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Acoustic Source for Compressible Flow
Receptivity Experiments

J. D. Schmisseur*
J. Poggie*
R. L. Kimmel'
US Air Force Research Laboratory
Wright-Patterson AFB, OH 45/433-7521

An experimental program has been undertaken to examine the receptivity of com-
pressible boundary layer flows to acoustic disturbances. Preliminary work has focused on
identifying a suitable acoustic source and characterizing the disturbance field induced in
supersonic flow over a flat plate. Pressure measurements were made, and compared to
the acoustic theory for a harmonic point source in inviscid, supersonic flow. The theory
predicts that the superposition of the fast and slow components of the disturbance field
leads to a complex interference pattern, contained within the Mach cone emanating from
the acoustic source. The amplitude and phase of the experimental acoustic field were ex-
tracted from the data using two methods: conditional averaging in the time domain and
cross-spectral analysis in the frequency domain. Where good signal-to-noise ratio was
obtained, the methods were found to agree, and the shape of the theoretical amplitude
and phase distributions was resolved experimentally.

Nomenclature
Roman Symbols

= sound speed

= amplitude

= nondimensional parameter

= frequency

= one-sided spectrum

= imaginary part of complex number

= Mach number

= natural logarithm of disturbance
amplitude ratio

= pressure

= mass flux

= distance

= real part of complex number

e; = Reynolds number: Uy /vy,

= time

= temperature or signal record duration
= streamwise, wall-normal, and spanwise
velocity components

Vv = freestream speed

x,y,z = streamwise, wall-normal, and spanwise
coordinates
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Greek Symbols

52 = coherence derived from cross-spectrum
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= boundary layer thickness

= angle

= wavelength

= kinematic viscosity

= time delay between detection of event
at each sensor

= phase

= angular frequency

4N > O

£

Subsecripts

= boundary layer edge conditions
= wall conditions

= acoustic source

= stagnation conditions

= freestream conditions

g otg ©

Superscripts

* = complex conjugate
= Fourier transform

Introduction

LL methods currently in common use for predict-

ing transition are correlations. Even the most
sophisticated of these, the eV method, based on lin-
ear stability theory, relies on an empirical correlation
between the location of transition and the N-factor.
Unless the flow to be predicted is identical to the flow
on which the correlation is based, such methods have
an inherently high degree of uncertainty. For example,
the correlating N-factor typically lies between about
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eight and thirteen for external flows in aerospace ap-
plications, with nine often taken as a nominal value.

The recent development of tools to predict distur-
bance growth in the nonlinear regime opens the pos-
sibility of a rational, amplitude-based method of tran-
sition prediction. For example, in methods based on
the Parabolized Stability Equations (PSE), the distur-
bance amplitude is computed from inception, nonlin-
ear interactions are tracked, and the point of initial
mean flow distortion is identified as the onset of tran-
sition. Similarly, direct numerical simulation (DNS)
has been used to study the full nonlinear response of
a flow to the disturbance environment. Such meth-
ods hold promise for predicting transition from first
principles, without resort to empiricism.

The first step in this approach is determining the
disturbance amplitude at the initial condition of the
computation. For direct numerical simulations, these
disturbances would ideally be related to a freestream
turbulence spectrum measured in the atmosphere.
In practical DNS computations, and in approximate
methods like the PSE, knowledge of the initial distur-
bance in the boundary layer may be needed.

In general, the initial amplitude of a boundary layer
disturbance will not be equal to the freestream distur-
bance amplitude. For example, the amplitude of an
acoustic wave reflecting from a surface in the presence
of a boundary layer depends (among other factors)
on A/4, the ratio of the acoustic wavelength to the
boundary layer thickness.! ‘Receptivity’is a term used
to describe the sensitivity of the boundary layer to
background fluid dynamic and thermodynamic distur-
bances.?

One approach to determining the initial disturbance
amplitude in the boundary layer is to compute the
forced response of the stable portion of the flow up to
the lower neutral bound, then to take that disturbance
amplitude as the starting point for a conventional
computation of the free response downstream.® In
general, however, forced disturbances have neither dis-
persion relations matching those of the free boundary
layer instabilities, nor amplitude distributions match-
ing the linear stability eigenfunctions. Some matching
process or energy redistribution between the imposed
background disturbances and the boundary layer in-
stabilities must take place.

These issues have been addressed using asymptotic
analysis, which shows that strong excitation occurs
when disturbances generated by nonlinear interaction
of external waves and wall-induced disturbances are in
resonance with the normal mode waves.? In particu-
lar, the receptivity of the boundary layer is different
for fast and slow acoustic waves.

The goal of our research program is to experimen-
tally characterize the acoustic receptivity of a hyper-
sonic boundary layer, and to provide a benchmark
experiment for code validation. Relatively little exper-
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Fig. 1
flow.

Acoustic point source in supersonic cross-

imental work has been done heretofore in this area.57
The first step in this task is to develop a genera-
tor capable of creating suitable acoustic waves in a
supersonic flow; in recent work we have identified
piezo-ceramic ultrasonic transducers as a candidate.®
Since the receptivity of a hypersonic boundary layer
to acoustic waves depends on the frequency, wave an-
gle, and phase velocity of the incoming wave, one
requirement of the acoustic generator is to produce
a suitable frequency / wavenumber spectrum. This
paper describes detailed measurements of the acoustic
field downstream of an ultrasonic point source embed-
ded in a flat plate in supersonic flow. These initial
experiments were carried out in a conventional wind
tunnel, with turbulent sidewall boundary layers, so no
receptivity measurements were made. In future work,
we hope to be able to carry out further experiments in
a quiet, laminar-flow facility.

Theory

For a relatively thin boundary layer on a flat plate,
the acoustic field induced by the ultrasonic transducer
should be similar to that induced by a point source in
a uniform supersonic flow. Morse and Ingard® present
the solution for the related case of a point source
traveling at supersonic speed. In that problem, the
pressure at a given time and point within the Mach
cone downstream of the source is given by the superpo-
sition of the fast and slow acoustic wavefronts emitted
by the source at two different times (and thus posi-
tions) in the past. A coordinate transformation can
be used to adapt this solution to the case of a fixed
point source in a supersonic cross-stream.

For the fixed source, the pressure field is given by:

_qh q'(t7)
4nR*(D*)? * 47zR-(D-)2

p +
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where M = V/a, t* =t — R*/a, N* = M — cos 6%,
and D¥ = M cos % — 1.
The quantities

+_ Maed V2 — (M2 = 1)(y? + 2?)

& ™z 1) @

represent the distance from the current location of the
observer, (z,y, z), to the current location of the fluid
particle that coincided with the source when the wave-
front was emitted. The corresponding angles from the
line of symmetry are:

0t = arcsin(y/y? + 22/RY) (3)
0~ = w—arcsin(\/y? + 22/R™) (4)

These quantities are shown geometrically in Fig. 1.

The function ¢(t) represents the total rate of mass
flux out of the source. The terms in Eq. (1) contain-
ing ¢'(t) are formally identical to the equation for the
acoustic field from a stationary point source (which
decays with distance away from the source as 1/R),
with the additional scaling term (D*)=2. The quanti-
ties containing ¢ are additional terms arising from the
relative motion of the source and observer,

All disturbances are contained within the Mach cone
emanating from the source (see Fig. 1). At any point
within the Mach cone, the amplitude of the acous-
tic field is a superposition of two waves, one from the
leading ‘fast’ (u+ a) portion of the acoustic wave, and
the other from the ‘slow” (u — a) trailing portion of
the wave. This leads to complex interference patterns,
which will be illustrated below.

For a harmonic source, ¢(t) = goe™™* and ¢'(t) =

—iwgpe~ ", The corresponding pressure field is:
B i iwekt " fwetk”
P= e ArR+(D*)2 " 4rR-(D-)?
eF VNt eF VN

TIE D T m@roe| ©

where k* = wR* /a. This equation can be re-written
in the form:

p(z,y,2,t) = A(z,y, ) exp[—i(wt — ¢(z,y,2))] (6)

In this form, the acoustic field can be considered to be
a time-periodic disturbance at the same frequency as
the source, with an amplitude and phase modulation
in space.

Example plots were generated for a case correspond-
ing to the experimental conditions: M = 2.8, fs =
28 kHz, and T; = 280 K. Figure 2 shows the am-
plitude distribution, A(z,y,0), created by the point
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0 0.01 0.02 0.03 0.04 0.05
x (m)
Fig. 2 Contours of amplitude downstream of a

point source in supersonic flow. Contour interval
0.2, amplitude referenced to value at z a2 0.02 m.

0.03

y(m)

Fig. 3 Contours of unwrapped phase downstream
of a point source in supersonic flow. Contour in-
terval =/2,

source. (Since the amplitude becomes infinite at the
Mach wave, the contours are truncated for clarity at a
value of 5.) Looking along a line perpendicular to the
Mach cone, we first see a jump across the shock from
the undisturbed freestream to a very large value (in-
finite in the context of Eq. 5). The amplitude decays
rapidly with distance from the shock, passing through
a series of maxima and minima due to the interference
of the fast and slow components of the pressure field.

The corresponding phase distribution was computed
by applying the Fortran function ATAN2 to the real and
imaginary parts of the term in brackets in Eq. (5), giv-
ing an angle in the range —7 < ¢ < 7. Since ATAN2
is arbitrary to multiples of 27, discontinuities in the
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Fig. 4 Contours of instantaneous pressure pertur-
bation downstream of a point source in supersonic
flow. Contour interval 1, amplitude referenced to
value at r =~ 0.02 m.

phase distribution were eliminated by searching along
rays from the origin and adding a multiple of 27 ev-
ery time a jump occurred. This kind of unwrapping
makes phase plots considerably less cluttered, and is
physically meaningful because the unwrapped phase
1s directly related to the time delay for signal prop-
agation. The resulting phase distribution, ¢(z,y,0),
is shown in Fig. 3. There are sharp changes in the
phase distribution corresponding to the extrema in the
amplitude distribution, again corresponding to the in-
terference patterns of the fast and slow waves.

The instantaneous pressure perturbation,
p(x,y,0,t1), was evaluated for t; = 5 s, and is
shown in Fig. 4. The instantaneous perturbation
has a different character than the amplitude and
phase distributions. The time modulation introduces
a number of maxima and minima, corresponding
to constructive and destructive interference of the
instantaneous fast and slow waves. In a time-history
of the pressure perturbation field, these structures
would appear to propagate away from the source.

Experimental Methods

The measurements were made in the test section of
the Air Force Institute of Technology (AFIT) Mach 3
wind tunnel. The AFIT tunnel is a blowdown facility
with run times on the order of 30 s, limited by the
volume of the vacuum vessels into which the flow is
exhausted. The square 63.5 mm by 63.5 mm test sec-
tion is 330 mm long, and begins 270 mm downstream
of the nozzle throat. Instrument access is provided
through slots in the floor and ceiling of the test sec-
tion, while optical access is provided through round
glass windows spanning the height of the test section
in the test section walls. Photographs of the facility

.r B-P Filter
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Fig. 5 Schematic of experiment.

have been presented elsewhere. 10

For the present experiment the tunnel stagnation
pressure and temperature were 2506 kPa (36+1 psia)
and 280 K (nominal), respectively. Using the mea-
sured test section Mach number of 2.8 reported by
Tilmann,!® the unit Reynolds number corresponding
to the above stagnation conditions is 20 x 105 m~! and
the freestream velocity is 600 m/s. Tilmann'® reports
a boundary-layer thickness of 5.3 mm on the tunnel
ceiling 55.8 mm downstream of the start of the test
section at a unit Reynolds number of 17 x 10 m~! to
18 x 10° m~1.

The experimental model was a flat plate 83.5 mm
long by 62 mm wide, positioned 25 mm downstream
from the start of the test section. The plate was
mounted 21 mm above the floor of the tunnel using a
pylon in the shape of a diamond airfoil (see Fig. 5).
The acoustic disturbances were introduced into the
flow through a 3 mm diameter hole, located 25.2 mm
downstream from the leading edge of the plate. The
sound source was a 16 mm diameter piezo-ceramic
transducer (manufactured by APC corporation) con-
nected to the plate by a wave guide in the model
support pylon.

The ultrasonic transducer is designed to emit a
monochromatic acoustic signal, nominally at 25 kHz,
when driven by an excitation voltage of the same fre-
quency. Bench-top tests of the transducer used in
the present experiments indicated that, for a sinu-
soidal input signal, the maximum output occurs at
a frequency of 28 kHz. Bench tests also verified the
manufacturer’s specification of a sound pressure level,
under atmospheric conditions, of 112 dB at a distance
of 300 mm from the source. Assuming a reference
pressure of 20 pPa, this sound intensity corresponds
approximately to a 8 Pa root-mean-square pressure
fluctuation. For the present work, the ultrasonic trans-
ducers were driven with a 28 kHz sine wave produced
by a function generator.

Instrumentation

The effect of the acoustic excitation on the flowfield
was measured using high-frequency pressure transduc-
ers. Static pressure fluctuations were measured with
an Entran 541 2 psid (14 kPa) pressure transducer,
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referenced to a pressure of 0.44 psia (3.0 kPa) main-
tained in a small vacuum chamber near the facility.
The transducer was flush-mounted in the flat plate sur-
face 19.7 mm downstream of the acoustic source. Pitot
pressure fluctuations were measured with a Kulite
model XCW-093 5 psid (34 kPa) pressure transducer
referenced to atmospheric pressure and mounted in a
Pitot probe extending through the test section ceiling.

The signals from the pressure transducers were am-
plified with a gain of 100 using a custom signal con-
ditioning circuit. The signals were then band-pass
filtered with Stanford Research Systems model 650
dual channel filters. The use of a 27-29 kHz pass band
was found to effectively suppress both broadband noise
and ‘ringing’ at the natural frequencies of the trans-
ducer.

The analog signals were digitized with 8 bit reso-
lution at a sampling rates of 1 MHz using a LeCroy
model 9384 CTM oscilloscope. Three channels of data
(excitation and two pressure signals) were collected
simultaneously in segmented records. A typical run
consisted of 468 segments of 1002 points with the start
of a new segment synchronized to a trigger event.

Signal Processing

The main signal processing issue in boundary layer
receptivity work is the difficulty in distinguishing the
response of the flow to the input forcing from the back-
ground disturbance level in the measuring system and
in the flow (due to acoustic noise generated, for ex-
ample, by the turbulent side-wall boundary layers and
mechanical vibration). Various kinds of averaging can
be used to eliminate random noise from the desired
coherent response signal.

Lock-in averaging, or phase-averaging, can be used
for periodic inputs. The signal in the time-domain
is averaged continuously over the period of the in-
put. This method rejects all frequencies other than
the input frequency and its harmonics, as well as that
portion of the output signal that is not phase-locked
to the input. '

Since each data segment captured by the oscillo-
scope was triggered at the same phase of the excitation
sine wave, the data set could be phase-averaged in a
straight-forward manner. (Here we average over sev-
eral periods of the input, see Fig. 7.) All 468 data
segments collected during the run were averaged, and
the resulting mean signal was Fourier transformed.
The amplitude and phase of the transformed signal
were extracted at the excitation frequency, and rel-
ative amplitude and phase between the probe signal
and the plate signal were determined by division and
subtraction, respectively.

The cross-spectrum between the input and the out-
put can also distinguish the boundary layer response
from the background noise. Assuming the boundary
layer disturbances have sufficiently small amplitude to

be in the linear regime, the coherence indicates the
fraction, at a given frequency, of the output’s mean
square value that is contributed by the input. The
phase indicates the average phase difference at each
frequency between the two signals.

Assuming that the flow in the receptivity experi-
ments corresponds approximately to a linear system
with no input noise and uncorrelated output noise,
techniques from linear systems theory can be used
to process the data.'! The linear frequency response
function for this case is defined as the cross-spectrum
divided by the auto-spectrum of the input signal:

H(f) = Goy(f)/Gra(f) (7)

where f is restricted to the band where G, is non-
zero. If the input signal is a sine wave, as in the
present experiments, H can be found for a single fre-
quency. For a broad-band input, an estimate of H can
be obtained from a single experiment.

The magnitude of H can be interpreted as a gain
factor. Since G, is real, the phase of the frequency
response function is the same as that of the cross-
spectrum: the phase difference between the input and
output at each frequency.

The frequency response function was computed from
the cross-spectrum between the signal from the trans-
ducer in the plate and that from the transducer in
the Pitot probe. In the linear regime, the background
noise is uncorrelated with the flow response to the
excitation, so it is permissible to subtract a cross-
spectrum of the noise obtained with the excitation off
from the cross-spectrum obtained with the excitation
on to obtain an improved estimate of the response to
the excitation.

Results

Basic Results

Examples of the auto-spectrum of the signal from
the transducer mounted in the plate are shown in
Fig. 6. The spectrum for the case with the excita-
tion off reflects the effect of the band-pass filter on
the spectrum of the broad-band noise present in the
background flow. In the absence of filtering, a rela-
tively flat background spectrum is present. With the
filters on, all data outside the range of 27-29 kHz are
suppressed.

With the excitation on, a strong spike appears in
the vicinity of 28 kHz. (Checks were made to ensure
that this spike did not represent electronic cross-talk.)
An estimate of the spectrum due to the excitation
alone can be obtained by subtracting the case with
excitation off from the case with excitation on. The
signal-to-noise ratio is seen to be less than one; this is
typical of the data set.

A significant improvement in the effective signal-
to-noise ratio was obtained by conditional averaging
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Fig. 6 Example auto-spectra for transducer

mounted in plate; r = 0.02 m, y =0 m.
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Fig. 7 Phase-averaged signal; z = 0.02 m, y =0 m.

methods. These included phase averaging in both the
time and frequency domains.

Figure 7 shows the time-domain phase-average of
the same signal. The low-frequency modulation ap-
parent in the results is an artifact of the band-pass
filtering used to reduce extraneous noise. With the fil-
ters on, signal components with a period on the order
of the length of the signal (T'~ 2 ms or f ~ 500 Hz)
are strongly attenuated. The amplitude of the sig-
nal with the excitation on is significantly greater than
that with the excitation off, indicating an improvement
in the signal-to-noise ratio with time-domain phase-
averaging.

The corresponding power spectrum is shown in
Fig. 8. The improvement in signal-to-noise ratio with
phase averaging is quite striking in this plot. The case
with the excitation on has the form of a spike near

S5E-08
excitation on
-~ excitation off
4E-08 [
5 3E-08 [
NI
=
)
O 2E-08 |-
1E-08 |-
0 1 1 _..) N | 1
0 10000 20000 30000 40000 50000
f(Hz)
Fig. 8 Spectrum of phase-averaged signal; » =

002 m, y=0m.

|| S raw data
noise subtracted
08
06|
o
E |
04}
02 A
A
| A
J_.‘
0 1 - | WS PN |
0 10000 20000 30000 40000 50000
f(Hz)

Fig. 9 Coherence of signal. Plate transducer: z =
0.02 m, y = 0 m; Probe transducer: z = 0.02 m,
y = 0.007 m

28 kHz. In contrast, the background spectrum is al-
most invisible.

Similar improvements can be obtained in cross-
spectral statistics by subtracting the cross-spectrum
of the background noise from the cross-spectrum of
the signal with excitation. An example, the coherence
between the signals from the transducer in the plate
and the transducer in the Pitot probe, is shown in
Fig. 9. For the raw data, the peak coherence 2 is less
than 0.2; with noise subtraction the coherence at the
excitation frequency approaches 1.0.

Surveys

A series of surveys along the horizontal and vertical
directions was carried out with the Pitot probe. Simul-
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Fig. 10 Relative amplitude from streamwise sur-
vey. (a) y = 10.7 mm (0.42 in). (b) y = 13.2 mm
(0.52 in).

taneous signals were recorded from the excitation volt-
age, static pressure transducer, and Pitot probe. As
discussed previously, the amplitude and phase of the
Pitot probe signal relative to the static pressure trans-
ducer signal were computed using both time-domain
and frequency-domain averaging. As will be shown,
the two methods gave results that agreed within the
uncertainty of the measurements.

Streamwise surveys were carried out at heights of
10.7 mm (0.42 in) and 13.2 mm (0.52 in) above
the plate. The amplitude distributions are shown in
Fig. 10. The reference amplitude has been adjusted to
match the data and the theory. For this reason, only
the shapes of the curves, and not the absolute values,
can legitimately be compared.

Similar results were obtained at both vertical sta-
tions. As discussed previously, the theory predicts an
initial jump across the Mach wave (vertical line at the

(a)

theory
o time domain
] freq. domain

o'n

B0
BO

-1

m] |

(b)

2
theory
time domain
freq. domain
s o
7 TSN (NSNS SR AT SR S SR
0.03 0.04 0.05 0.06 0.07
x (m)
Fig. 11 Streamwise survey of relative phase. (a)

y =10.7 mm (0.42 in). (b) y = 13.2 mm (0.52 in).

left of each plot) from the undisturbed freestream to
a large value downstream, which decays with distance
from the Mach wave through a series of maxima and
minima. Considerable scatter exists in the experimen-
tal data because of a poor signal-to-noise ratio, and
the first minimum downstream of the shock was not
resolved experimentally. (This discrepancy could also
be an effect of the finite size of the source in the ex-
periments; the theory assumes an infinitesimal point
source.) Nevertheless, there is general agreement be-
tween theory and experiment in the trend of decreasing
amplitude downstream of the shock.

The corresponding results for the phase are shown in
Fig. 11. The phase was not unwrapped here, so jumps
of 27 are evident in the plot. Both the data from the
time-domain and the frequency-domain analyses are in
reasonable agreement with the theory, although there
is significant scatter.

Surveys along the wall-normal direction were car-
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ried out at distances of 19.8 mm (0.78 in), 60.5 mm
(2.38 in), and 64.3 mm (2.53 in) downstream of the
acoustic source. The distributions of relative ampli-
tude are shown in Figure 12. Again, the reference
amplitude has been adjusted to match the data and
theory, so only the shapes of the curves can legiti-
mately be compared.

The level of agreement between experiment and the-
ory is similar to that obtained in the streamwise sur-
veys. One important difference is that the first few
relative maxima and minima behind the Mach wave
are resolved in Figs. 12b and 12c. This result may be
associated with improved signal-to-noise ratio at these
stations.

The corresponding profiles of the phase are shown
in Fig. 13. For the survey at z = 19.8 mm, Fig. 13a,
the theory predicts an essentially uniform phase pro-
file. The corresponding data show a high degree of
scatter. Better agreement between theory and exper-
iment is seen in the other two profiles, Figs. 13b and
13c, especially toward the middle of the profiles, where
the signal was strongest relative to the noise.

Conclusions

An experimental program has been undertaken to
examine the receptivity of compressible boundary
layer flows to acoustic disturbances. Preliminary work
has focused on identifying a suitable acoustic source
and characterizing the disturbance field induced in
supersonic flow over a flat plate. Some initial pres-
sure measurements were made, and compared to the
acoustic theory for a harmonic point source in inviscid,
supersonic flow.

The theory predicts that the superposition of the
fast and slow components of the disturbance field leads
to a complex interference pattern, contained within
the Mach cone emanating from the acoustic source.
In particular, the amplitude induced by the source de-
cays, through a series of local maxima and minima,
from a large value at the Mach wave. Rapid changes
in the phase distribution occur near the extrema in
the amplitude distribution. Despite the relative com-
plexity of the generated acoustic field, it is a well-
understood, linear phenomenon, and an acoustic point
source should prove to be a suitable disturbance source
for compressible flow receptivity experiments.

The amplitude and phase of the experimental acous-
tic field were extracted from the data using two meth-
ods: conditional averaging in the time domain and
cross-spectral analysis in the frequency domain. The
methods were found to agree within the scatter in
the results. Where good signal-to-noise ratio was ob-
tained, the maxima and minima in the theoretical
amplitude distribution were resolved experimentally,
as was the shape of the phase distribution.

A number of approaches could be used in future ex-
periments to address the issue of signal-to-noise ratio.

More records could be averaged to reduce the ran-
dom error in the signal analysis, and longer records
would improve the frequency resolution. The pres-
sure transducers used in the present work are designed
to measure much larger fluctuations than encountered
here (up to 190 dB referenced to 20 uPa), but more
sensitive transducers have a more limited useful fre-
quency range under these experimental conditions. It
may be more productive to measure another variable
representative of the flow disturbances, such as veloc-
ity, with a hot-wire probe.
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Fig. 12 Wall-normal survey of relative amplitude.  Fig. 13 Wall-normal survey of relative phase. (a)
(a) Station z = 19.8 mm (0.78 in). (b) Station z = Station z = 19.8 mm (0.78 in). (b) Station r =
60.5 mm (2.38 in). (c¢) Station r = 64.3 mm (2.53 in). 60.5 mm (2.38 in). (c) Station z = 64.3 mm (2.53 in).
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