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INTRODUCTION

For many years, it has been recognized that sound propagating through a
medium whose properties are variable may be altered in character (ref. 1). 1In
particular, the direction of propagation of the sound and the intensity of sound
received by an observer depend dramatically on the physical properties of the
intervening medium. Various aspects of this phenomenon have been studied by
numerous researchers. For example, Ribner (ref. 2) solved by Fourier analysis
for the refraction of a plane sound wave by a shear layer of zero thickness.
Candel et al. (ref. 3) considered the propagation of an acoustic field in a free
jet by using a high frequency geometric approximation. Howe (ref. 4) evaluated
multiple scattering of sound by frozen turbulent eddies. Much of this work has
been reviewed by Lighthill (ref. 5).

Recently, this problem has again begun to receive attention because of the
increased use of open jet flow facilities for testing aerocacoustic sources.
Of interest are the effects of the shear layer between the free jet and the sur-
rounding ambient medium on the measured intensity, directivity, and spectra of
the noise source when compared to those which would be measured if the source
were in flight. Studies primarily of the required angle and amplitude correc-
tions have been accomplished by Schlinker and Amiet (ref. 6), Ahuja et al.
(ref. 7), and Ozkul and Yu (ref. 8).

Although these direction and intensity changes are the dominant effects of
propagation through a shear layer, a significant frequency distortion has been
observed as well (ref. 9). This phenomenon is the spectral broadening which
becomes apparent when a tonal or narrow-band source is present in the jet.
Sound power which is radiated at a given frequency is perceived outside the jet
as a band of frequencies scattered about the original frequency.

In a recent paper, Schlinker and Amiet (ref. 9) have speculated that this
"frequency scattering"” may be caused by a Doppler shift produced as the sound
traverses convecting turbulent eddies in the flow as if the sound were absorbed
by the eddy and then reemitted from the eddy as a moving source. Superposition
of this Doppler-shifted sound with the "remnant" of the original sound wave
which did not encounter an eddy during its passage would then produce a fre-
quency shift at the observer location, as well as a low frequency modulation of
the acoustic signal.

Although such a model can account for the observed phenomenon, it is unnec-
essary to require an actual Doppler shift in the frequency. An alternate model
can be developed by supposing that a sound wave would merely traverse an eddy,
being samewhat distorted in amplitude and phase by its passage. 1In this case,
there would be no Doppler shift. Such phenomena have previously been described
in the classic works by the Russian workers, Chernov (ref. 10) and Tatarski
(ref. 11), who were primarily interested in propagation of radio waves through
a turbulent atmosphere. The possibility of spectral broadening in this case is
well documented in electromagnetic theory (ref. 12).



In the present paper, we show that the apparent frequency shift observed
in the spectral data can be explained purely on the basis of amplitude modula-
tion by the time variation of the shear layer between the source and observer.
This theory is then supported by experimental data obtained at Langley Research
Center in which no frequency shift can be observed, although modulation is

obvious.

ANALYSIS

Consider the gecmetry shown in figure 1. A source of frequency w, lies
immersed in a flow with axial velocity Ug. (The symbols used in this analysis

Acoustic source

Shear layer

Observer

Figure 1.- Geometry of free-jet acoustic test.

are defined at the back of this paper on p. 23.) Between the source and an
observer situated outside the flow in an ambient region lies a shear layer
through which the axial velocity drops from U, to zero. This shear layer is,
in general, turbulent and thus presents a time-varying medium through which the
sound must propagate to the observer. The question of interest is the effect of
this shear layer on the observed frequency of the sound radiation.

The nonturbulent theory of sound propagation for this geometry (see ref., 9
for an extensive review) would yield no frequency shift, since there is no
relative motion between the source and observer. Thus, if the time dependence
of the shear layer is neglected, the acoustic pressure signal reaching the
obser ver would be

p(t) = A5 cos (wot + )

where the amplitude A, is a constant dependent on the intensity and directiv-
ity of the source, the velocity of the flow, and the distance from the source
to the observer; and the phase angle ¢ is a random variable uniformly distrib-
uted over (0,2m) dependent on the choice for the origin of time t. 1In this



case, the expected value of the acoustic pressure can be shown to be zero, and
its autocorrelation depends only on the time difference T, i.e.,

2
AO
Rpp(T) = Elp(t) p(t+T)] = — cos w5t (1)

where E[ ] 1is the expectation operator. Thus, the acoustic pressure is a
weakly stationary random process (ref. 13) whose power spectral density consists
of two delta functions:

Ag2
W) = —[8(wwy) + S(wtwp) ] (2)
4

as shown in figure 2. For future reference, note that the power of the acoustic
signal at the observer is

A2

Elp?(t)] = Rpp(0) = — (3)

S (w)
P

2
4+ A /4
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—0) w
] ]

Figure 2.- Power spectral density of observer signal for
time-independent flow.

Consider now the effect of the time dependence of the flow on sound radia-
tion fraom this source. It is assumed only that the source impedance is such
that the time dependence of the flow does not alter the fundamental frequency at
which the source radiates and that the acoustic pressure received by the observer
is at least a weakly stationary random process. The latter assumption is, of
course, generally made in the analysis of such data and is an entirely reasonable
expectation for such geometry.



If the time-dependent shear layer produces an amplitude modulation of the
acoustic signal, the acoustic pressure at the observer may then be written

p(t) = A(t) cos (wyt+d)

where A(t), a random process independent of the random variable ¢, represents
the modulating effect of the shear layer on the amplitude of the acoustic wave.
This is a classic random process which many have studied (see, for example,
Papoulis (ref. 13)). Since Schlinker and Amiet (ref. 9) have shown that the
effects of the time variation of the shear layer are small, one should expect
that

E[a(t)] = a4

The expected value of the amplitude-modulated acoustic signal remains zero, and
its autocorrelation is given by

E[A(t) A(t+T)]
Ram(T) = Elp(t) p(t+1)] = . cos wgT (4)

Thus, for the acoustic signal to be weakly stationary, it is necessary and suf-
ficient for the autocorrelation of the amplitude modulation to depend only upon
the time difference, i.e.,

Rp(T) = E[A(t) A(t+T)]

Then,

Rp(T
A( ) Ccos on (3)

Ram(T) =

where it can be seen that the autocorrelation of the amplitude-modulated acoustic
wave is merely a product of the correlation coefficient of the undistorted wave
with the autocorrelation of the amplitude modulation.

Note also that the power in the acoustic signal is now

Rp (0)

Elp2(t)] = Ram(0) = (6)



If the amplitude modulation does not change the mean amplitude, that is, if we
can write A(t) = Ay + €(t) where E[e(t)] = 0, then

Ra(0) = E[A2(t)] = A2 + E[e2(t)] 2 A2

Thus, by comparing equations (3) and (6), it can be seen that amplitude modula-
tion which does not change the mean amplitude must always increase the power of
the acoustic signal over that of the unmodulated signal. Such amplification of
an acoustic signal by passage through a shear layer has been observed by
Maestrello et al. (ref. 14). The autocorrelation of the modulating process may
then be written

Rp(T) = Ag2 + Rg(T)

which has the behavior shown in figure 3, since R¢(T) approaches Ez[e(t)] =0
as T *» oo,

R (D)

.. N T

Figure 3.- Autocorrelation of amplitude-modulation process.

By introducing the power spectral density of the amplitude-modulation
process,

I -—d

Sa(w) =

N

[e o]
[ Rp(T) e iWT gt
" -0



it can then be shown by noting equation (5) that the power spectral density of
the amplitude-modulated acoustic signal is just

1
Sam(w) = Z[sA(m-wo) + Sp (w+ig) ]

which is the typical spectrum for a narrow-band random process (ref. 13). The
characteristics of this spectrum may be visualized by observing that the fre-
quencies of the shear layer are usually low compared with typical source frequen-
cies (the characteristic frequency of the shear layer is of the order of Uy/%,
where 2 is the thickness of the layer). Thus, the power of the amplitude-
modulation process is clustered about the frequency of zero, with a delta func-
tion at w = 0 due to the large nonzero lag of the autocorrelation, and the
spectral density of the amplitude-modulated acoustic signal appears as shown in
figure 4. Thus, amplitude modulation can produce the observed broadening in the
frequency domain as well as the "remnant" of the original discrete tone noted by
Schlinker and Amiet (ref. 9).

SAM ()

- SA(O)/4

[ _ - — w

- W
(o] (@]

€ +

Figure 4.- Power spectral density of amplitude-modulated
acoustic pressure.

Same readers may be interested in comparing this theory with the effect of
a pure frequency modulation. This comparison is made in the appendix where it
is shown that frequency modulation can produce an acoustic pressure autocorrela-
tion, and thus power spectral density, similar to that produced by amplitude
modulation. Thus, there may be no differentiation between the two on a spectral
basis, and only by observing the time histories can such a characterization be
attempted.
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In the next section, experimental data obtained at Langley Research Center
for an acoustic source in free jet flow are presented. The time histories pro-
duced by this experiment display obvious amplitude modulation, but no apparent
frequency shift. These data are then analyzed to estimate certain properties of
the amplitude-modulation process described above.

DESCRIPTION OF EXPERIMENT
Experimental Setup

The test was performed at the Langley Aircraft Noise Reduction Laboratory
in the Langley Anechoic Noise Facility. PFigure 5 shows a photograph of the tone

Far -field microphones

"L-80-535.1
Figure 5.- Photograph of source in
Langley Anechoic Noise Facility.

source mounted in the anechoic room. Figure 6 presents dimensions pertinent to
the setup. The room is 6.1 m wide, 9.2 m long, and 7.1 m high and has 0.84-m-
deep fiberglass wedges on the floor, walls, and ceiling. The tone source was
sting mounted 1.52 m above the exit plane of a vertical jet. The jet, 1.22 m in
diameter, was driven by a centrifugal fan that is housed in another building.



/— 4&.57-m-radius
microphone arc

1.22-m-diameter
‘ H 1 t T l/_ vertical jet
Figure 6.- Schematic of experimental setup.

The air passes through several muffler sections on its way to the anechoic room.
This design feature minimizes extraneous background noise entering the facility.

One-half-inch condenser-type free-field microphones fitted with sharp noise
cones to reduce unwanted wind noise were secured to a rigid arc that extended
from the floor to the ceiling. The arc was covered with sections of fiberglass
wedges to minimize reflections of the acoustic signal. The microphones were
placed at a constant radius of 4.57 m from the source in 10° angular increments
from 10° to 90°. Except for the top two, which experienced intermittant buffet-
ing by the jet flow, the microphones were outside the flow field.

A cutaway view of the tone source is presented in figure 7. The source was
originally designed to be flown under the wing of an aircraft. As such, it con-
sisted of a high intensity acoustic driver coupled to a long cylindrical tube
and encased in a streamlined fairing. The tube was 30.5 cm long and had a 3.5-cm
inner diameter to match the size of the diaphragm of the driver. This arrange-
ment generated plane waves at the driver frequency. A one-eighth-inch microphone
was flush mounted in the wall of the tube to monitor the source strength. The
end of the tube was covered with a single layer of fiberglass cloth to inhibit
unsteady aerodynamic fluctuations which affect the acoustic source and to
keep the driver and source microphones clean. The cloth is known to have between
80 and 90 percent transmissibility. Any change in the impedance at the cloth
location due to flow would change the standing wave pattern inside the tube. The
source mircophone was closely monitored at all times to ensure no change in the
standing wave pattern, and consequently no change in the radiation efficiency
occurred.,

Flow Field

Unpublished hot-wire and pitot tube surveys of the 1.22-m-diameter wvertical
jet indicated that the jet spread much like a classical subsonic jet with the

8
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ource microphone

L-79-7363.1
Figure 7.- Cutaway view of acoustic source.

potential core extending approximately five diameters downstream. In addition,
the normalized mean wvelocity profile shape for a given downstream station was
independent of the value of centerline velocity and uniform to within 1 or

2 percent.

.20

.1le
.12
'
u /Uc

.08

.04

Typical profiles are presented in figure 8. The acoustic source

z

L.
il

z/D = 0 z/D = 1.50

x/D

Figure 8.- Mean and turbulent velocity profiles at two

downstream locations.



was not in place when these measurements were made. Profiles of both mean jet
velocity U and root-mean-square turbulent velocity u' are shown normalized
by the centerline velocity Ug. One profile presented is for a downstream
position (z/D = 1.50) not far from the tone source. The data show the growth

of the shear layer width and the increase in turbulent intensity from the exit
plane (z/D = 0) to the downstream location. Near the tone source, the turbulent
levels in the core were on the order of 0.5 percent, while in the shear layer,
levels peaked at 18 percent.

Note that with the source in place, there would be an increase in the tur-
bulence level near the jet centerline caused by the wake of the source itself.
The intensity and lateral extent of the turbulent wake, however, would be small
compared with the jet shear layer. Moreover, the analysis presented previously
in this paper is independent of the position of the turbulent region through
which the tone traverses. Hence, the results should not be affected by the
source wake.

Procedure

Tests were conducted at tone frequencies of 2, 4, and 6 kHz and at jet
velocities of 10, 20, and 30 m/s. Data from the nine far-field microphones and
source microphone were high-pass filtered at 1000 Hz and recorded on magnetic
tape for post-test data analysis. Power spectra are presented herein from the
30°, 60°, and 90° microphones and were obtained with the aid of a spectral
analyzer using a bandwidth of analysis of 12.5 Hz. Normalized autocorrelations
of data were calculated using results from a general time series analysis pro-
gram. These calculations are discussed further in a later portion of this

report.

DATA PRESENTATIONS
Time Histories

Figure 9 presents sample time histories of the pressure signals for both
the source and the far-field microphone. The data represent 20-ms bursts at a
source frequency of 2 kHz. Figure 9(a) presents results for no jet flow; fig-
ure 9(b) corresponds to a jet velocity of 30 m/s. For both cases, the source
appears as a nearly perfect sinusoidal function. The jet flow changed the root-
mean-square pressure by less than 0.25 dB. On the other hand, the far-field
microphones show considerable change, due to propagation of the tone through the
shear layer of the jet, Note that the instantaneous amplitude of the tone in
the far field has undergone considerable change, although there is no readily
discernible frequency change. This result provides solid support to the choice
of amplitude modulation as the cause of the spectral broadening observed in the
frequency domain, Additional analysis to follow affirms this conclusion.

10
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Narrow~-band Spectra

Figure 10 presents narrow-band power spectra (12.5-Hz bandwidth) for the
30° far-field microphone at several jet velocities. This particular angle was
chosen so that the tone would traverse a relatively thick part of the
shear layer. The source was radiating at 4 kHz. With no jet wvelocity, the
spectra show a 83-dB spike at the source frequency. The first harmonic is evi-
dent about 31 dB lower. As Jjet velocity increases, the figure shows a gradual
decrease in the tone amplitude and a simultaneous broadening of the spectra.

In addition, broadband flow noise increases with increasing velocity. Measure-
ments taken with the source off and jet on indicate no change in the jet noise

spectra due to the source. The decrease in tone amplitude suggested the occur-
rence of direction scattering of sound to new angles, and the broadening effect
was attributed to Doppler-shifting by the authors of reference 9. In a subse-

quent section of the paper, an alternate explanation is presented.

Figure 11 presents the effects of far-field angle © on the scattered tone.
The data show that the broadening effect occurs at all angles with the largest
effect occurring at 30°. Changes in tone amplitude with angle are not meaning-
ful in figure 11, since the source directivity was not uniform in 6, but slowly
decreased with increasing angle.

Figure 12 presents the effects of tone frequency on scattering. Again,
changes in tone amplitude cannot be compared directly, since the radiation effi-
ciency of the source changes with frequency. There appears to be more broaden-
ing at the higher frequencies; however, the effect does not appear to be
significant. It was found in reference 9 that scattering becomes most signifi-
cant as the ratio of shear layer propagation path to the acoustic wavelength
becomes larger than 10. For the present data with shear layer thicknesses esti-
mated from figure 8, this ratio was less than 5. Hence, any frequency effect
would be difficult to extract from the experimental data.

DATA ANALYSIS

In this section, the data presented previously are analyzed in an attempt
to emphasize the amplitude-modulation effect of the time-varying shear layer.
Note fram equation (5) that the role of the shear layer in the theoretical anal-
ysis can be extracted by dividing the autocorrelation of the acoustic signal by

cos W,T, i.e.,

Ram( T Ra(T)
= (7
cos W,T 2

Unfortunately, the same calculation with the actual experimental data is
not equivalent because the source employed in the experiment did not produce a
pure tone, but also contained harmonics as noted in the previous section. Thus,

12
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division of the far-field autocorrelation by the cosine of the fundamental
source frequency emphasizes the first harmonic, even though its amplitude is
typically at least 20 dB below that of the fundamental.

An equivalent calculation can, however, be accomplished by dividing the
acoustic signal autocorrelation by the correlation coefficient of the acoustic
source,

Rg(T)

Rs(O)

pg(T) =

where Rg(T) is the autocorrelation of the acoustic signal measured at the
source. This operation removes the source characteristics, whatever they might
be. The equivalence can be seen from the linearity of equation (7). Thus,

Ram(T)  Rp(T)

Pg(T) 2

in agreement with equation (7).

An example of such a calculation for experimental data at three angles (30°,
60°, and 90°) for a flow speed of 30 m/s and a nominal source frequency of 2 kHz
is shown in figure 13. This figure presents the autocorrelation of the far-
field acoustic pressure normalized to unit amplitude at T = Q. The resulting
correlation coefficient is divided by the correlation coefficient of the acoustic
source. Thus, the plotted curves correspond to estimates of the correlation
coefficient, Pp(T) = Rp(T)/Rp(0), of the amplitude-modulation process A(t).
These data were obtained by averaging the lagged products from 1 second of data
sampled at the rate of 25 000 samples per second to estimate the autocorrela-
tions of both the far-field acoustic pressure and the source signal and then
performing the indicated normalizations. Little attention should be paid to the
autocorrelation estimates as T approaches 1 second, since the number of
lagged products available for the estimate becomes quite small and thus the vari-
ance of the estimate increases. Note that the curves exhibit a virtual spike
of unit amplitude at T = 0 and quite rapidly drop and level out at a reason-
ably constant lower value as T 1increases in agreement with the theory shown
in figure 3. This constant value appears to be a function of directivity angle,
being approximately 0.94 at 90°, 0.88 at 60°, and near 0.50 at 30°, and can be
interpreted as the ratio of the power in the unmodulated acoustic signal to that
in the modulated signal, since theory shows that

Rp () Ao2
lim Pa(T) = =

16
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as can be seen from figure 3. Note that this result indicates a substantial
amplitude-modulation effect in agreement with the observed time histories shown
in figure 9(b). It also implies that if the mean amplitude of the acoustic
signal is not changed by the time-varying shear layer, acoustic power is not
oconserved during the propagation process.,

CONCLUSION

This paper has considered the effect of a time-varying shear layer between
a harmonic source and an observer on the frequency of the observed sound.
Experimental data have shown that the spectral content of the acoustic signal
is considerably broadened upon passing through such a shear layer. Theoretical
analysis, as well as experimental data, was presented which shows that this
spectral broadening is entirely consistent with amplitude modulation of
the acoustic signal by the time-varying shear layer. Thus, no actual frequency
shift need be hypothesized to explain the spectral data.

Langley Research Center

National Aeronautics and Space Administration
Hampton, VA 23665

April 23, 1981
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APPENDIX
COMPARISON OF AMPLITUDE MODULATION WITH FREQUENCY MODULATION

Since the theory of Schlinker and Amiet (ref. 9) implies an actual frequency
shift in the acoustic signal, it is of interest to compare the effects of a pure
amplitude modulation developed earlier with the effects of a pure frequency
modulation. If the time-varying shear layer were to produce an actual freguency
modulation of the acoustic signal, the acoustic pressure at the observer could
be expressed as

p(t) = Ay cos [X(t) + ¢] (a1)

where X(t), a random process independent of ¢, represents the modulating effect
of the shear layer on the frequency of the acoustic wave. The form assumed in
equation (A1) differs slightly from the classical treatment of frequency modula-
tion (see, for example, Papoulis (ref. 13)) in that the random variable ¢ is
explicitly considered. This form has advantages in the constraints which must

be placed on the process for it to be weakly stationary and is perfectly valid

in that the random variable ¢ describes a characteristic completely indepen-
dent of any action of the time-varying shear layer. Since the effects of the
time dependence of the shear layer are small, one can expect that

Elx(t)] = wyt (A2)

Further, the expected value of the acoustic signal is again zero, and its auto-
correlation is given by

A2
Rpm(T) = Elp(t) p(t+T)] = ry E cos [X(t+T) - X(t)] (A3)

Now, let
X(t) = wot + w(t) (A4)

where w(t) 1is the frequency-fluctuation process, and from equation (A2),
Elw(t)] = 0. The joint characteristic function of the random process w(t) is

®(Aq,A2:t9,t0) = E[ei[h w(tq)+Ap w(tz)]] (a5)

19



APPENDIX

Then, the autocorrelation of the frequency-modulated acoustic pressure may be
written

A? -

where Re[ ] denotes the real part of the complex expression. Thus, it can be
seen that a necessary and sufficient condition for the acoustic pressure to be
weakly stationary is that the joint characteristic function of the w(t) process
depend only on the time difference, i.e.,

PAqAity, t4T) =P Aq,A0;7T)

Certainly this is true if w(t) itself is second-order stationary. Although
such a requirement is not strictly necessary, it is sufficient and will generally
be true.

In this case, the final expression for the autocorrelation of the frequency-
modulated acoustic wave becomes

a2 A2
0 o
Rpy(T) = —= cos Wl Re[® (-1,1;1)) - —- sin wgt Im® (-1,1;1)] (A7)

where Iml ] indicates the imaginary part of the complex expression.

Now, note that ¢ (-1,1;0) = 1 because
®(-1,1;T) = E Eai[w<t+r)—w(t)]]
Also,

lim ¢ (-1,1;1) = IE[ei w(t)]|2 = Constant < 1
T>®

because w(t) and w(t+T) become independent as T?*®. Thus, the Rel[® (~1,1;T)]
looks very much like the autocorrelation of the amplitude-modulation process
A(t) shown in figure 3, and the first term in equation (A7) leads to a power
spectral density of the frequency-modulated acoustic pressure very similar to

20



APPENDIX

that shown in figure 4 for the amplitude-modulated acoustic pressure. The second
term in equation (A7) would be expected to be small because if the randaom

process 2Z(t) = w(t+r) - w(t) is symmetrically distributed about its mean value
E[z(T)] = 0,

Im[®(~-1,1;:;17)] = E[sin [w(t+T) - w(t)]] = O

This can be seen by considering
0
E{sin Z] =/ sin z f£,(z) dz (A8)
-0

where £,(z) 1is the density function of the random variable Z(T). Equa-

tion (A8) is the integral of an odd function over even limits. When the second
term in equation (A7) is zero, the form of the autocorrelation of the frequency-
modulated acoustic wave is exactly the same as that of the amplitude-modulated
acoustic wave given by equation (5). Thus, no differentiation of the two is
possible on a spectral basis. The only major difference between the two is that
the power of the frequency-modulated acoustic pressure is

A2
o}
E(p2(t)] = Rpm(0) = -
since &(-1,1;0) = 1. Thus, frequency modulation is seen to be power preserving

in the sense that the power is exactly the same as that of the umnmodulated acous-
tic signal.

21
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SYMBOLS

amplitude of amplitude-modulated acoustic signal

constant amplitude of unmodulated acoustic signal

jet diameter

density function of random variable Z(T)

thickness of shear layer

acoustic pressure

autocorrelation

autocorrelation

autocorrelation

autocorrelation

autocorrelation

autocorrelation

of

of

of
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of

of

amplitude-modulation random process
amplitude-modulated acoustic signal
frequency-modulated acoustic signal
unmodulated acoustic signal

source acoustic signal

amplitude-fluctuation random process

power spectral density of amplitude-~modulation random process

power spectral density of amplitude-modulated acoustic signal

power spectral density of unmodulated acoustic signal

time

mean jet velocity

jet centerline velocity

axial flow velocity

turbulent intensity in axial direction

frequency-fluctuation random process

frequency-modulation random process

difference random process

axial coordinate

amplitude~-fluctuation
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directivity angle

variables in equation (A5)

correlation coefficient of amplitude modulation
correlation coefficient of amplitude-modulated signal
correlation coefficient of source pressure

time difference

r£2) joint characteristic function of random process
random phase angle

circular frequency

nominal circular source frequency

mathematical expectation

real part of expression

imaginary part of expression

wi(t)
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