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The sound source used in the measurements was an
electric spark. Two 2.5-mm-diameter brass rods are
used to hold small-diameter tungsten wires. The ends
of the tungsten wires are separated to form the spark
gap. The circuit used to generate the spark maintains
a potential in excess of 1100 V across the gap prior to
firing. A triggering circuit in conjunction with a thyra-
tron is used to initiate the spark. The generated spark
produces an acoustic waveform that approximates an
N wave with a duration of about 18 ps. Details of the
spark probe have been presented by Veneklasen [1].

Three types of panels have been studied: flat, curved
(with the convex surface utilized), and segmented. All
flat panels were made from 3.2-mm-thick mirrored
glass. All panels were 0.61 m long. Four flat panels
were used. The widths of the flat panels were 0.025,
0.05, 0.10, and 0.15 m. The curved panel was made
of a sheet of flat aluminum fastened to a series of curved
ribs similar to the way an airfoil is assembled. The
width of the curved panel was 0.15 m. The radius of
curvature of the curved panel was 0.24 m. The seg-
mented panel was flat and composed of 12 small mir-
rored glass panels attached to a steel rod framework.
The diameter of the steel rods, which connected the
individual small glass panels to form an array, was
0.003 m and would not be expected to contribute to
the reflected pulse. The individual small panels were
0.06 m wide by 0.08 m high and were separated from
each other by a distance 0f 0.025 m. The nominal outside
dimensions of the segmented panel were 0.15 m wide
by 0.61 m high, which was equal in size to the curved
panel and the largest of the flat panels.

2 MEASUREMENT PROCEDURE

A description of the method of measurement is best
facilitated by referring to Fig. 2. The sound source on
the left was located 0.61 m from the reflecting panel
shown at top center. The angle of sound incidence on
the panel was 30° and was held constant for all mea-
surements reported here. This incident angle and the
measurement angles, between 0 and 60°, are typical
of those used in concert-hall design to provide early
lateral reflections. The location and orientation of the
reflecting panel were also held constant for all mea-

REFLECTING PANEL

SPECULAR REFLECTION
(WIDTH 0.15 METERS) LIMITS

Fig. 2. Plan view of measurement geometry. §;—angle of
incidence; 8,,—angle of measurement; I,.—reflection path
length 0.61 m; /;—incident path length 0.61 m.
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surements. The measurement microphone was located

on the arc of a circle with its center at the panel center.
The location of the microphone on this arc varied de-
pending on the objectives of the experiment. Note that
at a reflecting angle of 30° the microphone is located
at the center of the specular reflection zone. For the
0.15-m-wide panel shown the specular reflection limits
subtend a total angle of about 26°. For a panel of a
lesser width specular reflection limits are of course
narrower.

The sound source used in these experiments is a point
source and is small compared to the wavelengths over
the frequency range of interest. The distances between
the sound source and the reflecting panel and between
the reflecting panel and the point of measurement are
large compared to the wavelength. Hence these mea-
surements can be considered to be made in the far field
of source and reflecting panel. The measurement pro-
cedure was as follows:

1) With the reflecting panel removed, the microphone

- was placed at the location of the center of the panel.

Three separate acoustic pulses were captured using the
transient capture mode of the analyzer. The three pres-
sure—time histories were then transferred and stored
in digital form on the hard disk of the computer. These
pulses represent the incident acoustic wave on the
panels.

The location of the microphone for this measurement
was prompted by the fact that the acoustic radiation of
the spark is not perfectly spherical, that is, small vari-
ations in pulse shape and, hence, spectrum were noted
at different angles around the spark source. To avoid
having to account for these small variations, it was felt
that the incident acoustic pulse should be that which
is actually incident on the panel. The size of the anechoic
chamber did not permit placing the microphone at a
distance equal to the total path length of the reflected
pulse.

2) Next the microphone was moved to one of the
locations on the arc and a panel placed, as shown in
the figure. Again, three pressure—time histories were
captured and stored in the computer. In this case the
captured traces exhibit first a direct pulse, since its
path length is shorter than the path length for the re-
flected pulse, and at a later time (1—-2 ms) the reflected
pulse. The input attenuator of the analyzer is set so
that the amplitude of the reflected pulse is maximized
in order to maximize the signal for this portion of the
pressure—time trace. The three reflected pulses represent
the reflected acoustic wave from the panel.

3) The computer and the analyzer are now used to
obtain averaged spectra of the incident and reflected
waves. Prior to obtaining the spectra, the pressure—
time traces are windowed so as to eliminate noise and
small signals that are not associated with the incident
and reflected pulses. The width of the windows used
was chosen after close examination of the pressure—
time traces. This procedure has been found to have no
effect on the spectrum of the pulses in the frequency
range of interest, which for these experiments is from
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5 kHz to 100 kHz, and has also been found to improve
the signal-to-noise ratio. An example of a reflected
pulse before and after windowing is shown in Fig. 3.

The reason for the “noisiness” of the trace before
windowing is due to the greatly increased vertical gain
of the analyzer, which is required in order to see the
reflected wave. In the case shown, the reflected wave
is very much smaller than the direct wave which is not
shown in the figure.

4) Finally, the analyzer and the computer are used
to obtain the reflection transfer function of the panel,
which is defined here as the ratio of the reflected spec-
trum to the incident spectrum. Adjustments to the re-
flected spectrum are made prior to obtaining the transfer
function. The adjustments account for the added ab-
sorption and inverse square loss suffered by the reflected
wave due to its longer path length. For the geometry
used in these experiments, the inverse square loss ad-
justment is +6 dB. The adjustment for air absorption
is a function of frequency, temperature, and relative
humidity. The air absorption adjustment was made using
the procedure presented in ANSI S1.26-1978 [2].

3 INSTRUMENTATION

The instrumentation used to measure the reflection
transfer function of the panels is shown in Fig. 4. This
instrumentation is similar to that used in earlier studies
with the addition of the computer and the digital plotter.
Earlier studies used a Y4-in (6-mm) microphone. The
presentstudy utilized a ¥5-in (3-mm) microphone. The
high-pass filter is used to exclude extraneous noise at
frequencies below the range of interest. The FFT ana-
lyzer shown captures in digital-format 1024 data points
of the pressure—time traces sensed by the microphone.
These data are then transferred to the computer for
permanent storage. The frequency response of the sys-
tem is shown in Fig. 5.
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Fig. 3. Reflected pressure—time trace 8, = 10°. (a) Before
windowing. (b) After windowing.
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4 MEASUREMENT RESULTS

4.1 Incident and Reflected Waves

Fig. 6 presents a typical result showing the incident
wave and the reflected wave from a flat panel. The
microphone location for the measurement was at 30°
(see Fig. 2), which corresponds to the center of the
specular reflection zone. The measured spectrum of
the incident pulse is shown in Fig. 7. The spectrum of
the incident pulse, which has a duration of about 18
ps and which approximates an N wave, is expected to
have a maximum near 45 kHz. The rolloff of the spec-
trum shown is a characteristic of the pulse described;
however, a portion of this rolloff above 70 kHz is due
to the response of the microphone, which for reasons
discussed earlier is used with the incident sound wave
grazing the microphone diaphragm.

4.2 Diffracted Waves

Locating the measurement microphone out of the
specular reflection zone or in the shadow zone produces
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Fig. 4. Instrumentation diagram.
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Fig. 5. Measurement system frequency response.
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some interesting results. The first result is that there
are always two waves. These two waves are associated
with diffracted energy from the panel edges. In optical
and acoustical work they are generally referred to as
edge waves. The second point of interest is that the
two waves are 180° out of phase with each other. An
example of this is shown in Fig. 8 using the 0.05-m-
wide flat panel with the microphone at 45°. The sep-
aration between the edge waves is 34.4 s, which will
be shown later to correspond to expected travel time
difference between the panel edges. The out-of-phase
relationship is explained from optical theory and is
discussed in a later section.

4.3 Transfer Functions
4.3.1 Panel Width

The measured transfer functions for the four flat panels
with different widths are presented in Fig. 9. The angle
of incidence on the panel was 30°. The microphone
was located at an angle of 30°. Recall that this micro-
phone location is the center of the specular reflection
zone.
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Fig. 6. Typical pressure—time trace of direct and reflected
waves. 9;, 8, = 30°

T
T
+

RELATIVE SOUND PRESSURE LEVEL (dB)

-

0 10 20 30 40 50 60 70 80 90 100
FREQUENCY (kH2)

Fig. 7. Measured spark source spectrum. Measurement dis-
tance 0.61 m.
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The results shown here agree qualitatively with the-
ory, that is, for the two larger panels the transfer function
is near 0 dB. The term “larger” used here is in reference
to the wavelength. For example, at 10 kHz the wave-
length is about 0.04 m. At this frequency, therefore,
the 0.1-m and 0.15-m-wide panels are several wave-
lengths wide. The oscillations above and below 0 dB
for the large panels are also predicted by theory. When
the panel width is not large relative to a wavelength,
then the transfer function is expected to decrease. The
0.025- and 0.05-m panels show this expected charac-
teristic.

4.3.2 Panel Type

Fig. 10 compares the measured transfer functions
for three different types of panels of the same outside
dimensions. The angle of incidence and the measure-
ment angle were held constant at 30°. The variable
here is the panel type. Again, the flat panel oscillates
near 0 dB. The curved panel, on the other hand, has a
lower amplitude transfer function. However, it exhibits
a more uniform frequency response. A calculation of
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Fig. 8. Edge waves measured in shadow zone of a reflecting
panel. 8; = 30°%; 0, = 45°.
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Fig. 9. Transfer function versus panel width. 6;, 8,, = 30°,
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also of frequency. The oscillations of the transfer func-
tion about 0 dB correspond to the changing number of
zones intercepted by the reflecting panel when frequency
is varied.

5.2 Edge Wave Effects in the Shadow Zone

A discussion of the edge waves noted earlier is fa-
cilitated by reference to diffraction theory found in
optical textbooks. In general, diffraction theory in optics
is developed utilizing slits and apertures. The exper-
iments presented in this paper utilized reflecting surfaces
instead of apertures. It turns out, however, that the
experiments performed using reflecting panels have a
corresponding counterpart in terms of apertures. The
concept presented here is borrowed from Rayleigh [4].
Fig. 14(a) illustrates the experimental scheme used for
this paper. Sound waves from source S are reflected
from the panel to the microphone at M. Diffracted waves
are generated at edges A and B of the panel. The image
of source Sy is S;, located as shown. Rayleigh shows
that if the sound source is moved to the location of the
image source S; and if the rectangular reflecting panel
is replaced by a rectangular aperture of identical di-
mensions, and if further, an infinite baffle is placed
around the aperture, then experiments performed in
the modified condition produce results that are identical
to those of the original scheme. The modified scheme,
which is the complement of the measurement scheme
used in this work, is shown in Fig. 14(b) and is typical
of the situation utilized in optical experiments. Hence
the results presented here can be compared or discussed
using optical theory. This result is not surprising. Inter-
changing concepts in optics and acoustics is not a novel
approach.

Returning to Fig. 14(b), theory shows that edge waves
radiated into the shadow zone are generated at edges
A and B. The edge wave radiated into zone A from
edge A is referred to as an inflected wave, while that
from edge B is referred to as a deflected wave. Similarly,
in zone B the edge wave from edge B is an inflected
wave and the edge wave from edge A is a deflected

| ] It | | | | | 1
1 i -1 T 1 T T T |

PANEL: 005 X 0.61 METERS, FLAT

+10.1 4

TRANSFER FUNCTION (dB)

0 10 20 30 40 50 60 70 80 90 100
FREQUENCY (kHz)

Fig. 13. Transfer function versus measurement angle. 6; =
30°.
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wave. It turns out that the two edge waves radiating
into the shadow zones are out of phase with each other
by 180°. This stems from the result that the inflected
wave suffers a retardation of one-eighth of a wavelength
with respect to the undisturbed wave (that is, the wave
in the specular reflection zone) and the deflected wave
suffers a retardation of five-eighths of a wavelength.
This difference translates to a one-half-wavelength re-
tardation of the deflected wave with respect to the in-
flected wave, or a 180° phase difference. A clear pre-
sentation of this phenomenon is given by Meyer [5].
In terms of arrival sequence into the shadow zone, the
geometry of Fig. 14(b) shows that the inflected edge
wave will always arrive earlier than the deflected wave.

In order to check the validity of this concept, mea-
surement of the difference in arrival time between the
two edge waves was performed and compared to the
expected difference based on the geometry of the mea-
surement setup (see Fig. 2). An example of edge waves
produced by two different-width panels at the same
measurement angle is shown in Fig. 15. The computer
was used to expand the horizontal time scale so that
time differences could be measured from the plotted
data. A comparison between the measured time dif-
ferences between the two edge waves and the calculated
values for two flat panels is shown in Fig. 16. The
relations used to calculate the transit time differences
between the two edge waves are presented in the Ap-
pendix. The lack of measured time differences in Fig.
16 in the specular reflection zone areas does not imply
that edge waves are not present, only that the direct
wave whose amplitude is so much greater does not
allow them to be detected.

The preceding discussion and results can be used to
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Fig. 14. Complementary experimental setups.
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a transfer function which has an amplitude that is less
than that of a flat panel of similar size. However, this
deficiency is balanced by a greatly increased specular
reflection zone over which relatively smooth wide-band
reflections are exhibited.

3) The segmented panel measured resulted in a
transfer function that exhibited a lower amplitude and
a nonuniform frequency characteristic. This nonuni-
formity is the result of numerous edge effects similar
to those discussed in this paper.

4) Measurement locations which are outside the
specular reflection limits of reflecting panels exhibit
transfer functions that are small in amplitude and non-
uniform with frequency due to interference effects.

5) Panels used in auditoriums to provide early lateral
reflections should be designed to provide uniform re-
flection characteristics of full bandwidth in order to
avoid coloration of the reflected sound.
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APPENDIX
EDGE WAVE TRANSIT TIME DIFFERENCES

The relationships used to calculate edge wave transit
time differences are derived from the geometry shown
in Fig. 18. The transit time from source S to receiver
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M via edge A is T5. The transit time from source to
receiver via edge B is Tp. the transit time difference
is defined here as

L, + L Ly + L
Ta = Tp = = - =— ()

where c is the velocity of sound. From Fig. 18 we have

L=y +x )
but
y? = L% cos® & 3)
2
d
x? = (Li sin 6; — E) ) )

Substituting Eqs. (3) and (4) into Eq. (2) and simplifying
leads to

2 1/2
L, = (L% — Lidsin §; + 7) . (5)

Similar derivations for L3, L, and Ls lead to the following
equations:

2 1/2

Ly = (L% + Ld sin 0, + ;) (6)
2 12

Ly = (L% + L,d sin ; + T) )
d2 1/2

Ls = <L% — Lid sin 0, + T) . (8)

In deriving Eqs. (6) and (8) use is made of the identity
cos B = cos (90° — 0,) = sin 0, . )
The equations for Ly, L3, L4, and Ls are used in Eq.

(1) to obtain the values for the transit time differences
presented in this paper.
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