in Figs. 3(c) and 3(e). Since entropy (and
also vorticity) is convected by streaming, the profiles of density and temperature also possess
the same unevenness. The pressure profile, on the other hand, is hardly affected by the boundary
layer and streaming, and hence is almost independent of the distance from the lower wall.

Excitation of turbulent streaming
The normalized velocity of acoustic streaming (mean mass flow) is defined as

= ()= () =2 L () o

wherep = p*/pg is a normalized density, = u* /¢y andv = v* /¢y arex andy components
of the normalized fluid velocity, and the bar denotes the time average. A typical streaming
velocity in each case is @d(M), i.e., the square of the maximum fluid velocity ©f v M).
The nominal streaming Reynolds number Rs can therefore be estimatgdasee Table 1).
The actual maximum speeds®@§ shown in Figs. 4(a)—4(c) are 1.3cm/s, 59cm/s, and 175¢cm/s,
respectively.

We have confirmed numerically that, as in the linear standing wave probisandus
are nearly equal ta andv because oscillation gfis out of phase with that of fluid velocity and
hence the so-called velocity transforis small compared with the magnitudew$. Because
the magnitude of diwus is sufficiently small almost everywhere compared with thauef
streaming behaves like a viscous incompressible fluid flow. The perturbation of time-averaged
densityp — 1 is convected by the streaming motion (the time-averaged pressure is almost
independent of it).

The color contours in Fig. 4 indicate the distribution of augl In the case of
M = 0.000036 (Rs = 560), the streaming pattern shown in Fig. 4(a) is almost invariant from
t = 440x to at least = 918w. Because Rs is not small, vorticity in the Stokes layer is hardly
diffused and, in addition, the streaming velocity is not large enough to propagate the vorticity in
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Fig. 4. Streaming patterns. Line segments represent the streaming velocity vector.
The color bar denotes the strength of vorticity of streaming. (a): M = 0.000036 at
t = 9187 (Rs = 560), (b): M = 0.0004 at t = 6287 (Rs = 6200), (c): M = 0.0036
at t = 5007 (Rs = 56000).

the vicinity of the wall to everywhere in the tube. As a result, some strong vortices are localized
near the wall, and the flow pattern in Fig. 4(a) is quite different from that of the classical slow
streaming of Rs< 1 excited by the linear standing wave” Figure 4(b) shows the streaming
pattern forM = 0.0004 (Rs = 6200), in which several unsteady vortices are produced. They
are confined to a region near the center of the tube, at leasttup G28x=. Turbulent streaming
appears in the case @ff = 0.0036 (Rs = 56000), where irregular and unsteady vortices of
various scales are produced throughout the tube [see Fig. 4(c) and Fig. 5(c)]. The turbulent
motion causes the time-averaged density and temperature to fluctuate irregularly.

Figure 5 shows the temporal evolutionw$/M. Compared with Fig. 2, one can see
thatus ataz = 7/2 grows abruptly when the oscillation attains the quasi-steady state. We here
notice thatugis small atz = 7 /2 in the classical streaming of Rs 1.°~7 The actual maximum
speeds ofig in Figs. 5(a)-5(c) are 1.2cm/s, 81cm/s and 200cm/s, respectively.

In the case of Rs= 560, although the streaming pattern shown in Fig. 4(a) is almost
stationary, the local streaming velocity shown in Fig. 5(a) gradually varies fo6007. The
axial streaming velocity for Rs: 6200 in Fig. 5(b) is unsteady after the oscillation has reached
a quasi-steady state. However, we cannot examine whether the fluctuation of streaming is
irregular because the numerical result for Rs6200 is limited tot¢ < 628m; the required
computation to answer the question is too large to be executed. In the case-ob&¥)0
[Fig. 5(c)], us fluctuates irregularly throughout the tube for 607.

Conclusions

We have demonstrated numerically the excitation of turbulent acoustic streaming by resonant
gas oscillation in a closed tube. Whéii < 1 ande = O(M) (and hence Re> 1), shock

waves are formed and the resonant gas oscillation attains a quasi-steady state at aflarge
O(1/v/'M), where the normalized wave amplitude i<2f/M). The magnitude of the resulting
acoustic streaming, which is induced by the second-order nonlinear effect of gas oscillation,
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Fig. 5. Time evolution of ug/M at z = 1.4084 and y = 0.0012 (red solid curve),
y = 0.0043 (green solid curve), y = 0.0130 (blue solid curve), y = 0.0348 (red dashed
curve), and y = 0.0821 (green dashed curve). (a): M = 0.000036 (Rs = 560), (b):
M = 0.0004 (Rs = 6200), (c): M = 0.0036 (Rs = 56000).

is of O(M), namely the streaming velocity is of the same order of magnitude as the piston
velocity at the sound source. Accordingly, Rs is as large as Re. The instability of large Rs flow
leads to the occurrence of turbulent acoustic streaming.

Finally, we conclude that, in the present computations, the Reynolds number based
on the thickness of the Stokes layer is®@f1), and streaming in the Stokes layer is disturbed
but, as a whole, remains laminar. If the Reynolds number based on the Stokes layer thickness
exceeds its transition Reynolds number, the oscillation in the Stokes layer itself will become
turbulent, and the turbulence will occur in periodic bursts followed by a relaminarization in the
same cycle of oscillatioh?
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themselves or their colleagues. Deadline dates for news items and notices are 2 months prior to publication.

138th Meeting of the Acoustical Society of Product sound quality
America Meeting Announcement Status of noise regulations

The 138th meeting of the Acoustical Society of Ameri{@SA) will Psychological and Physiological Acoustics (PP)
be held Monday through Friday, 1-5 November 1999 at the Hyatt Regencyjonoring the contributions of Robert C. Bilg&loint with Speech Commu-
Columbus in Columbus, Ohio. Registration will begin Monday, 1 November njication
at 7:30 a.m.

Signal Processing in Acoustics (SP)

Technical Program and Special Sessions e R .
9 P Identification of structural systems for model validation and health monitor-

The technical program will consist of lecture and poster sessionsing (Joint with Structural Acoustics and Vibratipn
Technical sessions will be scheduled Monday through Friday, 1-5 Novemlmage signal processing in biomedical ultrasouddint with Biomedical
ber. The special sessions described below will be organized by the AsAJltrasound/Bioresponse to Vibratipn
Technical Committees/Groups. Signal processing applications for low diffraction beafdsint with Physi-
cal Acoustics
. . . Time-frequency applications in acoustics
Animal Bioacoustics (AB) Wavelets in acoustics

Detecting and identifying animals using acoustics

Noise that annoys animals Speech Communication (SC)

Signal processing techniques for animal bioacoustics . ) . . .

Bionic ears: Influence on perception and productidoint with Signal Pro-
. . cessing in Acoustigs

Architectural Acoustics (AA) From acoustics to words
Archeological acousticgloint with Musical Acoustics

Architectural renovation and restoration: Acoustic issues Structural Acoustics and Vibration (SA)

Integration of synthesized musical instruments with acoustic environments . . _ L .
(Joint with Musical Acoustics Acoustic nondestructive evaluation: New directions and techniques Part |

Tribute to Buzz Towne—Classroom acoustics (J(')int. with Physical Acoustics and Engineering Acoustics
Bridging FEA and SEA

. . . _— The mid-frequency gap in structural acoustics
Biomedical Ultrasound/Bioresponse to Vibration (BB) 9 ¥ gap
Modeling of nonlinear ultrasonic fieldSoint with Physical Acoustigs Underwater Acoustics (UW)

Therapeutic applications of ultrasound .
The effect of man-made sound on marine mammals

(Joint with Acoustical Oceanography and Animal Bioacoustics
Multiple volumetric scattering

Hands on demonstrations Robert J. Urick memorial sessiddoint with Engineering Acousti¢s
Integrating acoustics into the curriculum of other academic disciplines
The use of multimedia in acoustics education

Undergraduate laboratory experiments

Education in Acoustics (ED)

Tutorial Lecture, Distinguished Lecture, Hot Topics and Other
Sessions

Engineering Acoustics (EA) The Tutorials Committee has planned a Tutorial Lecture on “The
. . . . . . families of musical instruments: Physics and performance.” A Distin-
Acoustic nondestructive evaluation: New directions and techniques Part Il jished Lecture on “Smart Structures and Microelectromechanical Systems
(Joint v_\nth Physical Acoustics and Structural Acoustics and Vibration (MEMS) will be presented by B. T. Khuri-Yakub of Stanford University. A
Acoustics of cellular telephones Distinguished Lecture titled “Implementation of the acoustics reference
Compatibility of hearing e_uds and cellular telephones: Standards progress ¢ot» will be presented by Malcolm Crocker of Auburn University.
Transducer loss mechanisms The Technical Committee on Architectural Acoustics will sponsor a
Vern O. Knudsen Distinguished Lecture to be presented by Lawrence
Musical Acoustics (MU) Kirkegaard.
African musical instruments and traditions The Committee on Archives and History will jointly sponsor two spe-
Daniel W. Martin tribute sessiofJoint with Architectural Acoustios cial lectures on the history of acoustics. The History of Musical Acoustics,
Free reed instruments jointly sponsored by the Technical Committee on Musical Acoustics, will be
Music, rhythm and development presented by Gabriel Weinreich of the University of Michigan. The History
of Physical Acoustics, jointly sponsored by the Technical Committee on
. Physical Acoustics, will be presented by Robert T. Beyer of Brown Univer-
Noise (NS) sity and David T. Blackstock of the Applied Research Laboratories, Univer-
Preservation of natural quiet sity of Texas at Austin.
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A “Hot Topics” session sponsored by the Tutorials Committee is also Tutorial Lecture
scheduled. A special performance session will feature the Ohio State Uni-

versity Marching Band, “The Best Damn Band in the Land,” in concert in A Tutorial Lecture on The Families of Musical Instruments: Physics
the hotel ballroom on Thursday afternoon. and Performance will be presented by Uwe J. Hansen, Department of Phys-

ics, Indiana State University, Terre Haute, IN and James M. Pyne, School of
Music, Ohio State University, Columbus, OH, at 7:00 p.m. on Monday,

. 1 November.
Gallery of Acoustics

Abstract

The Interdisciplinary Technical Group on Signal Processing in Acous- The Families of Musical Instruments: Physics and Performance. Uwe
tics will sponsor its fourth Gallery of Acoustics at the Columbus meeting. J. Hanser{Department of Physics, Indiana State University, Terre Haute, IN
The objective of the Gallery is to enhance ASA meetings by providing a47809 and James M. PynéSchool of Music, Ohio State University, Co-
compact and free-format setting for researchers to display their work to aljumbus, OH 4321p
meeting attendees in a forum emphasizing the diversity and interdisciplinary ~ Many researchers in the field of musical acoustics were persuaded to
nature of acoustics. The Gallery of Acoustics prOVideS a means by which Weconvert” from other fields in order to pursue their “true love.” We hope
can all share and appreciate the natural beauty and aesthetic appeal of acogstommunicate some of the enjoyment associated with this endeavor by
tical phenomena. The Columbus Gallery will be the first time that audiosupporting the introduction of scientific concepts with musical examples.
entries are included. We will limit this presentation to discussions of representative examples of

The Gallery will consist of posters, videos, and audio clips of imageseach instrument family. During each segment, the relevant instrument will
and/or sounds generated by acoustic processes or resulting from signal prge introduced, and at the conclusion of each section the piece of music
cessing of acoustic data. images and videos can consist of actual visualizgerformed will feature that instrument. All musical instruments require a
tions of acoustic processes, or of aesthetically and technically interestingower supply and an oscillating element for tone generation, all instruments
images resulting from various signal processing techniques. Audio clips angliso rely on resonance for pitch selection. Other structural elements are
segments should also have both aesthetic and technical appeal. essential to enhance radiation efficiency to make the instrument audible.

Poster entries can be of whatever size and format the author feels beginally, most instruments include mechanisms for pitch control to permit the
displays the images and information. Video entries must be VHS format, ngossibility of melodic variation. The physics of these elements will be dis-
longer than three minutes long, and should begin and end with a 20 seconglissed for representative instruments along with measurement techniques to
blank leader and trailefnot counted in the length of the entryAudio probe the secrets of various types of musical instruments. In addition each
entries can be submitted in digital forfh.wav or*.au fileg, or recorded on  instrument will be highlighted by a performance of a representative piece of
compact disc or standard audio cassette tape. All entries should be accomusic. The finale will feature combinations of members of all instrument
panied by all author’s names and affiliations, and a brief description of theiamilies in an ensemble performance.
entry (similar in length to the technical session abstracts

A panel of referees will judge entries on the basis of aesthetic/artistic - R .
appeal, ability to convey and exchange information, and originality. A cash Notes summarizing r_10t only the smentmc preser_]tatlon but also com-
prize of $350 will be awarded to the winning entry. The top three entriesmentlng on thq musical pieces performed will be ava||ab|_e at the meeting.
will, with the author’s permission and cooperation, be posted on the Galler)Those who register by 20 September are guaranteed receipt of a set of notes.
web site. Registration

The relevant deadlines are as follows: To partially defray the cost of the lecture a registration fee is charged.
The fee is $15 for registration received by 20 September and $25 thereafter

1 Sept.—deadline for notice of intent to submit plus brief description of . : . ; . : .
entry. including on-site registration at the meeting. The fee for students with cur-

8 Oct.—deadline for receipt of all video entries and brief abstracts for alentIb carc_js IS $_7'00 for‘reg|str_at|on‘ received by 2(.) September anq $12.'00
video and still entries thereafter, including on-site registration at the meeting. Use the registration

22 Oct.—deadline for receipt of still entries whose authors request that thei?Orm in the printed meeting call for papers that was sent to all members in

entries be shipped to the meeting by the Gallery Committee Chair. Othe(—o‘pr” or online at¢http://asa.aip.org/columbus/columbus.httol register for

wise, contributors are responsible for shipping or carrying their still entries "€ Tutorial Lecture.

to the meeting.

1 Nov.—deadline for receipt in Columbus of entries whose authors have

made their own arrangements for shipment to the meeting. Student Transportation Subsidies
Entries, requests for information, and all other communications regard-

ing the Gallery should be directed to one of the following contacts below:

Notes

A student transportation subsidies fund has been established to provide
limited funds to students to partially defray transportation expenses to meet-

Randall W. Smith . ings. Students presenting papers who propose to travel in groups using eco-
Northrup Grumman Corporation nomical ground transportation will be given first priority to receive subsi-
Oceanic and Naval Systems dies, although these conditions are not mandatory. No reimbursement is
P.O. Box 1488, Mail Stop 9105 intended for the cost of food or housing. The amount granted each student
Annapolis, MD 21404 depends on the number of requests received. To apply for a subsidy, submit
Tel: 410-260-5732; Fax: 410-260-5994 a proposalE-mail preferredi to be received by 27 September: Elaine Mo-
E-mail: randall_w_smith@mail.northgrum.com ran, asa@aip.org, ASA, Suite INO1, 2 Huntington Quadrangle, Melville,
Web: www.arlut.utexas.edu/asapwéblick on Gallery NY 11747-4502, 516-576-2360, Fax: 516-576-2377. The proposal should
Preston S. Wilson indicate your status as a student, whether you have submitted an abstract,
Dept. of Aerospace and Mechanical Engineering whether you are a member of ASA, method of travel, whether you will
Boston University travel alone or with other students, names of those traveling with you, and
100 Cummington Street, Room 101 approximate cost of transportation.

Boston, MA 02215
Phone: 617-353-485¢ffice) -4859 (lab)
Fax: 617-353-5866 Young Investigator Travel Grant
E-mail: psw@bu.edu

The Committee on Women in Acoustics is sponsoring a Young Inves-
tigator Travel Grant to help with travel costs associated with presenting a
paper at the Columbus ASA meeting. This award is designed for young
professionals who have completed the doctorate in the past five (rezrs

An advance meeting program summary will be published in the Sep-currently enrolled as a studenivho plan to present a paper at the Columbus
tember issue of JASA and a complete meeting program will be mailed asneeting. Up to $500 in support for travel and lodging costs is available.
Part 2 of the October issue. Abstracts will be available on the ASA HomeApplicants should submit a request for support, a copy of the abstract they
Page(http://asa.aip.ongin September. have submitted for the meeting and a current resume/vita to Jan Weisen-

Meeting Program
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berger, Speech and Hearing Science, Ohio State University, 1070 Carmad¢kegistration Information
Road, Columbus, OH 4321®14-292-1281, ja#t @osu.edu Deadline for

receipt of applications is 1 September 1999. The registration desk at the meeting will open on Monday morning, 1

November, at 7:30 a.m. in the Clark Foyer at the Hyatt Regency Columbus
Hotel. Use the registration form in the printed meeting call for papers that

Students Meet Members for Lunch was sent to all members in April or online dittp://asa.aip.org/columbus/
. . . columbus.html to register. Registration fees are as follows:

Th.e Education Committee has established a program for students to Preregistration  Registration
meet with members of the ASA over lunch. Students are strongly encour- by after
aged to contact Scott Sommerfeldt, N241 ESC, P.O. Box 24673, Brigham
Young Univ., Provo, UT 84602-4673, USA; Tel: 801-378-2205; E-mail: Category 20 September 20 September
s_sommerfeldt@byu.edu prior to the meeting. There will also be a sign ug\coustical Society Members $200 $250
sheet available at the registration desk for those students who have nétcoustical Society Members One-Day $100 $125
responded prior to the meeting. Members who wish to participate are alsblonmembers $245 $295
encouraged to contact Scott Sommerfeldt. Participants are responsible fdlonmembers One-Day $125 $150
the cost of their own meal. Nonmember Invited Speakers $200 $250

(Note: The fee is waived for these
Plenary Session, Awards Ceremony, Fellows’ Luncheon and speakers if they e_lttend the ".‘ee“”g
Social Events on the day of their presentation only
Students(with current ID cards Fee waived Fee waived

Complimentary buffet socials with cash bar will be held early on Tues- Emeritus members of ASA $35 $45
day and Thursday evenings at the Hyatt Regency Columbus. The PlenafEmeritus status pre-approved by ABA
session will be held on Wednesday afternoon where Society awards will baccompanying Persons $35 $45
presented and recognition of Fellows will be announced. A Fellows’
Luncheon will be held on Thursday. The speaker will be Lonnie Thompson, Nonmembers who simultaneously apply for Associate Membership in

Professor of Geological Sciences and Research Scientist at the Byrd Polgfe Acoustical Society of America will be given a $50 discount off their
Research Center. ASA Fellows may purchase tickets using the registratiofues payment for the first year of memberskifull price for dues: $100
form in the Call for Papers or online @http://asa.aip.org/columbus/ Invited speakers who are members of the Acoustical Society of
columbus.html America are expected to pay the registration fee, but nonmember invited
speakers who participate in the meeting for one day only may register with-
out charge. Nonmember invited speakers who wish to participate in the
meeting for more than one day will be charged the member registration fee,
Technical tours have already been arranged to Owens Corning Testinghich will include a one-year membership in the ASA upon completion of
Systems Acoustics Laboratory and Owens Corning Acoustic Room Systerain application form at the meeting.

Demonstrations in Granville, Ohio; and the Center for Automotive ResearcrNOTE: A $25 PROCESSING FEE WILL BE CHARGED TO THOSE

and the Music Cognition Labs at the Ohio State University in Columbus. AtWHO WISH TO CANCEL THEIR REGISTRATION AFTER 15 OCTO-
least one tour will be scheduled each day, Monday through Thursday. BUggR.

transportation will be provided at cost. A schedule of tours and sign-up
sheets will be available at the meeting.

Technical Tours

Air Transportation

Exhibit _ The Columbgs International Airport is §erve_d b)_/ all major airlines and
is a hub for America West. The airport designation is CMH.
An equipment exhibition will be held on 2 and 3 November. The

exhibition will include active noise control systems, computer-based instru-Ground Transportation

mentation, sound level meters, sound intensity systems, signal processing . )

systems, devices for noise control and acoustical materials, books and other ~ The Hyatt Regency Columbus is located seven miles from Port Co-

exhibits on acoustics. Organizations interested in exhibiting should contactUmbus International Airport. Transportation from the airport to the hotel

Robert Finnegan, Advertising and Exhibits, American Institute of Physics, My be by car, taxi, shuttle service, or public transportation. The one-way

Suite INO1, 2 Huntington Quadrangle, Melville, NY 11747-4502, USA; taxi fare is approximately $13 and the shuttle is $16 round trip. Shuttle

Tel.: 516-576-2433; Fax: 516-576-2481; E-mail: rgf@aip.org. The contactSe€rvice is provided by Executive Transportation and can be arranged upon

for questions or information regarding local arrangements is Dick Godfrey a'Tival via a courtesy phone located in the baggage claim area at the airport.

Tel.: 740-321-7085; E-mail: godfrey@owenscorning.com Public transportation is provided by the Central Ohio Transit Authority
(COTA). Take Bus 92, which departs every half hour from the airport, to
James & Main, then transfer to bus 2 and get off at Nationwide & High. The

Assistive Listening Devices Hyatt is located on the northeast corner of this intersection. When boarding

Bus 92, pay $1.20 fare and ask for a transfer slip. Services and attractions

e located within walking distance from the conference hotel or easily
accessible by public transportation.

Anyone planning to attend the meeting who will require the use of an
assistive listening device, is requested to advise the Society in advance
the meeting by writing to: Acoustical Society of America, Suite 1INO1, 2

Huntington Quadrangle, Melville, NY 11747-4502, asa@aip.org.
Room Sharing

Accompanying Persons Program ASA will compile a list of those who wish to share a hotel room and
its cost. To be listed, send your name, telephone number, E-mail address,

Accompanying persons are welcome. The accompanying persons regrender, smoker or nonsmoker, by 20 September to the Acoustical Society of

istration fees are $35 if paid by 20 September and $45 after 20 Septembeamerica, by E-mail: asa@aip.org or by postal mail to Attn: Room Sharing,

An accompanying persons hospitality room will be open from 8:00 a.m. toguite 1NO1, 2 Huntington Quadrangle, Melville, NY 11747-4502. The re-

11:00 a.m. daily, Monday through Friday. Information will be available on sponsibility for completing any arrangements for room sharing rests solely

local activities including: Columbus City Center downtown shopping mall, with the participating individuals.

Wexner Center for the Visual Arts, Columbus Museum of Art, and events

sponsored by the Columbus Association for the Performing Arts. Tours t({Neather

the Short North and German Village historic neighborhoods, Longaberger

Basket Factory, Amish Country, Ohio Historical Center and Ohio Village, Columbus has a moderate climate and four distinct and colorful sea-

and Wright Patterson Air Force Museum are planned. One tour will besons. Early November temperatures will range from daytime highs of 50 to

scheduled each day. Bus transportation will be provided at cost. A schedulg0 degrees F, to nighttime lows of 35 to 45 degrees F. There is always a

of tours and sign-up sheets will be available at the meeting. possibility of rain or even a few snow flurries.

3 J. Acoust. Soc. Am., Vol. 106, No. 1, July 1999 Acoustical News—USA 3



Hotel Reservation Information

Guest rooms at discounted rates have been reserved for conferen
participants at the Hyatt Regency Columbus. To reserve a room, pleas¢
contact the hotel directly. Early reservations are strongly recommendeqs.
Note that the conference rates are not guaranteed after 1 October. Please
reference the Acoustical Society of America when making your reservation.

The Hyatt Regency Columbus is connected to the Greater Columbu
Convention Center, in the heart of downtown Columbus, just seven miles
from Port Columbus International Airport. Guests can enjoy an indoor

Tommy McClure/Ector School: Xtreme Sounds. Tommy redesigned a sub-
woofer baffle to increase volume and clarity in automotive systems. In blind

féasts, 18 of 20 people picked his design over standard commercial enclo-
ures. He calibrated against the work of installers who meet or exceed public
ab certification. His cabinetwork is superb. What a treat.

The judges at this year’s fair were Peter Assmann, Bob Lange, Debbie
gekart, and Mike Daly.

swimming pool and exercise room, as well as complimentary shuttle servicd/1aSters degree program in architectural

to downtown shopping and attractions.
Hyatt Business Plan accommodations include express continental
breakfast, in-room fax machine, no access charges for “800,” local and

acoustics at Rensselaer Polytechnic Institute

Dean Alan Balfour of the School of Architecture at Rensselaer Poly-

credit card calls, personal computer hookup and 24-hour access to printefgchnic Institute in Troy, New York, has announced the University’s first
copiers and office Supp“es’ coffee maker and coffee, iron and ironing board\’/laster‘s Degree in Architectural Acoustics to be initiated and directed by

and USA Today, all for only $20 above the conference rate.

Christopher Jaffe, Founder of Jaffe Holden Scarbrough Acoustics, Inc. of

The Hyatt Regency Columbus regrets that it cannot hold your reserNorwalk, Connecticut.

vation after 6:00 p.m. on the day of arrival without guaranteeing the reser-

The course is designed for those individuals interested in becoming

vation with either a check or money order deposit covering the first night'sProfessional acousticians and for architects whose interest lies in the degree
room and tax, or a major credit card number with expiration date. Deposit®f performing arts buildings and other public facilities. The program is
will be refunded only if cancellation is received at least 24 hours prior tofocused on room acoustic research dedicated to improving predictability
arrival. Any changes to departure after check-in will result in a $25.00factors in architectural acoustic design.

administration fee.

This one year acoustic design and research masters program is accept-

A limited number of rooms will be available at the government rate. ing applications for the Fall '99. Call or visit RPI's website today for de-
To obtain this rate, a government ID must be presented at check-in and tHailed information: 518-276-6478, www.rpi.edu.

room must be charged to a government credit card. Please make your res-
ervations directly with the hotel:

Hyatt Regency Columbus
350 North High Street
Columbus, OH 43215
Tel.: 614-463-1234 or 800-233-1234
Fax: 614-280-3038

Room rates:

$120, plus 15.75% tax. Single or Double
$137, plus 15.75% tax. Tripl€8 persons
$147, plus 15.75% tax. Quad persons
Add’l $20/room plus tax Business Plan

Reservation cut-off date: 01 October 1999

Regional Chapter News
7-10 Oct.
North Texas

Attendance at the North Texas Regional Science and Engineering Fair
was up a modest 10%—about one thousand kids this year. We found thirty-
eight acoustic(not acoustic-related, pure acoustprojects, split equally
between Junior and Senior High School Level projects. We reapportioned
the $200 in prizes to fund one Senior First Place Awgtlo0 and two 1-5 Nov.
Junior First Place Award&b50 each

Junior Awards:

Megan Gallant/Carpenter Middle School: Leafing the Sound Barrier Il. Last

year Megan explored using landscape plantings as sound barriers. Startidg4 Dec.
with judges’ suggestions from last year, she systematically studied effects of
temperature, humidity, and ambient noise le@wind; time of day on the

absolute and relative intensity/loudness of a probe s¢rewbrded vacuum

cleaner noisg

—8 Dec.
Chelsea Sandberg/Walter and Lois Curtis Middle School: Catch the Wavet.3 8 Dec

Chelsea compared the computed and actual Doppler Shift generated by a
moving sourcea car horn at three speeds.

The Senior Award:
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USA Meetings Calendar

Listed below is a summary of meetings related to acoustics to be held
in the U.S. in the near future. The month/year notation refers to the issue in
which a complete meeting announcement appeared.

1999

Seventh Annual Conference on the Management of the
Tinnitus Patient, lowa City, IARich Tyler, Dept. of
Otolaryngology, Head and Neck Surgery, The Univer-
sity of lowa, 200 Hawkins Dr., #£230 GH, lowa City,
IA 52242-1078, Tel.: 319-356-2471; Fax: 319-353-
6739, E-mail: rich-tyler@uiowa.edu, WWW:
http://www.medicine.uiowa.edu/otolaryngology/news/
news.htm].

Symposium on Occupational Hearing Loss, Philadel-
phia, PA[American Institute for Voice and Ear Re-
search, Attn: Barbara-Ruth Roberts, 1721 Pine St.,
Philadelphia, PA 19103, Tel.: 215-545-2068; Fax: 215-
735-2725. Deadline for submission of abstracts: 1
May.
138th meeting of the Acoustical Society of America,
Columbus, OH[Acoustical Society of America, Suite
1INO1, 2 Huntington Quadrangle, Melville, NY 11747,
Tel.: 516-576-2360; Fax: 516-576-2377; E-mail:
asa@aip.org; WWW: asa.aip.drg
ACTIVE '99, Fort Lauderdale, Flnstitute of Noise
Control Engineering, P.O. Box 3206 Arlington Branch,
Poughkeepsie, NY 12603, Tel.: 914-462-4006; Fax:
914-463-0201; E-mail: INCEUSA@aol.com;/
users.aol.com/inceusalince.hfml
INTER-NOISE 99, Fort Lauderdale, Flnstitute of
Noise Control Engineering, P.O. Box 3206 Arlington
Branch, Poughkeepsie, NY 12603, Tel.: 914-462-4006;
Fax: 914-463-0201; E-mail: INCEUSA@aol.com;/
users.aol.com/inceusa/ince.html
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BOOK REVIEWS

James F. Bartram
94 Kane Avenue, Middletown, Rhode Island 02842

These reviews of books and other forms of information express the opinions of the individual reviewers
and are not necessarily endorsed by the Editorial Board of this Journal.

Editorial Policy: If there is a negative review, the author of the book will be given a chance to respond to
the review in this section of the Journal and the reviewer will be allowed to respond to the author’s
comments. [See “Book Reviews Editor's Note,” J. Acoust. Soc. Am. 81, 1651 (May 1987).]

i correlated the pitch of music with frequency but his investigative results
SOUI’]dIS of our times, two hundred years of were improved on by Joseph Sauved653-1716 who systemized the
acoustics musical scale in terms of fundamental frequencies. The first attempt at syn-
thetic speech resulted in a voice machine designed by Christian Gottlieb
Robert T. Beyer Kratzenstein (1723-179% and Wolfgang von Kempeler{1734—180%

Kratzenstein had constructed a set of resonators equipped with a vibrating
reed. Understanding of the functional nature of the human ear was rather
rudimentary at the time. Teaching of the deaf, which was pioneered in the
Robert T. Beyer, the Hazard Professor of Physics Emeritus at Brownelghteenth century, gave rise to two camps of educational philosophy,

University, is too modest to say so, but he himself is a major protagonist innamely, one espousing sign training and the other using oral methods of

the realm of modern acoustic history that he surveysSounds of Our Qitél:ﬁg?r?ejsEzgz:rgtgltiﬁp(?:ts which continued to coexist aside each
Times, Two Hundred Years of Acoustie is that rare breed of individual y Y.

h d K ledae has to b ded Iso bei ; | lecti Chapter 2 deals with the status of acoustics during 1800—1850. Be-
whose ceep knowleage has 1o be regarded as also being extremely ecleciie, oo of the paucity of sound generators other than the voice and musical
A combination of scientist, philosopher, historian, raconteur, linguist, es-

- A - i~ instruments and the lack of devices that could sense and measure sound in a
thetg, and Whatever, Bob Beyer SC'”“”"?“eS as a precious jewel within th(?eliable fashion, relatively little experimental progress could be made, pend-
fabric of the_AqoustlcaI Society of _Amenca. . ) ing the development of electrical apparatus toward the middle of the nine-

.TWO pnnmpgl books on the history of acoustics have been_prewouslyteemh century. However, some mathematical progress was achieved, begin-
published. One is the rather folksfnecdotal History of the Science of

. . . ning with Sophie Germaine’§1776—1831 magnificent development of
Soundby Dayton C. Miller (1866-1941, which was published by Mac- ¢, 4 order differential equations that govern the behavior of vibrating
millan in 1935. The second is the supédbigins in Acousticdy Frederick

. . ) plates, a feat much admired by the great mathematician Karl Friedrich
Vinton Hunt(1905-1972that covered history up to the eighteenth century. G ,541777-1855 It was eventually realized during this period that sound
Unfortunately, this book was cut off by Hunt's untimely death; the uncom- ;03 4ation is essentially an adiabatic process, not the isothermal one origi-
pleted manuscript, edited by Robert Apfel, was published in 1978 by Yalg, 1y envisioned by Newton. The three-dimensional Navier—Stokes equation
University Press and reissued in 1993 by ASASunds of Our Time®ob a5 4150 derived for describing the motion of viscous fluids. Christian Dop-
Beyer picks up where Hunt left off. Citing his advanced age, Beyer stated iny|e (18031853 predicted light frequency shifts resulting from the motion
his Introduction that he was trying to steer a middle course between Miller'syt 5 star relative to an astronomical observer; and he astutely pointed out
anecdotal style and the more scholarly, time-consuming style of F. V. Hunt ot the shift principle could also apply to sound waves. In his treatment of
But the fact is that Beyer emerged with a work that is truly worthy of & peat transfer, J. B. J. Fouriét768—1830 developed his celebrated method
professional historiariwho would most likely lack his understanding of ot gecomposing a finite and continuously periodic function into a series of
acoustics and the chronological perspeqtiveis scholarly yet it makes & sjmple harmonic functions, which was to have great implications for acous-
fascinating read. Don't be fooled by the subtilevo Hundred Years of yjcg.
Acoustics—there are many allusions to the past, including the Hellenic era, Chapter 3 is entirely devoted to describing the achievements of Her-
the Renaissance, etc. mann L. F. Helmholtz1821-1894 and John Tyndall1829-1893 Von

The first chapter describes the state of acoustics in 1800, commencinge|mholtz is well known for his classiOn Sensations of Tongranslated
with the emergence of Ernst E. F. Chladb756-182Y and Thomas Young  py Alexander J. Ellis, Dover, New York, 1954a treatise on the physics,
(1773-1829. Chladni wroteDie Akustik (Breitkopf and Hartel, Leipzig;  physiology, and psychology of music. Tyndall's contributions were small in
1802, which constitutes a description of acoustical physics with hardly anycomparison with those of the more famous von Helmholtz and Lord Ray-
mathematics thrown in. Thus Chladni essentially ignored the mathematic;éigh. Tyndall, however, was an exceptionally gifted teacher; and because of
already developed by Euler, d’Alembert, and Lagrange. Young, a physiciantis, his book_ectures On SountAppleton, New York, 186¥did much to
a gifted mathematician, and also an accomplished linglistdid some  spread the gospel of acoustics among the English-speaking people; and it
translation work on the Rosettta stone before Champdllipnblished a  influenced teaching of acoustics in universities during and after his lifetime.
two-volume textA Course of Lectures on Natural Philosophy and the Me- Lord Rayleigh(1842—-1919, born John William Strutt, is the subject
chanical Arts(Joseph Johnson, London, 18@fat contained three chapters of Chapter 4. Rayleigh was a most remarkably talented person, who not only
summarizing the knowledge of acoustics existing then. Beyer describes thguthored the two volumes dfhe Theory of Soundeprint, Dover, New
famous controversy stemming from Newton’s erroneous estimate for soungork, 1954 but also made many contributions in nearly all aspects of
velocity in air, the attempts to measure this parameter with the relativelyacoustics, including surface waves, nonlinear acoustics, aeroacoustics, mu-
crude instruments of the day, and the shameful fudging by some experimersical acoustics, and even some psychoacoustics. His scientific versatility
talists to conform their results to Newton’s estimate. But by 1800, carefulextended to optics, electricity, the nature of gases, and the discovery of
measurements of sound propagation speed in air by Parisian academiciaagyon(for which he won the 1904 Nobel Prize in physics
yielded values that were within 1% of the most accurate current measure-  Chapter 5 pays tribute to inventors, in particular, Joseph H&#99—
ments. The superior conductivity of sound in liquids was noted by a numben878; William F. Cooke (1806—1870, and Charles Wheatstor{@806—
of scientists, including Benjamin Franklii708—-1790. Diffraction, reflec- 1870, both of whom partnered to lay down the foundations of telegraphy;
tion, and echoes were fairly well understood, and Chladni pointed out thaf\lexander Graham Bel{1847—1922, a teacher of the deaf before he in-
the intensity of sound depended on the intensity of the vibration of the soungented the telephone; ar{d partly-deaf and extremely math-phaobitho-
source. The advent of classical music in the invigorating era of Bach, Hamas Alva Edison(1847-1931 who developed the carbon microphone as
dyn, and Mozart and the development and improvement of musical instruwell as the phonograph.
ments led to an intensified interest in the physics of music. It also led to the In Chapter 6, the last half of the nineteenth century witnessed the birth
understanding of the concept of frequency. Marin Mersefi%88—-16438 of seismology, development of devices for making sound visible, Ernst

Springer Verlag and AIP Press, New York, New York, 1999.
Xvi + 444 pp. Price $49.95.
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Mach’s(1836—-1916 study of shock waves, Marchese Alfonso C¢i822— ASA’s first president, led AT&T’s Bell Laboratories in the quantification of
1876 and Ernst Reissnef1824—-1873 shedding new light on the inner psychoacoustics. The effect of noise on people became a matter of increas-
workings of the human ear, and the stirrings of architectural acoustics. Thing concern, which culminated in the passage of the Noise Control Act of
discovery of magnetostriction and piezoelectricity during this period set the1972 by the U.S. Congress.
stage for the advent of ultrasound. The final chaptefChapter 19 deals with the last quarter of the twen-
The first quarter of the twentieth century is covered in Chapter 7.tieth century. Current topics include new theories of scattering in linear
Electroacoustics evolved from the development of microphones, the loudacoustics, radiation pressure and levitation in nonlinear acoustics, introduc-
speaker, vacuum tubes which enable the construction of electronic amplifition of solitons, the role of chaos theory in acoustics, sonoluminescence,
ers, oscillators applied to generating signals, and the oscilloscope. Wallag@iternal waves in underwater acoustics, global scale acoustics, optoacous-
Clement Sabin¢1868—1919 established the scientific foundation of archi- tics, structural acoustics, active sound and vibration acoustics, introduction
tectural acoustics as the result of his efforts to deal with an overly reverberpf |istener preference parameters into auditorium design in architectural
ant classroom at Harvard University. Arthur Gordon Web§t@63-1923  acoustics, acoustic engines, ultrasonic refrigerators, new findings in physi-
introduced the concept of acoustic impedance at a meeting of the America3|ogica| acoustics, otoacoustic emissions, cochlear implants, etc.
Physical Society in 1914. Improved instrumentation allowed for better mea- Each chapter is accompanied by an extremely comprehensive bibliog-
surement of properties of ultrasonic propagation. Atmospheric acoustics als%phy’ infused with many illuminating, often witty, commentaries by the
received renewed attention, entailing the studies of variability of sound sigxthor. The tenth chapter is followed by reprints of two very interesting
nals from fog horns and sirens. The sinking of Fitanicin 1912 and the | oviews of both volumes of RayleighTheory of Soundvritten by none

onset of World War | provided the impetus for the study of underwater yi,qr than Herman von Helmholtz. These two reviews were originally pub-
sound. Much of the early work concentrated on submarine detection. Thﬁshed in separate issues Naturein 1878

deleterious effects of cavitation on ship propellers were beginning to be

derstood. Bi i ther d  field until 1908 when Roli Two sets of indices are provided: one is an index of names cited in the
understood. Bioacoustics was a rather dormant field unti when Ro 'feg(t and the other is the customary subject index.

nat, Trouessart, and Hahn repeated the eighteenth-century investigations o Against the aforementioned books by Dayton Miller and Frederick

bats’ hearing conducted by Spallanzani and Jurine. But the ultrasonic nature: o Hunt Beyer's text stands up very well indeed. In f&aunds of Our
of bat echolocation was not yet realized even in early twentieth century. It'I'imesis far’more informative than Miller’'s work; ar;d it certainly can be

was also during this period that the term dec'bel. was coined. . characterized as a worthy continuation of Hunt's scholarly effort.
Chapters 8 and 9 cover the second and third quarters of this century. ) L .
: - - - ; B ) In summary, Beyer'sSounds of Our Times destined to become a
The Acoustical Society of America came into being, ultrasonic absorption Lo
) ; ; . - clélssw in its genre.
and dispersion became hot topics of research, quantum mechanics providé
the basis for understanding relaxation processes in ultrasound propagati
and predicting sound absorption coefficients at cryogenic temperatures, ul-
trasound started to find use as diagnostic medical tools, Sir James Lighthill
(1924-1998 expounded his aeroacoustic theories, the U.S. Navy developed
sonar and conducted a great deal of research on underwater acoustics, GUNY Graduate School o
fin, Pierce, and Galambos identified bat echolocation processes as beifgechanical and Aerospace Engineering Department and
ultrasonic processes, and Georg vork&y (1899-1972 conducted major ~ School of Architecture and Environmental Studies
research on the physiology of the human ear, which was to earn him th&he City College of the City University of New York
Nobel Prize in Medicine and Physiology. Harvey Fletcli&884—198], New York, New York 10031

ANIEL R. RAICHEL
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High-resolution finite-volume methods for acoustic waves
in periodic and random media
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High-resolution numerical methods originally developed for shock capturing in the context of
nonlinear conservation laws are found to be very useful for solving acoustics problems in rapidly
varying heterogeneous media. These methods are based on solving Riemann problems at the
interface between grid cells, which resolve waves into transmitted and reflected components at each
interface. The wave-propagation method developed in R. J. LeMegq@omput. Physl31, 327—

353 (1997 ] and implemented in theLAWPACK software package is tested on several acoustics
problems with periodic or random media in one and two space dimensions. A new limiter function

is presented for solving problems in a periodic medium where numerical instabilities are observed
with standard limiters. ©1999 Acoustical Society of Amerid&0001-496629)02807-4

PACS numbers: 43.26f, 43.20.Bi, 43.20.FRAN ]

INTRODUCTION sharp resolution of shocks along with nearly second-order
accuracy of smooth solutions. Exposition of such methods

The ~wave-propagation algorithms —developed byand pointers to the rich literature can be found in many

LeVequé and implemented icLAWPACK? have been found sourced-7
to perform very well on linear hyperbolic systems modeling " .
wave propagation in rapidly varying heterogeneous media, -For linear wave equatloqs these methods _have not been
In this paper we study acoustics in periodic and random mepartlcularly popular, often with gqoq reason since methods
dia where the material parameters can varyafl) on the based on Rlema_nn s_olvers and limiters are more expensive
scale of the grid cells, with drastic variation from cell to cell. than standard finite-difference methods, and are often limited
Acoustics is one possible application. The same approac secqnd-order accuracy. For proplems W't.hOUt shocks,
has been successfully applied to problems in elasticity and i\g/here mstgad. the i accurate res_olut|on of h|gh-f.requency
also applicable to other hyperbolic systems with rapidIyS_mOOth oscillations is often the primary concer, hlgh-orde_r
varying coefficients. Moreover the methods extend easily™te difference or spectral methods can be much more effi-
from linear to nonlinear problems. clent. , _ , o

Such methods can be used to solve problems which pre- O Problems with rapidly varying coefficients, how-
viously were not amenable to direct numerical simulation.€Ver: high-resolution methods do seem to be worth serious
While homogenized equations can give reasonable results §onsideration. Standard methods cannot give high accuracy
the wavelength of interest is long compared with the scale of€a" discontinuities in the material parameters and will often
the variations, direct simulation allows the modeling of af@il completely on problems where the parameters vary dras-
broader range of problems. It also allows solution of prob-tically on the grid scale. By contrast, solving the Riemann
lems for which homogenization theories are not available oProblem at each cell interface properly resolves the solution
for which rapidly varying data from field measurements mustnto waves, taking account of every discontinuity in param-
be used directly. These methods could also be useful as &€rs. and automatically handles the reflection and transmis-
tool in developing and testing new homogenization theoriessSion of waves at each interface. This is crucial in developing
by providing a good reference solution for comparison. the correct macroscopic behavior. As a result, Riemann-

The method studied uses a high-resolution finite-volumesolver methods are quite natural for this application.
approach originally developed in the context of “shock cap- The use of a limiter function can also be advantageous
turing” for compressible gas dynamics. An essential featurdor linear problems, even when the solution should remain
is that aRiemann problenis solved at each interface be- smooth, since it greatly reduces numerical dispersion relative
tween finite-volume cells to determine the set of waves emato linear second-order methods. Rapidly varying coefficients
nating from the interface and affecting the solution vector ingive rise to some potential difficulties in applying limiters
the neighboring grid cells. Propagating these waves alonwhich are discussed in Sec. | A. To overcome the difficulties
results in the first ordeGodunov methadthe first upwind  presented by a medium with rapidly varying coefficients, a
method to be fully successful for highly nonlinear gas dy-new method of limiting is introduced.
namics problems.High-resolution methods are derived by Another advantage of the Riemann-solver approach is
adding second-order correction terms, based on “limited”that the same methods can be applied to nonlinear acoustics,
versions of these waves. Special limiter functions are appliedince they were originally developed for nonlinear problems
to reduce spurious oscillations near discontinuities and givand work well even when shocks form. One need only de-
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velop the necessary Riemann solver for the nonlinearity of p 0 K(x)
interest. For examplesLAWPACK has been successfully ap- a=|, . AX)=
. . . . . . u llp(x) O
plied to weakly nonlinear acoustics with rapidly varying co-
efficients by Kevorkian and Bosl&yo test their homogeni- The second equation of E(R) expresses Newton's Law

zation theory results. It should be noted that in the linear castor the acceleration while the first equation corresponds to
the Riemann problem is solved exactly by a matrix vectorHooke’s Law, relating the change in pressure to the relative
multiply and thus the computational cost of these methodshange in volume,
remains low. AV

High-resolution methods were originally developed in Ap=—K—

the context of nonlinear hyperbolic systems of conservation v
laws of the form This can alternatively be written as

ai+f(a)x=0, - tua @
in one space dimension, wheges the vector of conserved K .

quantities andf(q) is the flux function. The wave-
propagation method developed by LeVet(and thecLAw-
PACK software applies more generally to hyperbolic sys-
tems, including variable-coefficient systems which are not irﬁ
conservation form, e.g., the linear system

where 1K is the coefficient of compressibility/.

Here we study the case of heterogeneous media where
(x) andK(x) vary rapidly withx andK(x) is scalar. We
se a finite-volume method in which thih grid cell is as-
sumed to contain a homogeneous material with constant pa-
g:+A(x)q,=0. (1) rameter valuep; andK;. If p andK vary on the sub-grid
L . scale, then we must choose appropriate average values to use
Acoustics in a heterogeneous medium was used as an ex-

ample in Ref. 1 and results are shown there for several pro in each grid cell. Sincp is the densitymass per unit length,

lems with a single interface in material properties, in both' " °N€ dimensiop the average density of tiith cell is prop-

one and two dimensions. We assume that the reader is faml?-rly computed as

iar with that paper and the notation used there, and will not 1 X+
repeat a full derivation of the method. Pi:@f

In this paper we study the application to acoustics prob-
lems in both one and two space dimensions, and in principld© average the bulk modulus, E() leads naturally to an
the methods should apply in three dimensions equally wellexpression for the total volume change of a heterogeneous
In one dimension, we study a situation where the “exact” cell resulting from a given change in pressure. A simple
solution is easily computed in order to perform grid- computation shows that the proper coefficient of compress-
refinement studies and test the order of accuracy. The diredfility for a mixed cell is obtained by averaging this,

p(x)dx. (4)

Xj—1/2

numerical simulation results are also compared with results ¢ 1 ., 1
of homogenization theory when possible. Both periodic and K~ Ax mdx. 5)
random media are tested. In two dimensions we test the : Xi-12

methods on a medium which is piecewise constant with ranSp K; should be defined as tHearmonic averagef K(x)
dom fluctuations added, and on a correlated random mediungver theith cell, whilep; is defined as tharithmetic average

All of the results presented here were obtained using thef p(x) by Eq. (4).
CLAWPACK software, with drivers and Riemann solvers that We are primarily concerned with the case where the
are available on the web, at http://www.amath.washingtonfunctions p(x) andK(x) are piecewise constant with rapid
eduTrjl/clawpack/acoustics/ Animations of some of the re-variations, but using a grid which is sufficiently fine that
sults presented in this paper can also be found there. ThendK are in fact constant within each cell. Then use of this
CLAWPACK software is freely available in one, two, and three averaging is not necessary for the numerical method, but
space dimensions, including Riemann solvers for both acoushese same expressions are used in standard homogenization
tics and elasticity. Automatic adaptive mesh refinement isheories for periodic or randomly varying media which are
also available in themrcLAwW software package developed discussed below.

by Berger and LeVequ 1% Follow links from the above- We assume that thigh cell has material parameteps
mentioned website. andK; as described above and set
0 K,

|. ONE-DIMENSIONAL ACOUSTICS =

Ai

lp; O
The one-dimensional acoustics equations can be written _ pi . . _ .
as a first-order variable coefficient linear hyperbolic systemThe eigenvalues and eigenvectors of this matrix are given by

p:+K(X)u,=0, p(X)u+py=0, (2 N=—c¢, A=c, ri= —Tci 2= Pilci NG
where the unknowns are the pressure perturbat{ent) and
the velocityu(x,t). The variable coefficients are the density Herec; is the sound speed in thth cell, ¢c;= VK, /p;.
p(x) and bulk modulus of compressibilitg(x). This system In the finite-volume method, we e[ represent the
has the form of Eq(1) with numerical approximation to the average value)f,t) over
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1 2
Wi—1/2 Wi—1/2 Wz'1+1/2 Wi2+1/2 Wz'l+3/2 Wi2+3/2

FIG. 1. Example of acoustic waves re-
sulting from solving the Riemann

t problem and each cell interface. The
_on wavesW2_,, andW ,,,in celli have
q=Q7 1 i+l speeds; and —¢; respectively.
t=t,
Ti—1/2 Tiy1/2 Tivs/2
theith cell at timet,,. The method updates these cell aver- 1 -1z |1
.. . . _ -1 _ _|ti—12
ages by determining the waves that enter this cell during the Li_1o= Rifllz_m 1z }=[|2 } (12
time step. IfWV represents the jump ig across some wave -1 -l Ui-12
moving at speech, then the cell average is changed by Then solving Eq(10) gives
AtAWIAX over the course of a time steqt. N N
The solution to the Riemann problem between states  @i-12=li-12 (Qi=Qi-1),
Qi_;incelli—1 andQ; in cell i consists of two waves. The ) ) (13
left-going wave moves into cell-1 and hence must be an @12~ 12 (Qi= Qi)
acoustic wave appropriate for the medium in this grid cell.\yhere |P_, . are the row vectors of;_,,. These values

So this wave has velocithi_;,=—ci—; and the jump  getermine the wave strengths in E¢®.and(8). We see that
across this wave must be a scalar multiple of the eigenvectoy,, arpitrary jump in pressure and velocity across the inter-

1 i . . . . .
ri_y of the matrixA; _,, face can be resolved into left-going and right-going acoustic
PGy waves.
W= aill,z[ T Eal i 7) Note that there is a close connection between these co-

efficients and the standardflection and transmission coef-
Note that here we have changed notation slightly from Ref. Ticientsfor the interface. Consider the special case where the
and use the subscript-1/2 to index waves and speeds as-jump in Q at the interface is consistent with a left-going

sociated with the Riemann problem between delld andi,  wave in celli, so that

and reserve the indaxo index quantities associated with the _7

ith cell. . . . - Qi_Qilzlgril::B[ 1 I
Similarly, the right-going wave moves into cellwith

velocity );iz—llzz ¢ and the jump across this wave is @ mul- for someg. In this case we can view the Riemann problem at
tiple of r{’, the interface as determining what happens at the instant

when this left-going wave strikes the interface. Applying Eq.
=a? 7 (8)  (13) in this special case gives

2 (1%
W 1= ¢ 1/2[ 1

Z_1—Z

2 i 2Z;
for some scalar;_,;, (see Fig. 1 B, a‘21’2:<2i_1+zi)'8' (14)

a.7 = —
The pressure and velocity between the two waves must -2 (Zi—1+ Z;
be continuous across the interfatke proper physical con-
dition at the material interfageand so we must have

The resulting 1-wavdthe left-going wave transmitted into
celli—1) has strength equal #® multiplied by the transmis-
Q1+ W ,=Q - W2 . (99  sion coefficient, while in the right-going wave strength the
reflection coefficient appears.
From this condition we obtain a linear system which can be  Similarly, if Q;—Q,_; corresponds to a pure right-going
solved for the wave strengthg,,, andaf_,, wave from celli — 1, we would obtain the appropriate trans-
mission and reflection coefficients for this case. An arbitrary
_ (10) jump Q;—Q;_; can be viewed as a linear combination of
these two special cases, and so in generakthanda? each
Let R,_;,, be the matrix of right eigenvectors appearing incontain in_formation_ abo.ut both a transmitted and a reflected
Eq. (10), wave. This we_vvppmt will be_lmportgnt in our development
of the “transmission-based limiter” in Sec. | A.
Note that we have used a different normalization of the
, (1) eigenvectors than in Ref. 1, multiplying the form used there
by p. The form used here shows more clearly the fundamen-
whereZ=pc is theimpedenceof each medium. LeL;_,, tal significance of the impedence.4f_,=Z; then the eigen-
be the inverse oR;_ 5, vectors are the same in the two cells and a left-going wave in

Pi—Pi-1
Ui—Uj—

1
—Pi-1Ci-1 PG| ai_qp

1 1

2
di_12

—Zi-1 Zi

Ri_1p= 1 1
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celliis also a left-going wave in ceil- 1, and hence there is Hence we comparéV! ,, with W, ,,, and W?2_,,, with
no reflection at the interface between these cells, merely a\;i{m_ In regions where the solution is smoothly varying

change of speed. . _ these waves will differ by very little and we should use un-
The first-order upwind method for the variable- modified waves to achieve second-order accuracy. We want
coefficient problem can now be written as ®P_,,~1 in this case. If the waves differ greatly then we

At must be near a discontinuity in the solution, or at least large
ntloQn— R()\?,l,zwiz,l,fr ANV, (15 values ofqyy. In this case the second-order corrections can
lead to numerical dispersion and in these regions the waves

This is derived using the idea of Godunov’s method, that theshould be limited by choosingP_,, closer to zero. We take
cell averageQ; is modified by wavesA® moving into the P . — D
cell with speed\P. See Ref. 1 for more details. 1= d(0_1p),

A second-order correction term can also be introducedwheredP_,,, is some measure of the ratio of wave strengths.
motivated by the Lax—Wendroff method for the constant coFor example, we might take
efficient case. This can be written as a correction to the first-

1 2
order upwind method in terms of the “correction fluxes” 1 _||Wi+l/j| s _||Wi—3/2” (18)
R DY Y-S R TC TVYLAN
L2 N s
Fi,l,zzi Zl |)\ip1,2|( 1- H|)\ipl/2|)wip1/2- where|-|| is some norm such as the Euclidean norm. Many
P choices are possible for the limiter functiah We have
The second-order method takes the form found that the “minmod” limiter works well:

N . At )= 0, min(1,0)). 19
in1:Qi_H()\i2—1/2Wi2—1/2+7\i1+1/2Wi1+1/2) $(8)=max(0, min(1.6)) 19

For variable-coefficient problems, the eigenvectors may
At -~ - change from cell to celfand will change whenever the im-
~ ax (Firie=Fic1)- (16)  pedence differs and hence the waved! ,, and Wi, ;,,
for example, will not be co-linear in phase space. In this case
This reduces to the standard Lax—Wendroff method\if  simply comparing the magnitudes, as done in @&), may
=A is constant. In this case'= —c and\?=c are constant give an insufficient limiter. The two waves could be very
and S APWP ,=A(Qi—Qi_;) while Ep(kp)ZW P 12  different even if they have the same magnitude. In the

=A%*(Q;—Qi_1). Then Eq.(16) reduces to CLAWPACK software the standard approach is to instead com-
At pare the projection ofV', ;,, onto Wi, with the wave
T =Ql - 5 AQL QL) Wi_ 1y defining
Wi 12 Wiz 1o

ail —1/2= (20)

Vvilf 1/2° Wilf 1/2,
(17) where- denotes the inner product, in place of E&8) (and
similarly for 2_,,)). We have found that this works well for
See Ref. 1 for more details of the relationship between thesggme problems with random or periodic media, but in certain
methods. Equatiori16) is the form of the update formula cases this results in an unstable method when calculations
used in theCLAWPACK software, using also flux limiters as zre run to large timegAn example is shown in Fig. ¥ This

1(At)2 2 n n n n
+§ Ax A“((Qix1— Q) —(Q'—QiLy)).

described in the next section. appears to be the result of a nonlinear resonance phenom-
enon in the numerical solution introduced by the limiter, and

A. Flux limiters may be related to physical resonances that have been inves-
tigated by Kevorkian and Bosl&jn weakly nonlinear acous-

The update formula Eq16) decomposes the update to
Q into a first-order accurate upwind update and a secon o ) i .
order correction. The upwind method is excessively dissipa- A More robust limiter is motivated by Fig. 2, which
tive while the second-order Lax—Wendroff method is nu-indicates that the wavm_/ilﬂ,z, if aIIoweq to strike the inter-
merically dispersive, leading to the appearance of spuriouf&ce aXi-12, WOUI? split into a transmitted wavg ;,and
oscillations in the solution. A high-resolution method is ob-2 'eflected waver,,,. The figure suggests that only the
tained by applying a nonlinear “limiter” to the second-order transmitted wavel i._,, should be compared 8, ,. The
corrections to obtain a method with much better propertiedransmission coefficient isZ_,/(Z;-,+Z;) and so we take

dics.

than either the upwind or Lax—Wendroff methddghis is ITE 1l 27,1 \[atiip
accomplished by replacing each wave’_,,, by a limited 6‘1‘1/2:||W1 |:<Z- +Z-) T ) (21)
version 12 i—17 &)\ X2

~ whereZ; = p;c; is the impedence in thi¢h cell. Similarly, we
WP 1= PP VP10, R

take
for some scalar valu@P_,,, (for p=1,2). This limiter is 172 . 57, o2
determined by comparing each wave with the corresponding g2 | — "'~ 12 :( ' ) '2‘3’2) , (22)
wave at the adjacent cell interface in the upwind direction. IWi_ 1l \Zica+ Zif\ e g
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FIG. 2. Decomposition of waves into transmitted and reflected parts used in defining the transmission-based limité2i) &u(22).

as suggested by Fig(l®. We call this atransmission-based to the exact solution of the equations given by the method of
limiter. For more details see Fogarty.
This idea is closely related to what is done in thea piecewise constant medium with piecewise constant initial

positivity-preserving scheme of Liu and L&%**If we recall
Eq. (13), the naive limiter Eq(18) corresponds to setting

1 I 1 (Qie 1= Q)1 o/

T (Q Qi

for example, in this notation. The Lax—Liu limiter instead

(23

uses the same eigenvectors to split both jumps:
1 I 12 (Qiv 1= Qi o/

i—1/2_|||i171/2-(Qi—Qi—l)rilflIZH

I 1 (Qir1— Q;

1 (Q—Qiy)

Our transmission-based limiter is similar but appli¢s,,
only to the wave\V!, ;,, which is approaching the interface,

not to all of Q;;, 1—Q;:
ol — | ilf 1/2° Wil+ 1/2
T (Qi-Qisy)
Similarly,
2 . - | i27 1/2° ]/\/i{ 312
T (Qi—Qisy)

(24

(29

(26)

Il. THE COURANT NUMBER AND EXACT SOLUTIONS
FOR SPECIAL MEDIA

If ¢; is the sound speed in thth cell, then

v=maxc;At/Ax

is called theCourant numberand measures the largest frac-
tion of a cell which any wave can pass through in one time
step. The methods discussed here are stable<dr when

applied to a constant coefficient system, and are found to b
stable on the general problem with the transmission-base

limiter.

Now consider a special type of medium in whik{x)

=cp(x) everywhere for some constant valuewfThen by
choosing the time ste@t so thatcAt=Ax (so v=1) we
insure that all waves propagate through exactly one grid ce

in each time step. In this case the correction tefins;,, in

Eq. (16) are all zero and the upwind method Ef5) reduces

21 J. Acoust. Soc. Am., Vol. 106, No. 1, July 1999

characteristics(At least the exact solution to the problem of

data on the given grigl.This is an extremely useful way to
generate problems for which the exact solution can be com-
puted. Such media are sometimes used to check homogeni-
zation theories, as in the example of Santosa and Symes
used in the next section. In our case we use the exact solution
obtained withcAt=Ax to check our numerical results ob-
tained with smaller values af.

If ¢; varies between cells then it will not be possible to
choose a single time step for whiclht=Ax everywhere, at
least not on a uniform grid withx constant. If one consid-
ers a Goupillaud medium, however, in which the width of
layers of constant vary in such a way that the travel time in
each layer is the same, then the exact solution can again be
constructed on an appropriate gfighe which is uniformly
spaced in travel-time coordinajed his has been used, for
example, by Burridgeet al,'® to test homogenization theo-
ries. The wave-propagation approach we use would also give
the exact solution in this case.

We stress, however, that our numerical method is more
general and does not depend on any special properties of the
medium or time step. Special media are used only to gener-
ate exact solutions for comparison purposes.

lll. PERIODIC MEDIUM

As a first test of these methods for acoustic waves
propagating in a heterogeneous material, we consider a one-
dimensional periodic medium, as studied by Santosa and
Symes'® The material parameters and K are piecewise
constant with

if 0<x<OL
if OL<x<L,

(p1,K9)
(p2,K2)

nd repeated periodically, wheteis the period and the
actional volume of material 1. An acoustic wave with a
wavelength large compared towill obey an effective ho-
mogenized equation which has the dispersion relation

w(k)=ck+8k3+ .- . (29

||rong wavelengthsk smal) propagate with the effective
sSpeed

(p(X),K(x))=[ (27

c=VK/p,
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FIG. 3. Comparison of “exact” solution computed usidg=Ax and “numerical” solution withAt=0.9AX, at four different times, on a fine grid with
Ax=1/4000. The structure of the periodic medium is also indicated by the step function. Note that periodic boundary conditions are us&ehrisdghe
relabeled at each time to indicate distance traveled since the initial time.

with K being the harmonic average Kfandp the arithmetic  in which casec~0.866 even though the wave speeg 1
average o (see Sec.)lover each period: everywhere.
Figure 3 shows a comparison of the exact solution ob-
p=0p1+(1—0)py, K=(0/K+(1—0)/K,) L. (290  tained with Courant number (s described in the previous
section and the numerical solution usingt=0.9Ax (Cou-
The expression for the small dispersion coefficiéig given  rant number 0.0 on a very fine grid, for a propagating

by Santosa and Symés. Gaussian pulse. The two solutions lie on top on one another
We consider the case studied numerically by Santosto plotting accuracy. Note that the wave is observed to move
and Symes, at speect (e.g., at timet=1 it is atx=0.866) and that for
larget the dispersive nature of the effective equation is evi-
p1=Ki=1, p,=K,=3, #=0.5, L=0.01, dent.
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FIG. 4. Numerical solutions with the standacdawpack limiter (upper figur¢ and the new transmission-based limit@wer figure obtained withAt
=0.9Ax. In both figures the pulse is shown at five grid resolutibirs400, 800, 1600, 3200, and 6400. In the upper figure the highest resolution is the pulse
farthest to the left.

The problem is initialized by creating a Gaussian veloc-the material interfaces and so the loss of second-order accu-
ity pulse within the periodic medium on a large domain. Theracy is not surprising.
pulse splits with half of the perturbation energy traveling
each direction. Once the two pulses have separated, the right. RANDOM MEDIA
going pulse is used as initial data in the computational do-

main. Periodic boundary conditions are imposed and the We now consider a random medium in one dimension
o y o - P \é/herep(x) andK(x) are taken to be piecewise constant. We
x-axis is relabeled at each time to indicate distance travele

. T Use a layered medium with 2000 layers in which valuep of
since initialization.

Figure 4 shows a comparison of numerical results ob-
tained att=4 usingAt=0.9Ax on several coarser grids for
both limiting methods, and Fig. 5 shows a log—log plot of the
norm of the error versudx. This indicates that the method o
converges with an order of accuracy roughly 1.3 in the max-
norm, when using the transmission-based limiter. Figure 5 °
also shows the errors obtained when the standassivPACK w'k 1
limiter Eq. (20) is used, which are an order of magnitude
larger. For largett the method goes unstable with EQO) o
and a result at=17 is shown in Fig. 6. The period of the
oscillations matches that of the medium and this instability is
thought to be due to resonances caused by the limiter. *

The order of accuracy observed in Fig. 5 may seem low ™7 1
for this computation since the solution appears to be smooth.
Note, however, that this smoothness is a result of the times at
which we have chosen to display the results. Figure 7 shows
the exact solution at a sequence of times betweefl and
t=0.015. The solution appears smooth at the beginning and _ , ,
end (and later at each multiple of 0.015out in between 107 10
these times it is not smooth. An animation of this transient
behavior may be found on the website mentioned in the INFIG. 5. Max-norm of error in the numerical solutions of Fig. 4. Numerical
troduction. The observed propaga’[ion at Spgaﬁses 0n|y results forN=400,800,1600,3200 are compared with numerical solution at
because of constant reflection and cancellation of wavel 6400 A log—log plot of the error versusx is shown for both methods

. o . . of limiting: Original cLawpack (OOQ), and Transmission-baséed-++).
moving within each material slice at the local speedll. At The observed order of accuracy is near 1.3 for the transmission-based lim-
most times the solution has a discontinuous first derivative ater and 1.0 for the original limiter.
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FIG. 6. Comparison of “exact” solution witlAt=Ax and numerical solution witlAt=0.9Ax, with the originalcLawpack limiter at time=17 with N
=4000. This shows the numerical instability resulting with this limiter. Note that much better results are obtained with the transmission-based limiter; see
Fig. 3.

and K are randomly chosen from uniform distributions be-the noise observed is correct for this medium and not nu-
tween 0.2 and 1.8. The sound speed also varies randomly imerical. For this example, as with the periodic medium, we
each layer. The average sound speed is close to 1, while theve used the modified limiting method to avoid an instabil-
effective sound speed is calculated to &e VK/p~0.85. ity which develops with the standardLAWPACK limiting
Figure 8 shows the density, bulk-modulus, and sound-spee@ethods.

profiles along with a pressure pulse which has propagated As a second example in this same medium, we initial-
through this medium from the poik=t=0. The pressure ized the pressure perturbation to be a step function with
perturbation was initialized as a Gaussian hump with amplivalue 0.5 for—0.2<x=<0.2 and 0 elsewhere. Again the ini-
tude 1 and zero velocity, centered xat:t=0. The initial tial velocity is zero. This perturbation splits up into two ap-
pulse split into two pulses which propagate to the left and tgoroximate “square waves” propagating in opposite direc-
the right with the predicted effective wave speed of tions. These discontinuous data generate much more noise
~0.85. In addition, some noise is generated by the randondue to the greater dispersion of the effective medium at high
ness of the medium. Note that results are shown for 3 resawave numbers. Figure 9 shows the computed results at time
lutions of a 2000 layer mediunN=2000,N=4000, andN  t=0.1, when the pulse is still splitting up, andtat0.8. The
=8000 and that the results agree very well, indicating thasame three grid resolutions are used as in the previous ex-
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FIG. 7. Close up of right-moving pulse between0.05 andt=0.015 in the periodic medium with discontinuities indicated by the vertical lines.
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FIG. 8. One-dimensional random medium example of Sec. IV. Profiles of dénpiper lefy, bulk modulugupper right, sound speedower left). The lower
right figure shows the computed pressureg=at..0 on three grid resolution®!=2000,N= 4000, andN=8000.

ample. The calculation on the coarsest grid, in which there i@xample, the interface between celis-(L,j) and (,j). The

only one grid cell in each layer, exhibits more numericalmaterial properties in these two cells are used to decompose
dissipation than in the previous test, but the basic form anghe jumps in pressure anévelocity between these cells into
effective propagation speed of the pulses is still capturedeft-going and right-going acoustic waves. These waves are
well. This example illustrates that the method is capable othen each decomposed into up-going and down-going waves
dealing with discontinuous data as well as discontinuous meusing a “transverse Riemann solver.” This solver takes into

dia. account the material properties in the grid cells above and
below, giving the proper transmission and reflection of these
V. TWO-DIMENSIONAL ACOUSTICS waves. This is discussed in detail for variable-coefficient

acoustics in Ref. 1.
LeVequé extends the wave-propagation method to two P , di ith rand
space dimensions in a stable and accurate manner by usify " '€ceWIseé constant medium with random
. . ctuations
two sets of Riemann problems. A Riemann problem normaf
to each cell interface is first solved, which is simply a one- A numerical test is shown in Ref. 1 which consists of a
dimensional problem of the type solved above. Consider, foplane wave hitting an interface between two materials at an

Pressure, Time=0.1

Pressure, Time=0.8

0.6

0.6

_0.2 ' L . L . . _o2 L N . . L . P \ '
1 -0.8 ~0.6 0.4 -0.2 o 0.2 0.4 0.6 0.8 t 1 0.8 -0.6 -0.4 ~0.2 a 0.2 0.4 0.6 0.8 1

FIG. 9. One-dimensional random medium example of Sec. IV with square-wave initial data. The computed pressure is shown at two times, each with three
grid resolutionsN=2000, N=4000, andN=8000. The dashed lines indicate the predicted location of the right-going pulse based on the effective sound
speedc~0.85.
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dom medium, analogous to what is seen in Fig. 8 for the
one-dimensional case.

B. Correlated random density distribution

As another multi-dimensional example we consider
acoustic propagation through a medium with a correlated
random density function, in which coherent density struc-
tures exist on the scale of the correlation length. We define
the wave speed such that *(x)=c, '+ ¢B(x) where B(x)
is a random function, which satisfies

(B(0)=0, (B(x1)B(x))=(BAN(|x1—Xa]),

andN(s) is an isotropic statistically homogeneous two-point
correlation function. We assume tiNs) is very small for
FIG. 10. Density profile for the two-dimensional example of Sec. V A. s>|, wherel is the correlation Iength of the medium. If we
let ¢y be the the wave speed in the unperturbed medium, then
oblique angle, giving rise to transmitted and reflected wave&ccording to Boyse and Kelfrthe effective wave speed for
as shown in Fig. 1(B) (see also Zhang and LeVedde In  the correlated medium should be given by

this exampleK=1 andp jumps from 1 to 4 at the interface. C~co+0(e?)
To illustrate the ability of this algorithm to handle rap- _ 0 ' )
idly varying media in two dimensions, we modify this ex-  Figure 12 shows a plane wave which has propagated to

ample by adding random fluctuations to the dengiyin the right in a medium with a correlated random density. For
each grid cell, as shown in Fig. 10. Figure(ilishows the this example we used the parameter valeies 1, €=0.4 and
computed solution with the same plane wave as used in Figorrelation length =6 in the domain 6<x<150 and Gsy
11(a). The homogenized velocity in each medium is the<50. The velocity was initially zero and a Gaussian pressure
same as in the piecewise constant case, and so we see esgauise p(x,y,0)=e %119 where the full width at half
tially the same transmission and reflection of the plane wavenaximum was nearly equal to the correlation length was
as in Fig. 11a), as expected. In addition small-amplitude used as initial data. The left-going signal has left the domain
noise is generated as the pulse propagates through the raamd only the right-going signal is visible in Fig. 12. As the

True pressure at time t = 0.4 - Computed pressure at time t = 0.4

02 04 06 o8 1 12 14 16 18 02 04 06 08 1 12 14 16 18

True pressure at time t = 0.8 Computed pressure at time t = 0.8

(X132

0.2 0.4 0.6 0.8 1 1.2 1.4 16 1.8

FIG. 11. Example of Sec. V A. Left: Plane wave hitting an interface in a piecewise constant medium. The exact solution is shown at two times, showing
incident, transmitted and reflected waves. Right: Numerical solution for a medium with the same effective parameters but with random fluctuations added to
the density as shown in Fig. 10. The grid size is X000.
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FIG. 12. Example of Sec. V B. Top: Density profile of medium. The other two figures show contour plots of a right-going pressure disturbance at two different
resolutions: 5& 300 (upped and 100<600 (lower). The contour levels are not uniformly spaced, but chosen to better show small amplitude variations. The
same levels are used for both resolutions.

pulse propagates there are very strong local interactions bémiting method was introduced. In a one-dimensional ran-

tween the pulse and the density variations. The initial planelom medium the methods work well even when there is only
wave splits into a number of pulses with considerable two-one grid cell per layer. Examples in two dimensions were

dimensional structure. Figure 12 shows the resultat20  displayed, one with random fluctuations on a piecewise con-
computed with two different grid resolutions. Note that thestant medium and the other in a correlated random medium.
primary structures are very similar. The evolution of thisThe examples illustrate that these high-resolution methods
pulse is more clearly seen in the animation found via th)ased on Riemann solvers, which split waves into transmit-

website given in the Introduction. ted and reflected parts at each cell interface, are capable of
accurately modeling wave propagation in rapidly varying

A high-resolution finite-volume method has been intro- ~ These algorithms are easy to apply since they are al-
duced and tested on several examples of acoustics in rapidigady implemented in theLAWPACK software(with exten-
varying media. For a one-dimensional periodic medium thesions to three dimensions and adaptive refinejnasitmen-
numerical results agree well with both exact solutions andioned in the Introduction. Computationally they are more
results of homogenization theory. For this type of mediumexpensive than simple finite-difference methods such as
the standard limiting method was shown to fail and a newLax—Wendroff, but not prohibatively so. Rather than multi-
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plying differnces inQ values by the coefficient matri& as labs.com in netlib/pdes/claw or from http://www.amath.washington.edu/
in Eq. (17), the factored fornrRAR ™! is used, with an addi- _ril/clawpack.html.
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. .. . continuous solutions of the equations of hydrodynamics,” Mat. &h.
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developed here, yields a method that gives good results onSystems of Conservation La@pringer-Verlag, New York, 1996

problems where the simpler finite-difference methods would P Km”fgé)’;‘“me”ca' Schemes for Conservation Laisiley-Teubner

. series, A
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waves can be modeled by a first-order hyperbolic system. an;| Math. 101, 127-183(1998.
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Diffraction of an acoustic plane wave by a rectangular hole
in an infinitely large rigid screen
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The method of the Kobayashi potenti#P) is applied to evaluate an acoustic field diffracted by a
rectangular hole in an infinite rigid screen. The screen thickness is assumed to be negligibly small.
The KP method yields an eigenfunction expansion of the present geometry, and the expansion
coefficients are obtained from the matrix equation. The intensity pattern of the far diffracted field,
the velocity distribution on the hole, and the transmission coefficient are numerically evaluated. The
intensity pattern results are compared with those obtained from the Kirchhoff’s diffraction integral.
The agreement between them is fairly good. Since no existing method has provided transmission
coefficients for a rectangular hole in a rigid screen, these results are compared with the total
scattering cross section of the soft disk, which is analogous to a circular hole in a rigid screen. Their
frequency characteristics are found to show a similar variation.1999 Acoustical Society of
America.[S0001-49689)00507-X

PACS numbers: 43.20.AWN |

INTRODUCTION for various sized holes. The velocity shows singularity at the
edge, and the degree of the singularity becomes higher near
The diffraction of an acoustic plane wave by a rigid the corner. The degree of singularity seems to be propor-
rectangular plate with infinitesimal thickness was rigorouslytional tor ~* near the corner, which depends on the choice of
formulated by applying the method of the Kobayashi potenthe expansion functions.
tial (KP).1~3 The KP method uses the discontinuous proper-  The transmission coefficient is also an important physi-
ties of the Weber—Schafheitlin@Vs) type integrals to sat- cal quantity*® Since results by other methods for the rectan-
isfy the required boundary conditioiS.The WS integral is  gular hole in a rigid screen are not available, the computed
an infinite integral and its integrand consists of the productesults are compared with those of the total scattering cross
of two Bessel functions multiplied by the powered algebraicsection of the soft disk, whose Babinet problem is the circu-
single term. This integral shows a discontinuous propertyar hole in a rigid infinite screen. The variation of the fre-
when a particular relation holds among the power and orderguency characteristics is very similar for circular and rectan-
of the Bessel functions. This method can be applied to pogular geometries, but the circular disk value is relatively
tential and wave phenomena of the configuration associatddwer than that of the rectangular hole with the same equiva-
with slit, strip, circular and rectangular holes or plates, adent radius.
well as related geometriés? The potential functions used in Questions arise as to how the choice of the expansion
this method may be regarded as eigenfunctions of a halffunctions affects the convergence of the solution, as in the
space with a hole or a plate. Hence, this method can barea of the moment method. We consider two kinds of wave
applied to more general configurations in a manner similar tdunctions, one that satisfies both the boundary and edge con-
mode matching techniques. ditions(case }, and the other that satisfies only the boundary
In this paper, the KP method is applied to evaluate thecondition on the screen except at the epse 2. We found
field diffracted by a rectangular hole in an infinitely large that both cases converge to the solution, but the convergence
rigid screen, and then matrix equations of the expansion caate is different. Furthermore, the field distribution computed
efficients are derived. The expressions of the field distribufrom the functions of case 2 approaches that of case 1 even
tion on the hole and radiation field are derived in a concisenear the edge, in spite of the fact that the result of case 2
form. Therefore, these physical quantities are readily obbecomes zero at the edge.
tained once the expansion coefficients are determined.
The intensity patterns of the far diffracted fields are| MATHEMATICAL FORMULATION
computed for both the normal and oblique incidences. The o . ]
results are compared with those obtained using Kirchhoff'¢*- Derivation of the field expressions
integrals. The agreement becomes better as the size of the Consider an acoustic plane wave diffracted by a rectan-
hole becomes larger. The velocity distributions are computegular hole in an infinitely large rigid screen as shown in Fig.
1. The infinite screen’s thickness is negligibly small and the
3Electronic mail: hongo@is.sci.toho-u.ac.jp hole size is 2X2b. The center of the hole is chosen as the
DElectronic mail: serizawa@cce.numazu-ct.ac.jp origin of the Cartesian coordinatés,y,2. The velocity po-
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where A,,~ D, are expansion coefficients. The symbols
used in Eq(3) are defined by

\Q\g\\\ R )

\\\ 2= p=q*1:E k=ka
N\ a a’ b! .

Q\x\\ \\\ \ ¢ \\ The gaijanilieterﬁr and Tihave siome arbitrariness _it_ci)i choose
&\\3\\ NN \ \\ provided that the resulting solution converges. This means
“\\\k\\\k\k& \\\é\\\\\\\\\\\\\\\\ that the equatiofi3) functions satisfy the condition®c) and
y (2d) irrespective of the parametessand 7. Hence, we can
add the condition that the potential function satisfies the re-
FIG. 1. Geometry of problem and coordinate system. A rectangular holequired edge conditioﬁl. In this condition,c and 7 are zero.
with a 2axX2b size in an infin_ite_rigid screen IocaFed on plaqeo. Enforcing the remaining conditiof2a), we obtain the
(6p,¢0) and(6,¢) are angles of incidence and diffraction, respectivély. . - . .
is reflected wave when plare=0 is occupied by a whole rigid screen. matrix eqL_jatlon k?y expandmg th_e functions fand 77 by a
set of basis functions and by taking the moment with a set of
weighting functions, where we use the Jacobi’'s polynomials
tentials of the incident and reflected waves Zor0, denoted ~ as the expansion and weighting functidriBhus, the matrix

o<

by ® andd', respectively, are given by equation of the expansion coefficiets,,~ D, becomes
@' =exyd jK(x sin 6, COSeo+ Y Sin b Sin o) + jkz cosby], [G(2m,2n,2s+ 1,2+ 1) ][ Amn]
(13 —[— A(x1,25+ DA (xp,2t+1)],
®"=exd jk(x sinfp cosgy+y sin b, sin ¢g) — jkz cosa(z]l,b) [G(2m,2n+1,25+1,2+2)][B.]
where harmonic time dependence gxt) is assumed and =[-iA(k125+ DA (ko 2+ 2)],
omitted throughout. In the above equatiody (¢o) are the  [G(2m+1,2n,25+2,2+1)][Cnpl] ©

incident angles. The velocity potentidi® of the diffracted )

wave is expressed by a 2-D Fourier transform of the Helm-  —[~I1A(k1,25+2)A(kp, 20+ 1)],
holtz equation and is determined so that the total potentiglG(2m+ 1,20+ 1,25+ 2,2+ 2)][D
functions satisfy the boundary conditions. The required

mn]

boundary conditions for the potential functions are =[A(k1,25+2)A(kp, 2t +2) ],
(Di_i_q)r_i_q)(i:q)(i, (X,y)ED, z=0, (2a) s=0,1,2,..., t=0,1,2,...,
where

J ]

—[®'+d"+d]=—=d9, (x,y)eD, z=0, (2b (o

(92[ +] (?Z ( Y)E ( ) G(m,n,S,t):j J (a2+p2B2_K2)_1/2
0Jo

J )

—[®'+d'+DI]=0, (xy)eD® z=+0, (2

@+ D] (X,y) e 7=+ (20) XJm(a)Js(a) Jn('B)Jt(ﬂ)dad,B, 6a
a B

J _d4_ c - _

ECD__O’ (x,y)eD® z=-0, (2d) A(X,y):JV)((X), K1= K SiN g COS¢y,

R?2D={(x,y)| |x|<a, |y|<b}. (6b)

Ko=(qk SiNfySingg.

Here D represents the domain of the holedaBd is the  once the expansion coefficients are determined, the physical
complement oD. The subscripts- and — of ®° denote the  qyantities such as intensity pattern, transmission coefficient,
regionsz>0 andz<0, respectively. The conditions of EQS. anq velocity distribution on the hole can be computed. It is
(2¢) and (2d) can be satisfied using the WS integral proper-yyorthwhile to note that coefficientfyy,,~Dym, are deter-
ties, and the results, which also satisfy conditi@h), are  ined separately. Only the,,, coefficients are needed for a
given by special case of the normal incidence.

o

(Di=i z 2 Jmfw{[Aan2n+r(,3)COS:877
m=0n=0 JO JO

B. Velocity distribution on the aperture

The distribution of thez component of the velocity on
: the hole is obtained from,= — (d®/3z)|,-,. The integra-
+Bnnd sin J cos z z

man -7+ 1(B)SINB 7 om+ o @)COSal tion over the variablese and B can be performed
+[Crnmdont AB)coSB7+D dons-+1(B)SINB 7] analytically!? and the resulting expression becomes
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Here T,(x) is the Chebyshev polynomial of the first kind. Rl S
From the above equatiom,, behaves like (+£2)~Y?x (1
— %)~ Y2 near the edge, as expected. This is consistent with | N
the required edge condition for the component of the velocity 3 \
tangent to the rigid screen near the edge. N 5
2K ‘
KR2\: } i i
C. Far field EAWR S N = .
ol k2« A2 A4 a

The far-field expression may be evaluated from £).
with o=7=0 by applying the stationary phase method of
integration By Considering the even and odd properties 0FIG. 2. Integration region is divided into six subregions. Gauss Legendre

f : . . quadrature is used for regions 1-3, while asymptotic approximations of
the integrands with respect t@ and g8 and applying the

N Bessel functions in the integrand are applied to regions 4—6.
standard procedure of the stationary phase method, we have

—i m? 1
@¥r,0,)= T EE D ), (8a t=—(g) < cosg; TP b0, ot m)
. s o B w)z 1 % 2 _
P(6,¢)=]k costf(ksindcose,qk singsing) =12 xcosty 2 & R{[[AmmIan(K2)
= > > {[Amndam( & Sin 6 coS) +Bmndan+1(k2) 1dom( k1) +[Cmndan(k2)
m=0 n=0
= iDmndan+1(k2)1Iom+1(k1)}, (11)

T1Cmdam 1 SiNG COSG) Jon(qre siné sin ) wherex, and «, are defined in Eq(6b)
1 2 .

+[Bmndom( k Sin 6 cos¢)

—Dmndom+1(k sinf cose) ]
X Jons1(gr sindsing)}. (8b)

Il. COMPUTATION AND DISCUSSION
A. Computation of the expansion coefficients

To obtain the numerical results of the physical quanti-
D. Transmission coefficient ties, we must compute the matrix elements of &g given

The radiated intensity of the diffracted wave is given byby double infinite integra!s, which converge rqther_slowly.
The method of computing these integrals is discussed

: d elsewheré,but we summarize the idea here for convenience.
) jpcC P . . L .
W(0,¢)=RIlimr>——d™*—— The full range of integration, which is equal to the first quad-
w2 ar rant of the ,pB) space, is divided into several subdomains
-2 consisting of annular sect