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ABSTRACT

A widely used experimental version of the acoustic monopole
consists of an acoustic driver of restricted opening forced by a dis-
crete frequency oscillator. To investigate the effects of forward
motion on this source, it was mounted above an automobile and driven
over an asphalt surface at constant speed past a microphone array. The
shapes of the received signal were compared to results computed from
an analysis of a fluctuating mass type point source moving above a
finite impedance reflecting plane. Good avreement was found between
experiment and theory when a complex normal impedance representative
of a fairly hard acoustic surface was used in the analysis. Nonuniform
motion of the source was also considered by analyzing the monopole
moving with constant 1inear acceleration in free space. Computation
of the observed signal indicates that deviations from the constant
velocity case may be significant only at rather large values of

acceleration.

INTRODUCTION
Over the past few years, a considerable effort has been made
by many investigators to understand the effect of source motion on
noise generation and propagation. Information on some of these effects
can be obtained by looking at the simplest of noise sources, the point
monopole. This report presents the results of an experiment in which

a sma]] monochromatic source, which behaves like an acoustic monopole

RN
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when stationary, is moved at a constant speed over an asphalt surface past

stationary microphones. Also reported is an analysis of the monopole

moving above a finite impedance reflecting plane. The theoretical and

experimental results are compared for different ground to observer heights,

source frequencies, and source velocities. A computation of the effects

of source acceleration on the noise radiated by the monopole is also

presented.

SYMBOLS

Measurements and calculations were made in U. S. Customary Units.

This paper presents physical quantities in the International System of

Units (SI) with the equivalent values in U. S. Customary Units given paren-

thetically.

~
]

= =X
1

~acceleration due to gravity

source acceleration

parameters defined in equation (20)
speed of sound in air

reflection coefficient

reflection coefficient in Fourier transformed Lorentz
space

source frequency

distance between source and reflecting plane

wave number, w/c

wave number components in transformed Lorentz space
source Mach number, U/c

acoustic pressure

source strength function
REPRODUCIBILITY OF ‘1l
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Xs Y»
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Subscript L

magnitude of source strength

soutce to observer distance

convection modified source to observer distance (eq.

source position function
time

source velocity
cartesian coordinates
observer coordinates

ratio of normal impedance to characteristic
impedance of air, z/pc.

(1 - M) 1/2
Dirac delta function
normal impedance of reflecting plane

angle between direction of motion and line
joining source to observer.

density of air

source to observer distance at closest approach
retarded time

acoustic Vé]ocity potential

angular frequency

Laplacian operator

wave operator

denotes Lorentz space

Prime (') denotes derivative with respect to retarded time, t-r/c

12a)

B X e



EXPERIMENT

The experimental source was similar in design to that used in
other investigations (1, 2, 3). It consisted of a 60 watt acoustic
driver necked down to a 1.52 cm (1/2 in.) diameter tubular opening.
When driven by an oscillator at a discrete frequency, the output of
this source consists of tones at the oscillator frequency and its
- harmonics. By appropriate filtering, the measured signal consists
" essentially of a discrete frequency.

This source possesses the well-known characteristic of radiating
approximately uniformly in all directions in a stationary medium as long
as the wave length of the sound is considerably larger than the tube
diameter. Since its physical operation consists of a time rate of_
introduction of mass, it corresponds to an acoustic monopole.

Although the radiation pattern of the experimental source in a
stationary medium is easily measured, its behavior when relative motion
exists between the medium and the source is not readily determined. It
has been assumed by previous investigators (1,3) that the generation
characteristics are unchanged by this motion. Hence an experiment was
designed to test the assumption that the source does radiate in the
expected manner. This experiment deals with the effects of motion
on source directivity changes rather than on source output level
: changes.

Thé source was positioned 7.9 m (26 ft.) from the ground above

an automobile via a guy wire supported mast (fig. 1). An oscillator
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located in the trunk of the vehicle excited the source at a frequency
of either 1230 Hz or 2310 Hz. The automobile was driven at constant speeds
ranging from 13.4 to 44.7 m/s (30 to 100 mph) which were recorded on a strip
chart within the vehicle. Sideline microphones were located at a closest
approach distance of 11.0 m (36 ft.) and positioned 3.05 m (10 ft.) and 6.10
meters (20 ft.) from the ground surface. The experiment was performed on
an aircraft runway consisting of a 16.5 cm (6.5 in.) asphalt surface on
top of a concrete foundation. Figure 2 gives a schematic of the experimental
setup.

The pressure signals were measured with 1.3 cm diameter (1/2 ‘in.)
condenser microphones and recorded on magnetic tape. In both the recording
and reproduction stages the data were passed through a band pass filter
set to pass all the frequency components possible due to the Doppler
effect on the oscillator frequency. The analog tapes were digitized
at the rate of 10,000 points per second.

The oscillator frequency was set to an accuracy of + 1 Hz. Vehic]e
speed varied by no more than + 0.5 m/s (+ 1 mph) over the test zone.

The frequency response of the recording and analysis system was

estimated to be flat within + 0.5 dB over all frequencies of interest.

ANALYSIS OF A MONOPOLE WITH CONSTANT VELOCITY ABOVE A FINITE
IMPEDANCE REFLECTING PLANE

For the monopole of angular frequency « and strength 9, moving
with constant velocity U in the x direction at a distance h above

the x-z plane (fig. 3), the propagation is governed by:




Qv 6y, 2 t) =~ gt s(x-Ut) s(y-n) 8(z) (1)
2
where CJZ is the wave operator, V2- %2 i;i', and ¢ 1is the acoustic

velocity potential. Specifying the x-z plane to be a locally reacting
surface of normal impedance <z, the velocity potential must satisfy the

condi tion:

(j% %%5- z ég)lp(x, Y, 2, t) =0 at y=0 (2)

where
Z=1¢g /pc.

The equivalent stationary problem is obtained by utilizing the Lorentz

transformation:
X = YZ ( x - Mct)
Y= vy (3)
z) =z
t = yz (t - -CM-X)

where M = U/c and y = (1-M2)~1/2. This transformation reduces (1)

to

DLZ 1 ‘(XLs .yLs ZL’ tL) = - Y2 qoe'ith 5(XL)d(yL-hL)6(ZL) (4)

where hL = vh, and the boundary condition to

192 _yd__Z 2_ - -
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Utilizing a Fourier transformation on the spacial variables a solution

to (4) is easily shown to be

@

UJ(X,.Y,Z,t)= 7 (6
L Y 2 o) AR IR 6)

00

where k = w/C and the Kj are the wave number components in the coordinate é
directions of the transformed Lorentz space. This solution corresponds to

a decomposition of the radiation from a point source located at (O, hL’ 0)
in Lorentz space into a system of plane waves rebresented by the exponential
of the integrand. To satisfy the boundary condition (5) a system of waves
corresponding to an image source at (O, -hL, 0) and modified by a reflection

coefficient, fﬁ, is added to this solution. The total field is then

given by

oo

vPa e Wt f dK dszK3
(2m)3 K]

w(x,y,z.,t)=
L 7L L L ), +K32-k2

y [;-i(K1xL+K2 (y-h) * Ky z)) + T e "(leL‘Kz(yL+"L)+K32L{] )

Substituting this into the boundary condition gives the reflection coefficient

as:
K K
2 1
oy z2-v(1- M5 (8)
R K2 K1
JA X + Y('l - M T)

Equations (7) and (8) give the exact solution for the velocity potential

in the Lorentz coordinates. The first term in the brackets corresponds

A i M LS, PR—
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to the direct radiation from the source and is easily evaluated. However,
the second term, representing radiation from the image source modified
by the reflection coefficient, cannot be evaluated analytically. Hence,
an approximation is obtained in a manner analogous to that presented
in reference 4 (page 371). This approximation will be valid as long as
the observer is not closer than a half wavelength to the surface. Noting
that Kj/k corresponds to the cosine of the angle between the j-axis
and the line from the image to the observer, the approximation for the

velocity potential is:

'"Yzqoe'lth ke ik
b (X ¥ 2y t) F S T g L (9)
L L L L A . R,
m 1 2
where
- 2 2, 24172
r] [XL +(‘yL-hL) +Z~L ]
- 2 2. 24172
ro = [x “+(y +h )7+2 "] (10)
X Yy, th
Z-—l— -y (1 -M L L)
¢y = —2
R

X Yy, th
Z__L_+-Y‘-| _ML L)
r2 )

‘ Transforming back into the physical plane and specifying the observer to be located

t (0, Yor 2 ) gives

o

4y [ o iwf(t-Ry/c) ioy? (t-R
lp(0 yo’ ZO’ t) 4,n (e R] ] + CR e Y'—;Z 2/C) ('l])

- [(Mct)’-’+ (1‘%2 +($ﬂ) 2] e (12a)

; where
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N
n

[(Mct)2 ; (Y.g;f‘.)z + (:_0)2] . (12b) 9

L Hgt) - v (RytMect) (12¢)

R a(ygrh) + v% (Ry#éet)

Note that if the Mach number is set equal to zero the reflection coefficient

reduces to yo+h |
A v
2
CR = —_— (13)
yo+h
2t
2

which is the result one obtains for a stationary source. Hence, the

effect of source motion is to introduce a convection term into the

reflection coefficient. This convection term in equation (12) is seen to

be more important for small values of impedance and small incidence angles

(R2>>yo+h), and increases in significance as the source velecity increases.
The acoustic pressure is obtained in the usual manner from the

velocity potential by

(0,555 2,5 t) |
P (0, ¥y 2,t) = - p 5T (14)

ANALYSIS OF THE POINT SOURCE IN LINEAR MOTION IN FREE SPACE

To determine the extent of acceleration effects, linear source
motion in the absence of a reflecting plane was considered.

The propagation of sound from a point source moving with arbitrary

velocity along the x-axis is governed by
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O%(x, v, 2, t) = - q(t) s(x-s(t)) sly) s(2) (15)

where s(t) is the source position function. The free space solution

is easily obtained by the procedure described by Lowson (5) as

LA = (?'- Mcose) (16)
where each of the variables g, r, M, and 6 are evaluated at the retarded
time t - r/c. Here r is the source to observer distance, M 1is the
instantaneous Mach number, and 6 1is the angle between the direction of
motion and the line joining source to observer.

Solving the acoustic pressure from equation (14) yields:

= P 1 M'cos 6 Mc(cos6-M
p=- g +q +q
4nr(1-Mcose)2 (7-Mcos6) r(1-Mcosé (17)

where the primes denote derivatives with respect to retarded time and again
all variables are evaluated at this time.

This solution is equivalent to the result given by Lowson (5)
for the solution to the wave equation for perturbation density of a moving
source representing a single time rate of introductidn of mass. This
equivalence is rgadily seen by a time differentiation of equation (5).
(A good description of the subtleties in the mathematical specification
of moving poinf sources is given in reference (5).

For a discrete frequency the source function becomes:

- 9(8) = qge ™ (18)
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Evaluating the rms value of the pressure from (17) and normalizing
by the rms 'pressure due to this same source radiating at the constant

distance o from the observer yields

Prme _ _sing > (1+ Bz) 1/2 o
p . -
rmsstationary (1-Mcos6)
where

B = A + D

_ _Mcose + SMsing(coso-M) (20)
w(1-Mcos8) wo(7-Mcose)
For a constant acceleration, a, of the source,
M' = a/c (21)

It is evident that A is zero for the constant velocity source whereas
D is zero only for the stationary source. To determine the significance
of B in (19), let the parameters to be restricted to conditions that include

most cases of practical interest as follows:

Then, using ¢ = 340 m/s,

~ac0s0 a
l A ) " lcw(]-Mcose)} = cwt-M)| < 0.01
| = |cMsing(cose-M)
’ B \ wo(T-Mcos® )—- < 0.0 ‘
Hence

(1 + 82)1/2 “5{1 s ([A] + ;n|)2]‘”2 < 1.0
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Thus, under the conditions (22), the effects of motion of the source
on +he observed pressure can be represented to within an error of less

than 1 percent by

Prms - sind 5 (23)
P -Mcos®
rmsstationary (1-Mcos6)

RESULTS

To investigate the effects of motion on the experimental point
source and the extent to which the observed signal can be predicted
analytically, various comparisons of the time histories were made.

These comparisons are shown in figures-4-9, in which the mean square
pressure in dB is plotted against the normalized time Ut/oc, where U

is the source velocity and o 1is the closest approach distance. The
analytical mean square pressure was computed at discrete points in time
from equation (14), whereas the experimental values were obtained by
averaging the digitized data over a time interval corresponding to a
given increment in the source travel distance. The comparisons below
include the effect of analysis time on the perceived results, the effects
of varying source frequency, source velocity, and observer height, and
the dependence of the computed results on ground impedance.

To see the effect of analysis time on the observed signal, one of
the experimental time histories was analyzed using t%ree different
analysis times. In figure 4a, each plotted point corresponds to 1.52
centimeter of source travel distance (1.4¢ cm/print), whereas 10.7 cm/point
and 152 cm/point were used in figures 4b and 4c, respectively. Each of

the first two curves show the pattern of alternate reinforcements and
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cancellations caused by the reflected wave, although the magnitudes
of the cancellations are seen to differ by as much as 10 dB between the
two curves. (The same phenomena was obtainable with the theoretical
results when different time intervals between computed points were
used.) This not unexpected fact illustrates that little information
about the reflected wave from an acoustically hard surface can be obtained
from a consideration of the magnitude of the cancellations. Figure 4c
shows that the details of the reflection process are lost if the analysis
time is not chosen small enough.

A comparison of the theoretical and experimental results is given
in figure 5. The time interval between computed points for all the
theoretical curves presented was chosen to correspond to 10.7 cm/point.
Superimposed on each of these curves is the signal that would be received
in the absence of the ground surface, obtained by using a value of zero
for the reflection coefficient. The value chosen for the normalized
ground impedance in the theoretical curve of figure 5 was 2 = 4 - i4,
a value indicative of a fairly hard ground surface. One can see a good
agreement between the curves both in shape and in the time intervals.
between the alternate reinforcements and cancellations.

Computations showing the effect on the observed signal due to
varying ground impedance are given in figure 6. The two curves show
the fact that the magnitude of the reinforcements and cancellations
increase with the magnitude of the ground impedance. Although not shown

here, computations using smaller values of impedance give the same

1
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trend, with some minor variations in the shape of the signal at very
small impedance. However, the differences in the computed results are
not significant enough to enable a quantitative determination of the
impedance of the experimental surface by comparison of experiment and |
theory.

Figures 7 and 8 show the effect of varying ground to observer
distance and source frequency, respectively. Decreases in the time
interval between successive reinforcements and cancellations are seen to
occur in both the theoretical and experimental results with increasing:
ground to observer distance and increasing frequency.

The effect of souice velocity can be seen in figure 9. Since the
time axis has been normalized by using the velocity, the shapes of the
observed signal are the same. (The erratic nature of the experimental
curves with increasing velocity is due to a smaller analysis time being
used as the velocity increases.)

Many of the above results are quélitatively predictable from a
simple consideration of the time and length scales involved. The purpcse
of the comparisons presented is to show the good agreement in the shapes
of the experimental and theoretical results. This agreement gives
credence to the assumption that the experimental source indeed radiates
in the same manner as a theoretical monopole in motion.

The effects on the observed signal due to constant linear
acceleration of the theoretical monopole were determined from
equafion (23). Figure 10 gives the observed pressure vs. the source
to observer angle at the emission time for a Mach number at closest

approach equal to 0.9. The maximum differences from the constant



15
velocity case correspond to about 3 dB at an acceleration of 10g and
less than 0.5 dB at an acceleration of 1g. These maximum differences
are found to be half these amounts for a closest approach Mach number of

0.3.

CONCLUSIONS

Effects of forward motion on acoustic generation and propagation
were investigated using a point monochromatic source. An experimental
source, which radiates like the theoretical monopole when in a stationary
environment, was put into motion and comparisons were made between its
acoustic radiation and that of the moving theoretical monopole. The
effects of source acceleration were also considered in the analytical
investigation. The following conclusions can be made from the results:

1. The comparisons of the shapes of the measured and computed
pressure signals indicate that the experimental source does retain its
monopole chafacteristics when relative motion exis*=x between it and
the surrounding medium.

2. The magnitude of the cancellations due to interference between
the direct and reflected waves is very sensitive to the time interval
used in the analysis. Hence, little information about the refiected wave
from an acoustically hard surface can be obtained from a consideration
of these cancellation magnitudes. Although the results are for a discrete
frequency source, the same conclusion applies to narrow band analysis
of nonstationary random noise.

3. The theoretical analysis of the monopole moving at constant

velocity yields a convection term in the relationship between the reflection
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coefficient and ground impedance. This modification to the reflection
coefficient of the stationary case is seen to grow in importance with
increasing source velocity and incidence angle.

4. Computations of the observed signal from a theoretical
monopole accelerating at subsonic speed show that differences from the
constant velocity case become signficant only at rather large values of
acceleration. Hence, in most practical situations, the effects of

acceleration on the received signal can be neglected.
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POINT SOURCE

Figure 1.- Moving point source experiment.
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