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SUMMARY

A prototype four-element end-fire microphone array was designed and built
for evaluation as a directional acoustic receiver for use in large wind
tunnels. The microphone signals were digitized, time delayed, summed, and
reconverted to analog form in such a way as to create a directional response
with the main lobe along the array axis. The measured array directivity
agrees with theoretical predictions confirming the circuit design of the
electronic control module.

The array with 0.15 m (0.5 ft) microphone spacing rejected reverberations
and background noise in the Ames 40- by 80-Foot Wind Tunnel by 5 to 12 dB for
frequencies above 400 Hz.

NOTATION

c speed of sound

d .Microphone spacing, cm (ft)

dB decibel

f frequency of sound

U wind speed, m/s (f/s)

a directivity angle relative to array axis

X acoustic wavelength

INTRODUCTION

Various directional acoustic receivers are being developed for measuring
noise in the Ames 40- by 80-Foot Wind Tunnel. These receivers are needed to
discriminate between the desired acoustic signal and the reverberant and
background noise in the wind tunnel. Ideally, sound close to that which would
be obtained in anechoic space could be measured by pointing a directional
receiver having low sensitivity to wind across the wind tunnel at the source.
This would alleviate masking of aircraft noise by a) reverberations due to a
closed hardwall test section, b) background noise from the wind tunnel fans,
and c) microphone wind noise.

A linear end-fire* array of microphones is one such directional receiver
being evaluated. Each microphone signal is delayed and summed with the other
microphone signals so that sound waves traveling down the array axis sum in
phase and sound waves off axis sum out of phase, tending to cancel. For
ordinary end-fire operation the signals from microphones 1, 2, 3, and 4

*An end-fire array has the main directivity lobe along the line of ele-
ments as opposed to a broadside array which has the main lobe perpendicular
to the line of elements.



(fig. 1) are delayed 0, t, 2t, and 3t seconds, respectively, where t = d/c
is the time for sound to travel between microphones.

Microphone arrays are antennas, the general theory of which has been
well developed (refs. 1-3). Microphone arrays have been used widely in
underwater acoustics (refs. 4-5). Both General Electric Co. (ref. 6) and
the Boeing Co.* have used broadside arrays to measure jet engine noise.
Reference 6 has an excellent discussion of the various types of linear arrays
which could be used specifically for acoustic measurements.

INSTRUMENTATION AND APPARATUS

The array was comprised of four omnidirectional microphones (B&K model
4133) mounted to a 2.54 cm (1 in.) diameter pipe as shown in figures 1 and 2.
The microphone signals were input to the electronic control module which
digitized, delayed, summed, and reconverted the signals to analog form. The
data were then analyzed in third-octave bands. Delay of each channel from
0 to 10 milliseconds in 1 microsecond steps could be chosen by the operator.
It was discovered that 10 microsecond steps would have been sufficient since
smaller delay affected signal summation only when the microphones were spaced
impracticably close together. The control module was made entirely with inte-
grated circuit components. Design details of the control module will be
published in a report on the development of an eight channel array.

TESTING AND PROCEDURE

Directivity response was measured in an anechoic chamber by rotating the
array on a turntable 4 m (13 ft) from a fixed loudspeaker. Proper delay for
ordinary end-fire response depends only on the time of wave propagation from
one element to another, not frequency, and was chosen in such a way that sound
waves traveling along the array summed in phase. The array was also operated
without delay resulting in a broadside directivity response.

The array was tested in the 40- by 80-foot wind tunnel at test section
speeds of 0, 18, and 28 m/s (0, 58, 92 f/s). The array was aimed at a horn
driver mounted near the center of the test section 6.7 m (22 ft) away as shown
in figures 2(a) and (b). The omnidirectional microphones with nose cones were
pointed into the wind for low wind noise. The source was driven with octave
bands of pink (random) noise. The electronic gain of the array output was
removed from the data so that the array response at a = 00 would have been
equal to that of an omnidirectional microphone with both devices in anechoic
space. The effect of wind speed on wave propagation time was not incorporated
in the time delays used, resulting in some erroneous high frequency array data
which have been omitted.

RESULTS AND DISCUSSION

Figures 3(a)-(c) show the directivity pattern of the array measured in
an anechoic chamber for various values of d/X (ratio of microphone spacing
to acoustic wave length). Microphone spacing was 15 cm (0.5 ft). As
expected, the array performance depended on the ratio d/X. Figure 3(d) shows
that the same directivity resulted for two different spacing (15 cm and 30 cm)

*Conversation with Jack O'Keefe, the Boeing Co.
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as long as d/A was unchanged. The measured directivity agreed fairly well
with theoretical predictions based on reference 1 as shown in figures 3(b)
and (f). The best directivity resulted when d/X was in the limits of
0.35 5 d/X 5 0.88. Above that limit side lobes grew (high frequency) and
below that limit the main lobe broadened (low frequency). Therefore, if the
measured frequency doubles, the spacing should be changed (for this prototype)
to maintain an optimum value of d/X. A nonuniform spacing of 15, 30, and
46 cm (0.5, 1.0, 1.5 ft) between successive microphones resulted in the direc-
tivity pattern shown in figures 4(a)-(c). The directivity for the nonuniform
spacing was no better than that resulting from 30 cm (1 ft) uniform spacing
(fig. 3(d)) and has a main lobe with larger side lobes than was measured with
a 15 cm (0.5 ft) spacing (fig. 3(b)).

Figures 5(a) and (b) show end-fire response compared to broadside response,
the latter response resulting when signal delay was zero. The broadside was
more directional than end-fire as expected (ref. 6), but the back lobe was as
strong as the front lobe. Since the main lobe of a broadside array is disc
shaped, sound is accepted equally well from the front, back, above, or below.
This is a disadvantage in a reverberant space such as the 40- by 80-foot
wind tunnel and must be compensated for by using directional microphones or
a cross of two arrays which would still have a back lobe (ref. 7). An end-
fire lobe, on the other hand, is shaped like a flashlight beam.

Since much aerodynamic noise is broadband and unsteady, array directivity
was measured with the loudspeaker driven by a random noise generator. Figure 6
shows that with random noise filtered in octave bands, the valleys between
minor lobes were eliminated. Since the microphone spacing was fixed, the dif-
ference in frequencies between the low and high ends of the octave band
correspond to a doubling of d/X. As mentioned above, a doubling of d/A
necessitates a change of microphone spacing. To achieve optimum directivity,
therefore, broadband noise should be filtered in third-octave bands or
narrower and spacing should be adjusted for the desired frequency so that d/A
is kept within proper limits. If the directivity of figure 6 is acceptable,
octave bands can, of course, be used. The dependency of directivity on fre-
quency, and hence d/X, is related to the phase cancellation of off-axis
sound. The on-axis sound always sums in phase regardless of frequency or
frequency band.

Figures 7(a)-(h) show the results of array acoustic measurements in the
40- by 80-foot wind tunnel with and without forward speed compared to the
output of an omnidirectional microphone. Both receivers had equal sensitivity
in the direction of the source (a = 0). The array was successful in reject-
ing a substantial amount of reverberation and background noise when aimed at
a horn driver in the test section. The source was driven by octave bands of
random noise, one band at a time. The source noise at 1000 Hz was partially
masked by background noise due to wind tunnel operation, but the 2000 and
4000 Hz noise was greater than background levels. The data show that the
array rejected 5 to 7 dB of noise in the frequency bands in which the source
was operating. In most cases, the array measured the same source noise level
wind on and wind off. Since previous studies (ref. 8) showed that source
reverberations in the 40- by 80-foot wind tunnel at the array distance are
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approximately 5 to 7 dB above the direct field, figures 7(a)-(h) indicate that
the array was measuring free-field noise levels of the horn driver. However,
this result was not verified since a free-field calibration of the horn driver
was not made.

The noise rejection of figures 7(a)-(h) is summarized in figures 8(a)-(h)
as plots of AdB versus frequency, where

AdB = dB array - dB omnidir. microphone (algebraic subtraction)

The noise outside the frequency bands in which the source was operating was
due to wind tunnel fan noise and microphone wind noise. The array rejected
5 to 12 dB of this noise over a surprisingly large range of d/X(0.18-3.53).
This result can be attributed to the fact that 1) on-axis sound sums in phase
regardless of d/X, and 2) side lobes have less effect in a reverberant space
than figures 3(a)-(i) suggest since it is the response integrated over a
sphere which determines rejection, not just relative amplitudes of side lobes.
Rejection was especially good at frequencies above 400 Hz, but the array was
too short to effect low frequencies. Longer arrays with more microphones
should reject noise at lower frequencies. Also, noise rejection by an array
would be better if directional microphones such as the one described in
reference 9 are used instead of omnidirectional microphones.

The amount of microphone noise due to wind in these experiments was not
determined. However, the relative response of an end-fire to wind-generated
microphone turbulence compared to the response to sound waves can be predicted.
Figure 9 shows such a response assuming microphone wind noise sums incoher-
ently (3 dB for each doubling of the number of microphones) and sound waves
add coherently (6 dB for each doubling of the number of microphones). Wake
impingement from one microphone on another, however, should be avoided.

To see if the experimental results of figures 8(a)-(h) are predictable,
an analysis was performed to estimate how much noise a four-element array
will reject in a reverberant space.

Since antenna transmission is analogous to reception (principle of reci-
procity), it can be assumed for calculation purposes that the array generates
sound. The sound emitted by a source in anechoic space is equivalent in
terms of amplitude and directivity to the sound received in a reverberant
space. Imagine the emitted sound pressure levels integrated over a sphere
surrounding a directional array (i.e., the sound power) in anechoic space
compared to the sound power of an omnidirectional source adjusted to give the
same pressure level as the array along the array axis (a = 00). Obviously,
the omnidirectional source would emit the greater sound power by some amount
AdB. Due to the principle of reciprocity, it follows that this AdB sound
power is equal to the AdB difference in sound pressure levels measured by
an omnidirectional microphone and a directional array in a reverberant space,
both adjusted to have equal sensitivity at a = 00. Thus, the emitted sound
power levels of the array and an omnidirectional source were calculated in
the following manner.
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The array directivity pattern for 15 cm (1/2 ft) element spacing as
measured in the anechoic chamber was used to represent transmission direc-
tivity. Sound power was calculated using the following relationship (ref. 10):

Lw = Lps + 20 log R + 11 (1)

Lw = total sound power level, dB re 10-12 watt

R = radius of sound measurement locations on a sphere surrounding
the source, meters

Lps = average mean-square sound pressure level over the sphere, dB
re 2x10- 5 N/m2.

Each sound pressure measurement was associated with the proper portion of the
sphere surface area. It was assumed that the sound pressure levels on a
circle around the array were typical of the levels on a sphere around the
array with the array generating sound. The calculated sound power level was
then subtracted from the sound level of an omnidirectional source which
generates the same noise level as the array at a = 00 (i.e., on the array
axis).

Figure 10 shows that the calculated results agree fairly well with the
measured values of noise rejection (data from fig. 8(h)). The differences
between calculated and measured data were probably due to the wind tunnel test
section being semireverberant rather than reverberant as assumed for the
calculations.

CONCLUDING REMARKS

A four-element, digital-delay, end-fire microphone array was evaluated
for use as a directional receiver in large wind tunnels. The array directiv-
ity measured in an anechoic chamber, though modest, agreed with theoretical
predictions. The best directivity was attained with the ratio of microphone
spacing to acoustic wave length, d/X, kept between 0.35 and 0.88.

Despite the limited directivity of a four-element array, the device
rejected 5 to 12 dB of reverberation and background noise (400-10,000 Hz) in
the Ames 40- by 80-Foot Wind Tunnel. Rejection was good with and without
forward speed over a range of d/X from 0.18 to 3.53. Limited data indicated
that the array measured approximately free-field noise levels of a horn
driver 6.7 m (22 ft) away. It is estimated that the array will measure 6 dB
less wind noise than would an omnidirectional microphone.

Although the array performance in the wind tunnel was much better than
that of an omnidirectional receiver, longer arrays with more element are
needed to achieve necessary directivity and low frequency discrimination.
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Figure 2.- End-fire array and loudspeaker in 40- by 80-foot wind tunnel test
section.



(b) Photograph of array.

Figure 2.- Continued.



(c) Photograph of source.

Figure 2.- Concluded.
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Figure 3.- Directivity pattern of four-element array with uniform spacing.
Tone source. Directivity angle is relative to array axis.
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Figure 3.- Continued.
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Figure 3.- Continued.
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Figure 3.- Continued.
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Figure 3.- Continued.
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Figure 3.- Continued.
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Figure 4.- Directivity pattern of array with nonuniform spacing of 15, 30 and
46 centimeters (0.5, 1.0, and 1.5 ft), respectively, between microphones.
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Figure 4.- Continued.
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Figure 4.- Concluded.
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Figure 5.- Comparison of end-fire directivity with broad-side (no delay).
Tone source.
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d /X
I0 .04 .06 .09 .14 .22 .35 .55 .89 1.39 2.21 3.53

0-

AdB

-10

-20 I I I I 1 1
20 50 125 315 800 2000 5000 12,500

12.5 31.5 80 200 500 1250 3150 8000 20,000
One-third octave band center frequencies, Hz

(b) U = 0, 1000 Hz source.

Figure 8.- Continued.



d/x
.04 .06 .09 .14 .22 .35 .55 .89 1.39 2.21 3.53

10 I I

0-

AdB

_10

-20

-10 -I

20 50 125 315 800 2000 5000 12,500
12.5 31.5 80 200 500 1250 3150 8000 20,000

One-third octave band center frequencies, Hz

(c) U = 0, 2000 Hz.

Figure 8.- Continued.



d/X
04 .06 .09 .14 .22 .35 .55 .89 1.39 2.21 3.53

10

0-

AdB

-10 -

-20 I I I I I I I I I
20 50 125 315 800 2000 5000 12,500

12.5 31.5 80 200 500 1250 3150 8000 20,000
One-third octave bond center frequencies, Hz

(d) U = 0, 4000 Hz.

Figure 8.- Continued.



d/X

10 .04 .06 .09 .14 .22 .35 .55 .89 1.39 2.21 3.53

0

AdB

-10

-20 1 I I I I I I I I
20 50 125 315 800 2000 5000 12,500

12.5 31.5 80 200 500 1250 3150 8000 20,000
One-third octave band center frequencies, Hz

(e) U = 18 m/s (58 f/s), 1000 Hz.

Figure 8.- Continued.



d/X
.04 .06 .09 .14 .22 .35 .55 .89 1.39 2.21 3.53

0

0 -

AdB

-10

- 20 I I I I I I I I I I
20 50 125 315 800 2000 5000 12,500

12.5 31.5 80 200 500 1250 3150 8000 20,000
One-third octave band center frequencies, Hz

(f) U = 18 m/s (58 f/s), 2000 Hz.

Figure 8.- Continued.



d/X
04 .06 .09 .14 .22 .35 .55 .89 1.39 2.21 3.53

0-

AdB

-10

-20 L I 1 11 I

20 50 125 315 800 2000 5000 12,500
12.5 31.5 80 200 500 1250 3150 8000 20,000

One-third octave band center frequencies, Hz

(g) U = 18 m/s (58 f/s), 4000 Hz.

Figure 8.- Continued.



d/X
.04 .06 .09 .14 .22 .35 .55 .89 1.39 2.21 3.53

0

AdB

-10

-20 I I I I I I
20 50 125 315 800 2000 5000 12,500

12.5 31.5 80 200 500 1250 3150 8000 20,000
One-third octave bond center frequencies, Hz

(h) U = 28 m/s (92 f/s), 1000 Hz.

Figure 8.- Concluded.



25-

E
S20-
z

I0

C iOn axis sound from

15 -

0

U)

50

I 2 3 4 5 6 7 8 9 10 1 1 12
Number of microphones in array

Figure 9.- Predicted array output in excess of single microphone output.



I0

8

6 0

AdB

4

O Data from figure 8 (h)

2 - Calculated from eqtn. I

I I I I I I I I
0 250 500 800 1000 2000 3000 5000 8000 10000

Frequency, Hz

Figure 10.- Calculated and measured noise rejection of array;
AdB = dBmdr - dBomnidir. mic. array




