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ABSTRACT

Measurements of frequency spectra of pressure along a
wind-tunnel wall have been made by single microphones and
by a longitudinal array of four flush 0.8-inch circular micro-
phones connected with alternating and with common phase. The
alternating-phase array was designed to suppress by 1its wave-
nuntber filtering the background acoustic duct noise at fre-
quencies near 3 kHz. The measured levels set upper limits on
low=wavenumber boundary-layer pressure. Analysis indicates
that the high-wavenumber (convective) contribution in this
frequency range was probably negligible, but it could not te
definlitely established whether background noise dominated the
spectra or whether the upver bound set on low-wavenumber
boundary-layer nolse 1is 2 close one. On assumption of wave-
number independence in most of the pertinent low-wavenumber
domain, an upper bound is given for the wavenumber spectral
density of boundary-layer pressure, and its generallzation by
assumption of §y-independence is discussed. AU lower frequen-
cles, in identifiable domains where single-microohone and array
spectra are dominated by the convective wavenumber comoonent of
boundary-layer pressure, satisfactory agreement 1s found with
theoretical predictions based on current knowledge of the
spectral density 1n the convectlive-wavenumber domalin and on a
measured faclal sensitivity distribution for the mlcrophone.
In general, salient features of the array spectra correlate
well with expectation, and the array technlique is demonstrated
to be a useful one for the subject purposes.
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! Participation by Dr. Robert D. Collier in planning the
experimental work reported here 1s gratefully acknowledged. ;
[7 The experiment was conductcd by the first coauthor of this
- report (WKB).
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LIST OF SYMBOLS

fluid mass density (air in wind tunnel)
kinematic viscosity

sound veloclty

position vector in plane of wall (x1 streamwise)
wavenumber vector

normal distance from wall

radian frequency

free-stream flow velocity

dynamic pressure (=pUi/2)

mean flow veloclty

effective boundary-layer convection velocity
boundary-layer friction velocity
displacement thickness

wavenumber-frequency spectral density of
pressure on wall

frequency spectrum of pressure at point on wall
normalized microphone frequency response

frequency spectrum of area-averaged pressure
measured by single microphone

frequency spectrum of wavenumber-filtered pressure

measured by array of microphones
relative bandwidth of fractional-octave fllter

[= (Am/2n)¢m(m)] single-microphone spectrum
measured in relative bandwidth Aw/w.

average over angle of k of boundary-layer con-
tribution to ¢(k,w)
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LIST OF SYMBOLS (Continuead)

= o

¢M_(w),¢A_(m) low-wavenumber boundary-layer pressure contribu-

] tion to ¢M(w),¢A(m), respectively
2 3_(w) weighted average of ¢(k.,w) over low-wavenumber
— range pertinent to single microphone
om_(m) boundary-layer contrihution to ¢A_(w) from vicinity
- of major wavenumber lobe m of array response
i‘ Em(w) weighted average over k3 [pertinent to ¢m_(w)]
oo of boundary-layer part of ¢(km,k3,m), where km
— is wavenumber of mth major-lobe peak in array
response
R radius of sensitive area of circular microphones
S(x) normalized facial sensitivity distribution of
— microphone
- |H(fc_)|2 wavenumber filter expressing area averaging by
single microphone characterized by S(x)

?ﬁ-im By,a,B constants in approximate function fitted to measured
S(x) for microphones used in present array measure-
ments

; N (=5.93) coefficient related %o function approximat-
= ing microphone faclial response

£ 1

| -k Re effective radius of array microphones with reference

to low-wavenumber pressure components

radius cf arbitrary pressure sensor with uniform
facial response

number of elements in linear array
d center spacing of elements in array

|A(I€)|2 array wavenumber filter (assuming arbitrary
identical elements)
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(=wR/U,) dimensionless frequency based on
element radius

[= 2n(w/Aw)wM(w)/92Ui] dimensionless nressure
spectrum measured by single microphone in
relative bandwidth Aw/w.

same as AM for measurement by array of microphones

coefficient in conjectured §*-independent,
wavenumber-independent spectral density of
boundary-layer pressure at low wavenumbers
(Ec. 22)

same as Ao with vy instead of U as veloclty scale

numerical constants measuring wavenumber-frequency
spectral density of boundary-layer pressure in

the convective ridge, as given by space-time
isotropic, scale-independent form Eq. 3l

2._-1
[Go=2wC Y °S, =uév*/Um)u]

(=sv,) parameter in Eq.34 expressing velocity
dispersion relative to mean convection velocity

(=bs¥*) parameter in Eq. 34 measuring largest scale
correlation in streamwise (xl) direction

ratio of largest scale of transverse to streamwise
correlation at fixed time

=[1+(u/au ) 272
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1. INTRCDUCTION

Past investigations of turbulent-boundary-layer wall-
pressure fluctuations have proceedei mainly by measurements of
frequency spectra of average pressure on single elements of
various sizes and by measurements of narrow- or broad-band
correlations. 1ln the present work in the BBN wind tunnel, the
technique of using instead a coherent array of (four) elements
was implemented for measurements of frequency spectra directed
mainly toward establishing the wavenumber-frequency spectrum
of boundary-layer pressure in the low-wavenunber domain.

In brief preliminary summary, the technique has been suc-
cessfully demonstrated and an upper limit placed on the low-
wavenumber contribution to boundary-layer noise. 1In a
certaln frequency range the alternating-phase array discriminated
effectively against background duct noise; nevertheless, it has not
been excluded that this spurious source was still dominant. A
contribution from high-wavenumber (convective) boundary-layer
pressure was also oresent, but analysis suggests that this was
relatively small,

On the basis of previous measurements of turbulent boundary-
layer pressure, as well as the rudimentary kinematics of convec-
tion of pressure-generating eddles, it 1is recognized that the
Joint wavenumber-frequency svectrum of wall pressure, say,
¢(k,w) [where E=(k1,k3)], is sharply peaked with regard to
streamwise wavenumbers (kl) at a value kl=w/Uc, where Uc is a
convectlion velocity weakly dependent on frequency and equal to
some major fraction of the free-stream velocity U_. The decrease

with spanwise wavenumber { k3|) is much slower, so that ¢(k,w)
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possesses a "convective ridge" centered at (kl,k3)=(w/Uc,0)

and oriented normal to the flow. Well removed from this convec-
tive domain, in a low-wavenumber domain defined by k<<w/U_,
Qﬂf,m) fails to vanish only on account of improbably high
fluctuating convection velocities and distortion and decay of
eddies. This latter domain, though hitherto subjected to little
conclusive investigation, has great importance in various
instances where the system response heavily weights the low
wavenumbers.

Corr2lations and frequency spectra of pressure on individ-
ual elements have been measured by various investigators, in-
c¢luding Bull (1967), Willmarth and Wooldridge (1962), and
Blake (1969). The cross-spectral density of pressure on pairs
of elements have also been measured in considerable detail, for
example by Bull (1967), Blake (1969), and Wills (1967). These
latter measurements may be used to compute approximately, by
Fourier inversion, the wavenumber-frequency spectrum of pressure;
the measured cross-spectra, however, are dominated by the con-
tribution from the convective domain, so that no reliable in-
ference is possible concerning the spectral density at low
wavenumbers. Boundary-layer pressure spectra on single large
elements, on the other hand, because of the weighting represented
by area-averaging, may be dominated by the low-wavenumber con-
tributions, but inference of the low-wavenumber level from such
measurements ‘s ordinarily questionable on account of the rela-
tively low values of &(k,w) and the possible contamination by
spurious background acoustic noise or noise associated with
vibration of the flow-bounding walls.
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What 1s needed is a more discriminating wavenumber fillter
that largely fejects a spurious acoustic field. The use of
alternating-phased, or more generally of phase-differenced
(steered), arrays of elements with outputs added coherently
constitutes a powerful tool for this purpose. ~ails technique
was originally proposed at BBN by Dr. James E. Barger and
pursued in the present work. A description of the use of
sucih an array systen ha: been given by Maldanik and Jorgensen
(1967).
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2. PRESSURE SPECTRA WAVENUMBER-FILTERED BY A MICROPHONE ARRAY

In this section the method of wavenumber-frequency filtering
is supported mathematically. General relations and definitlions
are presented with minimal derivations in view of their avail-
abllity in cited references.

The space-time correlation of the wall pressures at point X
time t and point Xx+r, time t+t can be written as

R(r,1) = <p(X,t)p(x+r,t+t)> , (1)

where the brackets denote time averages for this (assumed) spa-

tially homogeneous and temporally stationary field. The wavenumber-

frequency spectral density is the Fourier transform of the space-
time correlation, expressed as

o(K,0) = (2m)~3 11 R(F,1)e- Ll T-0T20, (2)

where'integr=1s run over the infinite domain unless otherwise
indicated. Tne frequency spectral density of wall-pressure
fluctuations 1is

2(w) = & £ R(0,0)e*Tar = /S o(K,w)a%k . (3)

The measurement of the frequency spectral density of wall
pressure fluctuations involves the influence of the microphone
facial sensitivity distribution S(X) in averaging small wavelength
wall-pressure components. Thus, assuming instantaneous response,
when subject to a pressure field p(X,t), the microphone measures
an area-averaged pressure
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a(t) = f7 S(X)p(X,t)a%x, where [f S(X)d°%=1 .

The response function, |H(E)|2, expresses the facial distribu-
tion as a wavenumber filter anéd is defined by

H(E) = £/ S(x)e 1K Xg2% | ()

where x may be measured from the center of the face and S(X)
vanishes for x outside the sensitive area. The frequency spec-
trum of area-averaged pressure measured by a single hydrophone
is then given by

o (w) = S10(K,u) [H(D) |20k (5)

(e.g., see Uberoi and Kovasznay 1953, Chandiramani 1968). If
the condition of instantaneous response 1s relaxed but the time
response 1s separable from the facial response and characterized
by a frequency filter |F(w)|2, Eq. 5 remains applicable provided
¢M(@) is understood to refer to the spectrum properly calibrated
by division of the actual output spectrum by sglF(w)lz, where s
is a sensitivity constant.

With a calibrated array of identical microphones, the
measured svectrum analogous to Eq. 5 is given by

0, (w) = S10(K,0) [H(E)|?|a00) | %%k , (6)

where |A(l?)|2 is the array wavenumber response function (e.g.,
see Maidanik and Jorgensen 1967). In the special case of in-
terest, an N-element line array with equal .spacing-vector d
between adjacent element centers and no time delay bzatween
elements, this function may be written
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N-1

|A(E)|2 = N2 3 a, exp(ninl?-a)i2 (7
n=0

in which the coefficients as
element weights, are given by

in the instance of no shading of

3= common-phase array

-)", alternating-phase array.
For an array aligned with the Xy direction, Eq. (7) then becomes

2,1
. sin (ENkld)
2

51 s common phase
— 2 N"sin” (5k,d)
|ACk)|“ = 21 (8)
sin EEN(kld-")]

= O]

+ N"cos (ikld)

s alternating phase .

The response patterns for the two phase conditions are identical
but shifted relative to one another by n/d in kl. The number

of minor lobes between adjacent major lobes is N-2., Fig. 1

shows the array responses for the case N=4 of the present mea-
surements. It is to be emphasized that |A(E)|2 is not influenced
by the response of the individual microphones (assumed identical);
the latter response is embodied solely in IH(E)EZ.

The alternating-phase array with N=4 has a null in its
response at kl=iﬁ/2d and, furthermore, has no major lobe in the
interval -n/2d<kl<n/2d but rather only minor lobes with peaks at
k1=iﬁ/ﬂd that are lower by 11 dB. Therefore, at frequencies such
that w/c<n/2d, where ¢ 1s the sound veloecity in the flowing medium, ¥
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acoustic fields (for which k<w/c) arc substantially attenuated
by the array. More important, to the extent that spurilous
acoustic noise originates in the wind-tunnel blower and propa-
gates up the tunnel purely via a longitudinal wave with
k1=-m/c,at that particular frequency given by w/c=n/2d the
array response to such noise is nil. This same null occurs
in the case of the common-phase array, but the latter array
presents a major-lobe rather than only a minor-lobe response

to non-lcngitudinal sound waves having |kl|<m/c.

The response IH(E)!2 has an upper bound that decreases
with kR for kR>m and thus attenuates the high-wavenumber compo-
nents of the pressure field; in particular, when mR/Uwzn, it
attenuates the convective component (klzm/Uc) of the boundary-
layer pressure. -‘Hence the array is most sensitive at the
lowest-k major lobes of the comb filters (8), i.e., at
k,=twn/d for alternating phase and at k,=0 and k,=t2n/d for
common phase. The contribution from the next higher major liobes
for the alternating-phase array, k1=13n/d, can be nearly eliminated
by choice of transducer radius (and facial response) such that
H(k)=0 at k=3rn/d.
the background acoustic field and the high-wavenumber boundary-
layer pressure field sufflces, the alternating-phase array mea-
surement yields a weighted integral over k3 of the boundary-
layer pressure spectrum ¢(k,w) at a relatively well defined, low

=q/d.

In such case, assuming that the attenuation of

(nonconvective) streamwise wavenumber such that |k1|
For a circular element of radius R and uniform facial sensi-
tivity, we have

2

KB |2 = (27, (R)/KRIZ (k%=kf+k3) (9)

HE R IR A
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whose upper bound decreases for kR2w as (kR)-3. In this
jnstance the condition H(k)=0 at k=3n/d yields (3n/d)R=3.8

or d/R=2.5. Figs. 2a and 2b show the corresponding computed
function |A(k1)|2|H(k1)|2 at ky=0 for both phase relations.

The microphones actually used had a facial sensitivity signifi-
cantly nonuniform, as discussed in Section 5.2.
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3. DESCRIPTION OF THE MICROPHONE ARRAY

The measurements were made using an array of four Brlel &
Kjaer No. 4131 l-in. diameter microphones with 1.06-in. separa-
tions. An area of the microphone diaphragm at least 0.8 in.
in diameter is sensitive to pressure (Brilel and Rasmussen 1959).

The deslgn of the array system was gulided by three factors:

1) Simplicity in construction
2) Cost of instrumentation

3) Desired suppression of high-wavenumber, convective
boundary-layer contribution to measured spectra at
high frequencies by area averaging by large micro-
phones.

The first two factors were important because the experi-
ments were considered as preliminary studies. UDevelopment of
an lnexpensive arrav system was considered sufficient to in-
dicate the usefulness of the array approach to the boundary-
layer measurements. The third factor reflects the objective
of setting a minimum upper limit on the low-wavenumber boundary-
layer contribution to array spectra in the frequency range of
high discrimination against background acoustic noilse.

The four B&K microphones were flush mounted in a plexiglass
support, which was mounted in the wind tunnel with the micro-
phones aligned in the streamwise d.rection. (The description of
the tunnel is in Section 3.1.) The microphones were driven
by four B&K No. 2801 power supplies, the outputs of which led to
a phase control circuit and transformer to provide the common
and alternating phase characteristic for the array.
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The phase-control circuit put the 200-ohm impedance
outputs from the power supply transformers in series. The
phase shifting was accomplished by alternating the voltage
level (positive or negative) with respect to the common ground.
The voltage level was shifted by using three-way toggle
switches, and the combined signal from the power-supply outputs
was fed to the high-impedance side of a transformer. The
summed output was fed to an Ithaco No. 255-A low-ncise, high-
gain amplifier.

Frequency analysis was performed using filters of 1/10th-
octave bandwidth of a General Radio (G.R.) sound and vibration
analyzer No. 1564-A and a G.R. graphic level recorder
No. 1521-A.
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4, RESULTS OF MEASUREMENTS

4,1 CcCalibration of the Array Response

The microphones in the array were matched to give identical
outputs to a 124 dB (re 0.0002pub) acoustic signal generated by a
B&K No. 4220 pistonphone. Variable resistors in the phase cir-
cultry pefmitted attenuation of the signal generated by the most
sensitive microphones in the array so that all microphones could
be tuned to give identical outputs fo the calibration pressure.

The array response, |A(E)i2, was determined by passing
plane-wave sound over the microphone array. The array was
mounted in a plywood panel supported from the celling of the
BBN anecholc chamber. A ten-inch speaker situated 10 feet from
the array was used to generate the sound field. The plane of
the array and plywood panel was parallel to the axis of the
speaker. The wavenumber of the sound field 1s 2nf/c, where f 1s
the frequency and ¢ is the speed of sound in air. Fig. 3 shows
the measured array response as a function of sound-field fre-
quency after correction for the microphone frequency response
and area-averaging effects. Points calculated for the total response

funetion, s |A(k)|2|H(k)| , are included.* The common-phase

array reqponse was not measured; the calculated points of S2|A|2|H|2
are shown in Fig. 4. The computation of |A|? is considered reliable
in view of the excellent agreement between measurement and

computation shown in Fig. 3 for the alternating-phase array.
The frequency responses of the microphones and the speaier
c¢fficiency decrease rapidly above 10 kHz so that the array cali-
bration was not possible at high frequencies.

®*The microphone response factor was computed for uniform facial
response rather than the actual one (see Figs. 15, 16); use of
the latter would raise the minor-lobe peak at 10.5 kHz by
2.2 dB and have a decreasing effecc at lower frequencies.

11
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The sensitivity of each microphone was determined as

-63.12 dB re 1V/ub, and the sensitivity of the major lobe of the

alternating-phase array was measured as--51.5 dB. This 1s con-

sistent with the level as calculated from the array response ofl

Fig. 2a within a + 1 dB uncertainty in the measurement.

There 1s nearly complete cancellation of the 3kHz sound
field as would be expected by examining Fig. 2a for the com-
The fre-
quency responses of the microphones were identical up to 6 kHz;
they remained constant within 1 4B to 2 kHz, decreased to
-1.75 dB at 3 kHz, -3 dB at 4 kHz, and -5 dB at 6 kHz.
of the pressure spectra have been corrected for this decrease
in response, but the data analysis is largely confined to fre-
quencies below 3 kHz.

puted alternating- and common-phase array responses.

None

4,2 Boundary Layer Description

The turbulent boundary layer measurements were performed
in the BBN wind tunnel facility described by Chandiramani and
Blake (1968). Three sides of the test-section ducting were
lined with 6-inch thick "Ultrafine" acoustic insulation which
diminished the reverberant field in the ducting above about
1 kHz. The boundary layer was formed on the formica-coated
test-section bottom and was artificially thickened by covering
the first 7-1/2 inches of the panel with coarse sandpaper. The
mean velocity profile was measured with an 0.040-inch diameter
flattened-tip total-head tube.
from readings of total less statlc head obtalned on a slanted
The readings were recorded vo 0.01 inch of

The veloclty data were extracted

tube manometer,
The static pressure was obtailned with a 0.l-inch I.D.
All

water.
copper tube flush-mounted in the floor of the test section.
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measurements were made at 4.5 feet from the test-section inlet
which is the assumed boundary-layer origin. The plate Reynolds
number for the measurements, NRex = wa/v » ranged from 105

to 1.7 (105) for U_ = 40 ft/sec to 63 ft/sec.

Fig. 5 shows the mean velocity profile (U/U_ vs. y/60.99)
for the three free-stream velocities consldered in these measure-
ments. The boundary-layer thickness was determined as the dis-
tance from the wall at which U(y) = 0.99U, . The displacement
thickness was determined by mechanical integration of the mean
velocity profile according to ‘the definition

*

s* = 17 (1-u/v_)ay .
(e}

The outer mean flows of the boundary layers follow quite
closely the velocity-defect law derived from Coles' wake law.
This law may be written

= =5.75 1og(y/8, gg)*y [2-u(y/6( gg)] (10)

where, from Hinze's (1960) curve fitting to Coles' data
w(y/8) = 1l+sin [(2y/6-1)n/2]
and T = 0.55 for the zero-pressure-gradient boundary layer.
k 1s the von Karman universal constant and is given the value of

0.4 by Coles. The agreement between measurements and Eq. 10
in Fig. 6 is very good.
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These veloclity measurements are of limited extent, but
they give evidence that an experimentally reproducible boundary
layer flow has been considered. 1In addition, the measurements
indicate that the boundary-layer outer flow is described by the
universally applicable velocity-defect law for zero-pressure-
gradient boundary layers.

TABLE CF BOUNDARY LAYER PROPERTIES

U, (ft/sec) 60‘99(1n.) §¥(in.) vg/U_ Npost
39.5 1.2 0.184 0.0405 3.6x10°
51.5 1.25 0.205 0.0401 4.6x103
63 1.15 0.184 0.0395 5.7x103

4.3 Pressure Spectra Measured by Single Microphones

The frequency spectral density of wall-pressure fluctuations
is shown in Fig. 7 in the non-dimensional form

b (0)U,/q%8" vs. w*/u,  (q=pU2/2).

The single-microphone spectrum measurement is represented by the
mathematical equivalent in Eq. 5. The spectrum is two sided,
i.e.,

(-]

<p?>=2 f o(w)dw . (11)
(0]

The effect of nonvanishing microphone size on the measured

spectrum is shown by comparing the current measurements with those
of Blake (1969) and Willmarth and Wooldridge (1962). The present
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measurements were made with microphones approximately 0.8 inch
and 0.2 inches in diameter (B&K No. 4131 1l-inch and B&K No.
4136 1/b-inch condenser microphones respectively). The spectra

were-measured over a wide range of nominal microvhone diameters (D),

0.11 <D/&%<l (12)

and may be shown qualitatively consistent by applying Corcos'
(1963} correction. The flagged points of the current data and
the arrows on the spectra of Willmarth and of Blake denote fre-
gquencies for which mR/Uc=l. A Corco. correction o1 about +3 dB
would be required at this frequency. When the Corcos correction
is applied to the data, all corrected spectra are spread about
the uncorrected Blake (1969) line within +3 dB for frequencies
less than w&*/Um=10.

4.4 Pressure Spectra Measured by Arrays

The measurements obtained with each of the two array con-
figurations, alternating-phase and common-phase, are repcrted
here in this order, and the salient features identified. De-
tailed analysis is given in Section 5.

The 1/10th-octave pressure levels as filtered by the
alternating-phase array are shown in Figs. 8, 9, and 10 fer
the three flow speeds considered. The corresponding levels
measured by a single one-inch microphone are shown for compari-
son. The array sensitivity used to convert voltage to SPL per

15
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0.0002 ub is that of the major lobe (at 6 kHz in ¥ig. 3) which
is at a wavenumber of k1=2.75 1n.'1. The fractional-octave
level for the single-microphone measurements will be denoted by

bmpy(w) = 2 1 dwwM(m')m(m--m)lz : (12.1)

(and similarly for the array measurements, with subscript A re-
placing M), where |G(m'-m)|2 is the frequency-filter response at

w' when the filter is centered at w and |G(0)|2 = 1. A bandwidth,

Aw, is defined by

Aw = {:dm'lG(m'-m)l2 .

If ¢M(w) varies little for w'-w such that G(w'-w) is aporeciable,
Eq. 12.1 is approximated by

Hnwm(m) = 28wdy (w) . (13)
In the present, tenth-octave case we have Aw/w = 0,0685, and
approximation (13) is expected to be adequate.* Since ¢M is
normalized as in (11), relation (13) reflects normalization of
the plottedwawM(m) such that mean squared pressure is reore-
sented by IOUan(w)dm/Am.

The striking feature of the array oressure levels 1s the
occurrence of peaks labeled (a),(b),(c), and (d). A comparison
of Figs. 8 through 10 and Fig. 3 shows clearly that peak (c¢) is
due to background duct noise admitted by the major array lobe
at -k1=n/d. This rnioise consists primarily of plane waves propa-
gated nearly longitudinally; their wavenumber coincides with

¥For example, the frequency half-width of the convective peak in
the spvectral density of turbulent boundary-layer pressure at
fixed wavevector, k, is ~0.lw; this exceeds Aw even apart from
the relative broadening at low frequencies due to integration
over the wldth of the area-averaging and array wavenumber
filters. p
1
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the major array lobe at the frequency where w/c=n/d, i.e.,

f=6 kHz. The array and single-ricrophone measurements yield
equal levels near (c¢), indicating that the width in ky of the
duct-noise wavenumber spectrum is less than the width (~n/2d4)
of the major lobe of the array filter.

EREd

=2l

Peak (a) is due to the convective peak in the wavenumber
spectrum of aerodynamic boundary-layer pressure admitted simi-

£

larly by the major lobe at k1=n/d. In terms of an effective
convection veloclity Uc’ this coincidence occurs at the freqguency

S mpemii
bm-rJ

where w/Uc=n/d. The data for the three free-stream velocities
?” thus vield Uc=0.7SUm for wé*/U_=0.41. Again the array ard
= single-microvhone levels become almost equal near (a), indicating
that the width in kl of the convective peak in the wavenumber
spectrum ®(k,w) of boundary-laver pressure at the subject values

of wd/U_ is less than the width of the array major lobe.

Peaks (b) and (d), like (a) and (c¢), are attributable
T} resvectively to duct noise and convective-wavenumber boundary-
- layer oressure, but in this case admitted by the second major

=
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For frequencies above 1 kHz the acoustic lining in the
test-section duct efficlently absorbs the reverberant duct noise,
leaving mainly longitudinal plane-wave sound, which can be dis-
tinguished from aerodynamic wall-pressure fluctuations. At
3 kHz, where w/c=n/2d, the array discriminates against the duct
noise (see Fig. 3). Thus tne measured pressure levels of
Figs. 8 through 10 are depressed in the neighborhood of 3 kHz.

It would be hoped that at 3 kHz the levels are primarily due to
wall pressure fluctuations in wavenumber bands passed by the
filtering array. This central question will be considered

in gsection 5.

The hpllow at about 50 Hz in Figs. 8 through 10 is probably
due to coincidence of the convective peak of the wall-pressure
wavenumber spectrum with the array response null at kl=n/2d.

The corresponding condition, m/Uc=n/2d, yields Uc=0.35U°° at
w*/J =0.1 and Uc=0.lllUm at wé*/U_=0.12 (from Figs. 9 and 10).
These low- phase veloclities are comparable with those measured
from cross-spectral densities by Blake (1969). The values ob-
tained here for phase velocitlies are approximate because the
wavenumber for minimum noise 1s influenced by the contribution
of reverberant duct noise. A tendency of the spectra in Figs. 8
through 10 to form maixima at about half the frequency of the
minima Just mentioned would also be expected, on account of
coincidence of the convective peak and the lowest minor lobe
where w/Uc=n/Hd.

«18-
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The 1/1Cth-octave pressure levels as filtered by the
common-phase array are shown in Figs. 11, 12, and 13. Voltage
levels were converted to pressure levels using the sensitivity
of -h0 dB re lv/ub for the first major (kl=0) lobe (see Fig. 4).

The peak labeled (a), analogous to peak (a) in the
alternating-phase measurements, is due to coincidence of the
convective peak in the wavenumber spectrum of boundary-layer
pressure with the major array lobe at kl=2n/d, occurring where
m/Uc=2w/d. This condition yields UC=O.7UU°° at wé*/U_=0.87.

The peak (b) is attributable to coinecidence of the duct-
noise wavenumber with the first minor array lobe, occurring
where w/c = 3n/4d, i.e., at f = 4.5 kHz (see Fig. ).

The measurements show a depression in the level near 3 kHz,
where the array discriminates apgainst duct noise, though the
levels there are slightly hisher than for the alternating-phase
array, as discussed further below.
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5. DETAILED ANALYSIS

In this section we consider further the question whether
the measured array spectra are actually dominated by low-
wavenumber turbulent boundary-layer pressure fluctuations in
the range of high discrimination against duct noise and against
high-wavenumber (convective) boundary-layer noise, and whether,
at any rate, the upper 1limit placed on the low-wavenumber
spectral density is usefully low. We also compare the spectra
for the arrays and single microphones with the convective con-
tribution estimated by a suitable model of boundary-layer
pressure; we thereby attempt to demonstrate consistency, if
not improve the determination of the model parameters, in the
domain where the convective contribution dominates the spectra,
and to estimate this contribution to array spectra in the domain
where it may be hoped to be smaller than the lcw-wavenumber
contribution. Due conslderation 1s given to the wavenumber
filter corresponding to the actual faclal response of the
microphones.

5.1 Spurlous Acoustic Noise

We consider the pcssible level of spurlous noise in the
vicinity of 3 kHz where the arrays most discriminate against it.
One indicatlon is provided by the difference in levels at 3 kHz
measured by the array and by a single microphone; this difference
may be compared with the difference 1in levels at thils frequency
in calibration, as implied by the array calibration in Fig. 3.
The former difference (10.5 to 12 dB at the three speeds) is
much less than the difference 1n the instance of the calibration
signal, so that 1t 1s at least not excluded that the array nolse
level at 3 kHz is much higher than the extant acoustic background
on account of the boundary-layer noise contribution, as desired.

20
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[
On the other hand, the decreased level difference for noise
measured during flow relative to that in calibration could be
due instead to an angular distribution of the spurious acoustic
noise that is less sharply peaked in the longitudinal direction
(~k1=w/c,k3=0), and hence less discriminated against at 3 kHz
by the array, than is true of the highly longitudinal acoustic
field produced by the calibration source in the absence of
flow-excited modes in the tunnel. Hence, the smaller differ-
ence between the subject levels and the shift of the noise
minimum for the alternating-phase array from 3 kHz to a somewhat
higher frequency, though encouraging, do not necessarily 1mply
that dominance by spurious acoustic noise 1s excluded even

near 3 kllz.

A possible further indication is provided by comparison cof
the levels measured by the alternating-phase and common-phase
arrays. The difference in measured levels at the three speeds
is shown in Fig. 14 for the entire frequency range above 1 kHz.
Also shown is the difference predicted for a purely longitudinal
accustic field using the theoretical array responses (for the
alternating-phase array this closely approximates that measured
in calibration, Fig. 3). In this way we use the common-phase
measurements to estimate the background noise spectrum for the

alternating-phase measurements.¥

¥An estimated single-microphone background-noise spectrum is
shown in Figs. 11-13.

21
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Since the excess of the alternating-phase level over the
common-phase level 2ttains a maximum at about 7 kHz, it is again
evident that the noise in this range cannot be predominantly due
to a more or less 1isotropic acoustic field, for in that event
the alternating-phase level would continue to increase relative
to the other all the way to roughly 9 kHz (see Figs. 3,4). At
the same time, 1f the noise were strictly longitudinal and
acoustic, i.e., ¢(f,w)¢6(k1+w/c)6(k3), the maximum would occur
back at 6 kHz. Further, under this assumption the levels would
be equal at 3 kHz, rather than at about 4 kHz, as measured. It
does not seem excluded, however, that in the frequency range in
question, including, in particular, 3 kHz, the predominant noise
on both arrays may be acoustic, having a wavenumber spectrum
peaked where k, 1s slightly less than w/c and |k3|<<k1, i.e.,
peaked in the longitudinal direction but with significant magni-
tude for k; somewhat less than w/c.

The scaling of measured levels with flow speed is alsc per-
tinent and will be considered in Section 5.3.

In all, the evidence does not appear to permit a conclusion
as to whether the dominant array nolse in the neighborhood of
3 kHz 1is spurious acoustic noise or boundary-layer pressure
fluctuations. Hence the measurements place only an upper limit
on the latter contributions.

5.2 Wavenumber Filtering by a Single Microphone

In preparation for detalled analysis of the contribution to
measured pressure spectra by the turbulent boundary layer, we
must consider the specific area-averaging function |H(E)|2 for

the microphones with their particular facial sensitivity distri-
bution (see Section 3).

22




G i

bt S kol s

e s st e et

T

=

-1

—
—— .

O

Report No. 1769 Bolt Beranek and Newman Inc.
A measured sensitivity distribution across the diaphgram

diameter of a microphone of the subject type has been given by

Brilel and Rasmussen (1959, Fig. 14). The sensitivity function

has ﬁegligible frequency dependence up to 2 kHz, and, though

the frequency filter IF(m)I2 decreases perceptibly beyond this,

the spatial function S(x) for use in Eq. U4 changes little on

up to 4 kHz. The function S(X) derived from the measured sensi-

tivity distribution with neglect of small phase differences and

assumption of circular symmetry is shown in Fig. 15 (Brilel

and Rasmussen 1959).

This function, which we now write S(r/R) with argument (r/R)
defined as distance from the element center in units of the
sensitive radius (R=0.378 in.), can be clnsely approximated by a
function of the form

S(r/R)/S(0) = B[l-BJo(ar/R)] (0<r<R) , (14)
with
B=0.198, a=2.96, B=-U4.06; (15)

the latter function is also shown in Fig. 15. Form (1!)permits

the quadrature of Eq. 4 to be performed to yield the correspond-
ing area-averaging function, written as |H(E)|2E|H(kR)|2, where

(Chase 1969)

( 2.-1
H(z) = z[1-8J {a)]J, (2)+aBJ, (a)J (2)-a“s""J, (2)

55 ' (16)
(22-0%)[1/2-(8/0)3 (@) ]
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In general, as kR+®, the least upper bound on IH(kR)I2

decreases as (kR)'3 if S(r/R) is discontinuous at r=R [i.e.,

S(1)#0] and as (kR)™> 1f S(1)=0 but the first derivative

S'(r/R) is discontinuous [i.e., S'(1)#0]. The parameter

values (15) satisfy the latter conditions, and (16) yields in

this case

IH(kR)|2»2co(kn)'5cos2(kR-n/u) , (17)

where
uagszJi(a)

¢c =
° " al1-2(8/a)3, (a) 1

-= 5.93 ,

for kR>>a and kR>>1. Though the approximation given by (14) and
(15) to the measured sensitivity is generally good, as shown by
Fig. 15, it has limited validity with regard to the small-scale
variation of the true sensitivity near the element periphery.
Accordingly, because of the sensitivity of H(k) to this varia-
tion at large kR, beyond some maximum kR we should not use (16)
and (15), or the limiting form (17), except for order-of-
magnitude conslderations; this safe maximum kR, however, will be
large compared to w.

The area-averaging function |H(kR)|2 for the microphone, as
approximated by (16) and (15), 1s shown in Fig. 16 along with
the result in Eq. 9 that would apply if the facial sensitivity
were uniform. The difference 1is evidently consequential, the
actual lobes being much wider and the rate of decrease from lobe

to lobe more rapid. There is no possible choice of a constant
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effective radius in a wvavenumber filter corresponding to uniform
facial sensitivity that can yield this second property; the
actual microphone discriminates more effectively against higher
wavehumbers.

According to Fig. 16, the level of IH(I—c')l2 for the non-
uniform facial sensitivity is given at the first two major lobes
k1=ﬂ/d, 3n/d of the alternating-phase array (for k3=0) by
-0.7 dB and -7.1 dB, respectively; thus in contrast to Fig. 2a
for uniform sensitivity, in the configuration used the second
major lobe is not very well suppressed by the microphone response.

5.3 Estimates Concerning the Low-Wavenumber Boundary-Layer
Contribution to Pressure Spectra

So far as the major lobe of |H(kR)|2 is concerned, for kR up
to where 10 log lH(kR)i2=-20 dB, as seen from Fig, 16,
the averaging is rather well approximated by the function (9)
for the uniform case, provided the effective radius is taken as
R,=AR with A=0.72 (and R=0.378 in.).

We may thus approximate the low-wavenumber contribution,
say QM_(w), to the sin,le-microphone spectrum ¢M(w) of Eq. 5 as

~n/R

¢ (w)=27 [ €
- o

dk k[27, (kR )/kR 1% (k,u) , (18)

where 5(k,w) represents the average of ¢(k,w) over the angle of
k and the upper 1limit is chosen to include Just the low-k domain
where tne area~-averaging function 1s large. If the wavenumber
spectrum $(k,w) is roughly constant in the pertvinent domain, say
equal to 5_(w), (18) becomes

e SR RERCS S ML
3 3 i
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0y () =UTRZZG_(u) ; (19)

for nonconstant 3(k,w), Eq. 19 may be regarded as defining an
average ¢_(w) for the low-k region.

With regard now to the low-wavenumber contribution to the
array spectra, say ¢, (w), we tentatively suppose that d(k,w)
remains roughly constant over the width (~m/2d) in k1 of each
major array lobe; except for the possible radiative boundary-

layer contribution from wavenumbers k near w/c, thls condition
1

appears highly likely since 7/2d<<8;~ . Then from Egs. 6 and &
we obtain
QA_(w)=Z Qm_(w) . (20a)

m

w 172 172 .2
. 2,,2 2,,2
¢m_(w)-(11/2d)£wdk3[2J1((km+k3) Re)/(km+k3) Re] ¢(km,k3,w) R

(20v)
where km denotes the wavenumbers c¢f major lobes, il.e.,

/

(2m+1l)n/d, alternating phase

k 2mw/d, common phase ,

- !

and the sum runs over those small integers (positive, negative, and
zero) corresvonding to major lobes that may contribute appreciably.
If the wavenumber spectrum ¢(km,k3,w) is roughly independent of k3
in the domain where the integrand may be appreciable, say equal

to 5m(w), En. 20b becomes
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o  (w)=2m(dR_)"1(k R )72S,(2k R )3 (w) (21)
m- e me 1l me’'™ m )

vhere Sl denotes a Struve function; mgre generally, 1like Eq. 19,
t?is'equation defines average values ¢m(w) of ¢(km,k3,w).

(¢m for given m, we note, is not identical for the two types cf
array.) From (19) and (21) the ratio of tha m-th lobe part of
the array spectrum to the single-microphone spectrum may be
written

-1 ~ ~
o _(0)/8,_()=(2n°) N-2(d/R)S, (27N R/A)[F_(0)/b_(w)] , (22 )

where

{ 2m+1l, alternating phase

2m, common phase, m#0 ;
for the special instance of common phase, m=0 lobe,

9o _(0)/0y_(w)=(4/3m) (R /)8 (w)/6_(w)] . (22b)

Including in the sum (20a) the major lobes km=iﬁ/d, +3n/d
for the alternating-phase array and km=0,t2ﬂ/d, +4n/d for the
common phase array, and inserting in (22) numerical values for
the present measurements, we obtain

[0.183%_(w)+0.038%, () 1/3_(w),

. alternating phase

cO.10950(w)+0.10551(u)+0.01052(w)3/8_(w) ,

common phase ,

27
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where we have assumed 5m independent of the sign of km’ as
appropriate provided km<<m/Uw. Assuming that the wavenumber
spectrum ¢(k,w) is roughly independent of k over all the per-
tinent domains, so that Sm(m)=$_(m)=¢(i€,w), Eq. 23 yields

-6.6 dB, alternating phase

10 log[¢A_(m)/¢M_(m)] = (24)

{-6.5 dB, cormmon phase .
Thus the low-wavenumber boundary-layer contribution to the array
spectra is estimated, on assumption of constant ¢(k,w), to lie
below the single-microphone spectra by about 5.5 dB for both
arrays (at all speeds). If a measured array spectrum is domi-
nated by this boundary-layer ccntribution rather than by spurious
noise, we should therefore expect that the corresponding single-
microphone spectrum wouid exceed it by about 6.5 dB or more
(more if the single-microphone spectrum contains appreciable
spurious noise).* The measured spectra in the neighborhood of
3 kHz satisfy this conditlion and are thus not inconsistent with
domination of array spectra by the boundary-layer contribution.
Since the measured spectra for the common-phase array exceed those
for the alternating-phase array in this frequency range, result
(24) would imply that the former spectra are dominated by spurious
noise; since the differences are only a few dB, however, the
crude assumption of wavenumber-independent ¢(k,w) entailled in
result (24) renders such a conclusion uncertain.

*Tt will be indicated in Section 5.4 that the high-wavenumber,

convective boundary-layer contribution to spectra is not dominant
at frequencies >1.5 kHz.
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The assumption of wavenumber independence 1s of doubtful
#
validity except in the domain where |k|21/26 as well as
k1<<w/Um, and may not apply even under these conditions.

Still assuming wavenumber-independent ¢(k,w) for boundary-
layer pressure in the low-wavenumber domain, we can obtain an
upper limit on its (frequency-dependent) value [=5m(m)] from
Eqs. 19 and 23 in terms of the measured tenth-octave spectrum
unwA(m) in the vicinity of 3 kHz (Figs. 8, 9, 10); explicitly
we have the relation

_ 5 tn¥, (w)
¢(k,w)<0.031 in." X /2T (25)

Stated in terms of the corresponding contribution ¢ (w) to the
frequency spectrum of pressure on an element with uniform facial
sensitivity and arbitrary radius Ro, by the equivaleat of Eqg. 19
this relation becomes

o_()50.39 1n.2 x 72 Im¥y(0) (26)
w/2m

Precisely at 3 kHz, for example, Figs. 8, 9, 10, respectively,
for wé*/U,=5.0, 6.2, 8.0, yield by use of (25)

10 log ¢(k,w)<-84, -87, -96 dB re 1 ubar2-in.2-sec. The admix-
ture of spuriosus noise may be smaller, however, at slightly
higher frequencies; the deep dip at 3.7 kHz for 40 ft/sec in
Fig. 10, for example, where wé*/U,=9.8, yields 10 log %(k,w) =
-103 dB re 1 ubar2-in.2-sec.

The upper limit on ¢(k,w) can be generalized to values of
§¥ and U, other than those of the measurements by a suitably
consistent assumption concerning the scaling of ¢(k,w). More
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generally, with reference to boundary-layer pressure, including
both low-wavenumber and convective contributions (the latter

to be considered below in Section 5.4), we may profitably ex-
aminre the scaling of the measured spectra with flow speed.

The smooth-wall boundary-layer pressure spectrum measured
by a single microphone, with radius R permitted to vary but with
faclal sensitivit; distribution fixed, must have the form

8y (w) = p°USRF, (WR/U_,R/S%) (1)

provided that the frequencies are not so high that the viscous-
sublayer thickness parameter v/v, also enters, where FM is a
dimensionless function of its dimenslionlesc arguments. Here we
neglect the weak Reynolds-number dependence of v*/Um, identify-
ing vy and U_ for scaling purposes. For the fractional-octave
spectrum wM(w) of (13), from (27) we obtain

U@ = (21)71(8w/0)Gy (WR/U_,R/6¥) (28)

where GM(x,y)ExFM(x,y). Even if the dependence of GM on R/6% is
substantial (and in some domain at least it is not), the depen-

dence of 6% on U 1s sufficiently weak that for the range of U

in the present measurements the dependence of GM on U_ (or NRe)

via R/8* may be neglected. We define a dimensionless

spectrum AM and frequency £ by

4

By = 2w(w/Aw)WM(w)/p2Um, Q = wR/U_.

If the measured WM is due to the boundary layer, by Eq. 28 we then

should have AM=AM(Q), i.e., curves of 1C log Ay vs. 10 log
should coalesce for different U .

30
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The preceding scwling considerations apply equally to
boundary-layer pressure measured by the arrays, apart from en-
trance of a further variable d4/R, which, however, is fixed in
the present measurements. We may thus consider the coalescence
of the curves 10 log AA vs. 10 log 9, where, in reference to

array measurements, subscript A replaces M.

These dimensionless plots for the measurement:; at the three
speeds are shown in Fig. 17 for the alternating-phase and in
Fig. 18 for the common-phase array (note the factor 4m in the
ordinate); the measured single-microphone curves are shown in
Fig. 17. In this section we examine only a frequency range near
3 kHz (corresponding to 10 log® = 11.8, 10.7, 9.8 at U_ = 40, 51,
63 ft/sec, respectively), where low-wavenumber boundary-layer
pressure may predominate. In the range U4<Q<l0 in Fig. 17 for
alternating phase, the spectra have roughly constant slope and
coalesce well except that the spectrum for 51 ft/sec 1s somewhat
high. It cannot be concluded, however, that boundary-layer noise
in fact predominates, since the spurious acoustic nolse in the
tunnel may scale with speed similarly. Also, in the immediate
vicinity of the points corresponding to 3 kHz, where boundary-
layer nolse is most likely to predominate, the slopes are much
steeper and the respective curve segments do not tend to coalesce
well,

We consider the range 4<Q<10 in Fig. 17 slightly further
despite its questionable relation to boundary-layer pressure.

The frequency dependence of the spectra AA there is fairly close
to the dependence as w-z (or w_3 for ¢A) that would be expected

31
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5 if the wavenumber spectrum ¢(k,w) at low k is independent i’
of k and of &% (e.g., see Chase 1969).* 1In such case, dimen- .
sional conslderations require T
o(K,w) = A_p U3 (29) 2
; and for the corresponding contribution to the frequency spectrum A
. on a uniformly sensitive element of radius Ro
? 2.4 -1 -2 i
= 1 ;
E ' ¢ (w) inAop U o (wRo/Um) . (30) 1L
! _
Based on the lowest curve (U = 63 ft/sec) of Fig. 17 in the 14

subject range, we draw a curve, numbered [5] in Fig. 17, with
«Q-2. Adding the 6.6 dB required to refer

§ o B
s

slope such that AA

the result to a single microphone of radius Re = 0.72R, we find

frcm (30) for the value of Ao (or an upper limit thereon) t’ g
i g
| 10 log A = -85.4 . (31) it
A - ?
We may write a slightly modifieda form of (29) that replaces e ?

U, by the more pertinent velocity scale vy, (see Chase 1969): L |

e o AN

L]
.
-

1 * We emphasize, however, that no development has been advanced to
| lead us to expect independence of k and &6*¥ in this domain, and e 1

where w/c<k<1/26* we should expect rather that ¢(Ejm)¢k2. il
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o(k,w) = a pzvgm 3 3 (32)

the value of a, implied by agreement with the inferred result (32)
at the ratio v,/Uwzo.OU of the present measurement is glven by

10 log a = -1.4 . (33)

Equations 29-31 generalize relations (25), (26) under the
further supposition of &% independence. As noted above, however,
the range in Fig. 18 where AA¢Q'2 does not extend up to values
of Q@ corresponding to 3 kHz, and the measured spectra near 3 kHz
dip steeply to levels below the straight line fitted to QA on
assumption of such 9'2 variation. Also, measurements in water
for single elements of various sizes by Foxwell (1966), though
subject to reservations in the present regard, yield an average
dimensionless spectrum ¢ (w)/p U3R that lies somewhat below the
upper limit on the 1ow-wavenumber contribution ¢_(w)/p U3R given
by Eq. 30 with the value (31) and, in fact, would imply
10 log aos-3 in place of the upper limit (33) inferred from the
present array measurement.¥,¥¥ Thus the scaling in (29) and the
utility of estimate (31) are questionable.

¥ We assume Foxwell's P(f) is normalized over positive and
negative frequencies with f as integration variable.

¥¥ Form (34) of the following section, which approximates ¢ (k,w)
in the vicinity of the convective ridge, conforms to the
scaling (32) in the low-wavenumber domain but is unfounded
there. With the coefficient C given the value inferred from
the small-element spectrum of Blake (1969) shown in Fig. 7,
Eq. (34) would yield 10 log a, 2=1. [In terms of A defined

in Sec. 5.4, (34) asserts A /A (em)~ Y(V/Uw)a.]

33




o i

o it e ikl
et e i 4t A et M " - =

Lo

ot 7 i e o, P

O

o

Report No. 1769 Bolt Beranek and Newman Inc.

5.4 The Convective Boundary-Layer Contribution to Pressure Spectra

As indicated by the generally excellent coalescence of aim-
ensionless spectra in Figs. 17 and 18 and by the discussion in
Section 4.4, boundary-layer pressure associated with convective
wavenumbers (kl~w/Uc) predominates in the measured spectra over
a substantial frequency range above wR/U_=1/4. The upper limit
on this range will be estimated here, and the measured array and
single-microphone spectra in the range will be studied in the
light of present knowledge of ¢(k,w) in the convective domain.

An array with a sufficiently large number of closely spaced
elements would permit more direct and precise exploration of the
wavenumber spectral density ¢(k,w) in the domain of the convective
ridge than is readily attained by the usual measurement of cross-
spectral densities of pressure between palrs of elements. For
the limited array of the present experiment, it is appropriate to
compare results with those predicted by a model of &(k,w) in the
convective domain that is known to describe the salient properties
fairly well. The model consldered uniquely satisfiles certain
kinematic and similarity condltions expected to have approximate
validity.

The form referred to is discussed by Chase (1969) and is
given by

¢(R’,w)=c2p2v2[k§+y k3+(w-Uckl)2/V2+a2] , (34)

with U =nU_, v=svy, a=(b6*)~1 and the coefficients a,n,s,Yy, and

b regarded as substantially constant 1n the domain considered.
For wé*/Uwzl, the term a2 may be neglected, and the resulting
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form is uniquely characterized by the following two properties:
[1] It satisfies the similarity conditicn that the only length
scale for boundary-layer pressure in the subject domain is

Um/wi [2] The corresponding pressure correlation function is
space-time isotropic in a frame convected at velocity Uc (ex-
cept that streamwise-spanwise spatial anisotropy 1is permitted
in this frame (y #1)).*¥ From measurements by Blake (1969) we
infer, in the manner discussed by Chase (1969),

v/U,=0.13, y1

0.9, b~1.6 ; (3k4a)
in the computations below, however, it was assumed that
v/U,=0.12, Y 1=0.7. U, may be identified with

the convection veloclty defined in the usual way from measure-
ments of longitudinal cross-spectral density (Corcos 1964),

We consider first the single-element spectrum @M(w) pre-
dicted from (34) by use of (5):

oy (010202 1R |HOGR) 2[4y 2K (-0 e ) 24?172 (35)

¥A form similar to (34) but with power -2 instead of -3/2 has
been considered by Chandiramani and Blake (1968). Such a form
does not satisfy the similarity condition [1] in the appro-
priate limit (though the resulting normalized cross-spectra do).
It also ylelds normalized cross-spectra whose slopes with re-
spect to the separation variables wEl/Uc, w£3/Uc vanish with
wEi/Uc, unlike form (34) and apparently in conflict with experi-
ment. Likewise, the derived point pressure varies as w-z,

rather than w™! as in (37).

35
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where H(kR) for the present microphone is given by (16) and (15).
‘ For wR/U <1, we may set IH(kR)Izﬁl and obtain the point-
% microphone spectrum implied by (34)

-1/2

¢ (w)=G_p v*(u +U /b 25#2)” (36)

where GOE2wczy-ls(and we neglect v2/U§). For wé*/U_>1, this
assumes the similarity form

o(w)=G pzvﬁw R (37)

approximates the measured dependence, which is more closely ap-
proximated as ~wf0'7, obtained over a wide frequency interval

| (0.85w8*/U_<7) for a very small element by Blake (1969), as shown
in Fig. 7, and also by Hodgson (reported by Bradshaw 1967). For
fractional-octave spectra such as plotted in Figs. 8 through 10,
or the corresponding dimensionless spectra as plotted in Figs.

17 and 18, Eq. 37 ylelds a value independent of frequency:

i
E% discussed by Bradshaw (1967) and Foxwell (1966). Form (37)
i

i T
VS

Uy (=6, (2m) " (du/w)o?v) or =0 (v, /U )"z (38)

The decrease in the measured AM in Figs. 17 and 18 for frequencies
] below that for maximum AM is attributed to entrance of dependence
i on §¥ where wé*/U_<1/2, somewhat as given by (36) for the model (34).%

W, 2 ™ i
e e A e e 3

¥ Eq. 36 may be writtcn as
2 3_ 2 =2 -1/2
®(w)/0°RUS=An"1 (b6 #/R) [1+(bE*/R)%n 7202 ] )

AT

where ”=U0/Um’ corresponding to a point spectrum constant and

| proportional to 6% where wé*/U_<<1 .
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The decrease at dimensionless frequencies Q21 is due to area
averaging (IHI2 in (35)).

"In the opposite limit of very large kR, we can satisfac-~
torily estimate the result of (35). First, for wR/Uczlln, i.e.,
Q26T or 10 log Q2>13, to the extent that (16) still represents
the microphone filter at such high kR, we have

/2

oy (w)=e C°p° V3R> fdk s /dk, (k5 +k3) "

3

2 /2

x[k i k2+(w UKy ) / +a ] -3

where c, was given at (17). In a rough approximation, becoming
valid for 8(v/UC)<<1, we may further replace the last factor in
(39) by a factor mé(kl-w/Uc) end obtain

2. =2

@M(w)=ucoC Y A5/2p2v3 v (uuR/'Uc)"5 ,

where

- -1 _».1/2
N5 /o™t azz 241722220l s [1+ibus*/u )72

} 5 5 =57
=(1/2)yaZ* (L+y™20?) ,

the approximation to A5/9 becoming exact for y-l ao<<1. Express-
ing this final result in terms of the ratio of @M(w) to the

point spectrum in (36), we obtain

27
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- =5/2 -
0 (0)/0(w)=e (1+y™%a2) ~"“(ur/u )™

e (40)
=2.1(wR/Uc) for wé*/U_21 .

This ratio represents the asymptotic area correction factor to
be applied to the constant Ay given in (38) to obtain the Aoy
for comparison with measured results in Fig. 17.

For intermediate values of @, the integral (35) could be
straight forwardly evaluated numerically. Short of this, we can
indicate its rough variation. To this end, we find the result
applicable in an imagined 1limit Y'l<<l, contrary to the actual
value (34a) but corfesponding to a tractable limit where the
last factor in (35) may be considered to be cxo(k3) except for
kl near H(k1)=0. At k3=0, the full width in kl at half maximum
of #(k,w) in (35) is

Gck1=1.54ao(v/Uc)w/Uc~0.l9m/Uc. (41
Hence, except near H(mR/Uc)=O, we may again regard ¢(kl,0,w) as
o=€S(k1-m/Uc) when O.le/Uc<<n/R, or 10 logR ¢ 5. In the imagined
limit we thus obtain

4y, (w) /8 ()= |H(wR/U)|® (42)

which, for assumed Uc/Um, 1s given as a function of @ from Fig. 16.

We regard the constant G or A in Eq. 38 [or ¢ in (34)] as

adjustable to fit the measured ¢M(m) and later compare the value
with that given by other measurements. The horizontal line [1]
in Fig. 17 corresponds to a dimensionless point spectrum (38)

given by
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10 log A = -59.6 . (43)

Also shoan in this figure is the result for AM obtained by
applying to this value the asymptotic area-averaging factor (40)
(yielding line [3] corresponding to AMKQ-u in the figure)and by
applying the imaginary limiting form of area-averaging factor (42)
for the lowest three lobes of Fig.16 (curve [2] in the figure),
where in both cases we have taken Uc=0.7Uw. Exact evaluation of
Ay from Eq. (35) would yield a function of @ that would fall
somewhat below (perhaps up to ~2 4B below) that given by the un-
averaged-in-k3 function [2] near the lobe peaks (but become
equal to it for Q<<1), and would have the valleys between lobes
somewhat filled in. Thus the function denoted by [2] represents
an "underaveraged" and that by [1] an "overaveraged" approxima-
tion to the exact result of (35).

Taking into account the underaveraging, we see in Fig.1l7
that the result [2] over its first lobe, i.e., up to Q=U, agrees
rather well with the measured single-microphone result. (The
measured results themselves for the three speeds do not very
closely coalesce near 10 log =2, however, an effect which may
or may not be real.) This agreement serves to confirm the ade-
quacy of the computed single-microphone filter |H(kR)|2 of Fig.16
over at least its first lobe.

At higher @, the 2. (estimated by use of either factor [1]
or [2]) falls far below the measured single-microphone spectra,
and, 1in fact, also well below the spectra measured for the
alternating-phase array. At sufficiently large wR/Uc, the single-
microphone response will not decline as rapidly as given by ap-

proximations (16) or (17), nor hence will ¢M/¢ for the convective
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contribution decline as rapidly as given by (40). Suppose, for
example, that the facial sensitivity, though similar to Fig. 15,
has an abrupt drop, relative to the central sensitivity, of 0.1

at the microphone edge. The corresponding asymptotic contribution
analogous to (40) is then found to be (Chase 1969)

¢M(w)/4>(w)+o.0u6(wR/uc)‘3 . (il

The result of this area-averaging facztor applied to the hypothe-
tical point spectrum, with UC=0.7Um, is shown as line [4] in
Fig. 17. Though it exceeds the estimate of (40) where 2>5, it
too remains well below all the measured spectra.

We consider the predicted convective-wavenumber part of
the boundary-layer pressure spectrum for the array by use of (34)
and (16) in (6), resulting in a ¢A(w) given by (35) with an adaded
factor |A(E)|2 in the integrand. The integral could be estimated
numerically or in crude approximations analogcus to (40) and (42).
For present purposes, however, it suffices to note that IA(E)IS,
given by Eq. 8, is <1, whence @A(w)i®m(w). (For the actual value
of d4/R, @A is predicted to lie perhaps up to ~10 dB below @M at
the higher Q2.) Since even the single-microphone spectrum AM as
estimated above for convective boundary-layer pressure lies well
below the measured array spectrum AA’ we may thus infer that this
estimated contribution to AA would 1ie at least as far below.
Hence, we conclude that beyond 10 log 226 the measured array
spectra in Flgs. 17 and 18 are probably not dominated by the
convective, high-wavenumber contribution to boundary-layer pres-
sure, but by the low-wavenumber contributlon or spurious noise.

We may compare with Figs. 17 and 18 a prediction as to how
closely AA should approach AM in neighborhoods where

ko
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|A(w/Uc,k3,w)|2 ir near unity (major-lobe peaks). The full
width at half maximum of |A(K)|“ 1s &,k,=0.456n/d. By (41)
#0, we infer that the ratio of the
of the convective peak in ¢(k,w)

and its generalization to k3

pertinent average width in ky
to the width of a major lobe of the array filter is roughly
wd/3nUc. For Uc/Um=0.75, this is unity at Q=2. Therefore, we
expect ¢A/¢M will closely approach unity at peaks where Q<2,

and less closely as Q increases. This expectation accords with
the results in Figs. 17 and 18. Likewise, at these lower values
of Q@ the variation of ¢A is determined mainly by the array filter
form rather than by the form of the pressure spectrum ¢(k,w).

To obtain information about the variation of ¢(k,w) with kl over
the convective peak (klcw/Uc) at given w/Uc, we must have a
number of elements N and spacing d such that wd/Uc>>MO/N; at the
same time, to sample ¢(k,w) only at the kl for a single major
lobe, rather than a sum over two or more lobes, we would require
wd/ch30.

The point-element value 10 log AMz-59.6 given by Egs. 38 and
43 which, on application of the area-averaging factor, yields a
reasonable fit to the measured results for the single-microphone
spectra, may be compared with the value inferred more directly
from a tangent to the measured spectrum for the smallest element
in Fig. 7. By using the level of the latter spectrum in the
middle of the range of variatlion as ~w-0'7 to fix the coefficlent
A in the similarity approximation ¢=A02in-l (equivalent to
Eq. 38), we find 10 log A=-55, which is about 5 dB higher than

the value (43) estimated from the large-element results in Fig.1l7 .*

¥This value inferred from the small-element spectrum measured by
Blake {1969) (or the equivalent gquantity for variation as

w-0'7) lies about 3 dB above that inferred from the measurements

of Bull (1967, Fig. 5).
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This discrepancy is nct excessive in view of errors associated
with the measurement:s and fitting by the theoretical curves.

6. CONCLUSION

The following conclusions may be drawn from the measure-
ments:

1) The microphcne array is a useful device for measuring
the wavenumber-frequency spectral density of the wall pressure
fluctuations, particularly in the domain of low wavenumbers in-
accessible to more usual experimental techniques. The common-
phase array 1s less effective with repard to discrimination
against spurious background noise in this measurement than the
alternating-phase array but provides a simple means of estimat-
ing the background noise spectrum.

2) By measurements with the alternatin--phase array, an
upper limit has been set on the average low-wavenumber spectral
density of boundary-layer pressure fluctuationc at given fre-
quency in a high-frequency range, as given by Egs. 25, 29, and 31.
Depending on the scaling law and wavenumber dependence at low
wavenumbers, however, this limit may be less restrictive than
that implied by certain previous measurements of single-element
spectra (Foxwell 1966). Background noise in the tunnel may still
have been dominant, and a contribution from high-wavenumber
(convective) boundary-layer pressure remalned, though it was
estimated to be small.

3) In an identifiable domain of dominance by the convective-
wavenuuber component of bcundary-layer pressure, the spectra
measured by a single microphone and by arrays show consistency
with theoretical predictions based on current knowledge of the

42
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convective-wavenumber spectral density and on a measured facial
sensitivity distribution for the microphone.

"The results of the measurements suggest the following obser-
vations and recommendations.

Considerable uncertainty remains as to whether the low-
wavenumber boundary-layer contribution rather than a spurious
background contribution to spectra is dominant in the present
measurements even at the frequency of maximum discrimination
against duct-noise by the alternating-phase array. The primary
objective in future experiments should therefore be to reduce
still further the spurious background noise. Without modifying
the tunnel facility itself, this can be accomplished by increas-
ing the number of array elements. This is a somewhat ccstly
improvement unless the individual microphones are substituted
by a specially designed microphone system. A sufficient number
of elements would also permit direct measurement of the kl-
variation of the spectral density of boundary-layer pressure
over the convective ridge in the frequency range where this
convective contribution is dominant.¥

Use of an array with an even number of rows parallel to the
stream, permitting phases to be alternated in checkerboard fashion,
would yield a null in the transverse array-response factor for
ductwise background noise (k3=0) at all frequencies. At certain

¥If this latter purpose were primary, small sensors (small R/d)
should be chosen tc extend the frequency range where the con-
vective component predominates.

o
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frequencies, as for the present single-row array, the longitudin::
array-response factor would also vanish, yielding a two-fold
null. Cholce of small center spacing, d3, in the transv.rse
sense would keep the rate of increase of the transverse response
factor small where |A(E)|2¢d§ near k,=0, thereby reducing the
acoustic background noise, especilally the nearly ductwise com-
ponent. In order still to maintain high attenuation of the
convective pressure contribution by streamwise area averaging
without having to operate at higher frzaquency, one may then
consider using rectangular sensors (leL3) elongated in tbre
streamwise sense. The small width L3 implied by small d3 2lso
emphasizes the low-wavenumber boundary-layer conftribution rela-
tive to the acoustic background by increasing the range of

transverse wavenumber acceptance (|k3|52n/L3).*

Choice of relatively small d3 and hence L3 is open to the
criticism that the resulting range of transverse wavenumbers k3
accepted exceeds that for the larger sensors of main practical
interest. This point seems less serious than might appear,
however, since, first, the expected dip in the spectral density
of boundary-iayer pressure where k<1/28¥% (but k>w/c) will not
seriously affect the nolse measured with any sensor having
L3<<Uw6* and, second, if the number of streamwise rows is four
(or six, etc.) the opportunity exists to partially infer the k3
dependence of the pressure, and hence extrapolate to somewhat
wider sensors, by varying the weighting coefficients assigned to

elements in the various transverse positions.

kTP L3/Ll were so small that wL3/Umsw at the useful frequencies,
smaller L3 would probably emphasize the low-wavenumber boundary-
layer contribution also relative to the convective contribution.
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The longitudinal facial sensitivity of a rectangular sensor
should preferably be designed to taper smoothly toward the
edges for maximum attenuation of convective (high-wavenumber)

pressure.

Use of rectangular sensors has the additional advantage
that their wavenumber fllters for area averaging are separable
into longitudinal and transverse factors, simplifying the
theoretical analysis (e.g., see Chase 1969).

We therefore reccmmend extension of measurements of the
present kind to arrays with even-multiple streamwise rows,
preferably using closely packed rectangular sensors relatively
narrow spanwise, with variable element weights,

There is some advantage in employing a microphone spacihg
such that the second major lobe (k1=3n/d) of the alternating-
phase array is more nearly suppressed by microphone area averag-
ing for the particular facial sensitivity distribution of the
microphones, in order to confine low-wavenumber contributions
largely to the vicinity of a single value of kl. The considera-
tion of maximum attenuation of convective pressure at an accept-
able frequency of operation appears, however, a more important

design criterion.

Consideration should be given also to providing steering of
the array (Maidanik and Jorgensen 1967) by use of delay lines
or by equivalent digital processing of time-referenced individual
records. This step would permit, in particular, achieving maxi-
mum discrimination against duct noise at any given frequency,
rather than only one or a few, with fixed microphone spacing.
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CAPTIONS FOR FIGURES

Array wavenumber response for alternating phase
(upper) and common phase (lower) with N=4.

Combined wavenumber filter vs. kl at k3=0 for array
of uniform circular microphones with 3mR/d~3.8:
(a) alternating phase, (b) common phase.

Measured and calculated response of alternating-phase
array for plane-wave calibration signal along duct
(corrected for frequency dependence of microphone
sensitivity).

Calculated response of common-phase array as in Fig. 3.
Mean velocity profiles in wind tunnel.

Comparison of measured velocity defects with that
calculated from Cole's law of the wake.

Dimensionless boundary-layer pressure spectra measured
by single microphone in present and other experiments.

Tenth-octave pressure .evels measured by alternating-
phase array and by single one-inch microphone at
63 ft/sec.

Tenth-octave pressure levels measured by alternating-
phase array and by single one-inch microphone at
51 ft/sec.

Tenth~octave pressure levels measured by alternating-
phase array and by single one-inch microphone at
4o ft/sec.
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Tenth-octave pressure levels measured by common-phase
array and by single one-inch microphone at 63 ft/sec.

Tenth-octave pressure levels measured by common-phase
array and by single one-inch microphone at 51 ft/sec.

Tenth-octave pressure levels measured by common-phase
array and by single one-inch microphone at 40 ft/sec.

Difference 1n nolse levels measured by common-phase
and alternating-phase arrays and difference computed
for longitudinal acoustic noilse.

Measured facial sensitivity distribution of microphone
(Brtlel and Rasmussen 1959) and function used to
apprcximate 1it.

Microphone wavenumber filters (1) computed from approxi-
mation to measured faclal sensitivity of Fig. 15 and
(2) given by [2J1(kR)/kR]2 for uniform sensitivity and

same radius.

Tenth-octave dimensionless spectra measured by alternating-
phase array and by slngle microphone with related theoreti-

'5'96, hvpothetical boundary-

cal spectra: [1] AM=A=10 '
layer point-pressure spectrum; [2] AM=A|H(wR/0.7Um)|2,
convectlve contribution.to .bcundary-layer spectrum
wavenumber-filtered by single microphone (unaveraged in
ky)s [3] AM=2.1A(wR/0.7Um)-5, convective boundary-layer
spectrum wavenumber-filtered by single microphone (limit
of large wR/U_); [4] 8, =0.046(wR/0.7U_)73, filtered con-

vective spectrum for discontinuity of 0.1 in facial
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Pig. No.
(17) sensitivity (1imit of large wR/U,); [5] 8,=(wR/U,)™2,
fit to lowest measured array spectrum in range
7<10 log(wR/U_)<10.
18 Tenth-octave dimensionless spectra measured by common-

phase array.

YL i




, F‘] Report No. 1769 Bolt Beranek and Newman Inc
j
T T T T -
. | ALTERNATING PHASE
il .
L I_g
: =
i &

E Lol e e i SR S
e COMMON PHASE

i

NZ|a(k) |2

of-

= o




R i L R e P ST,

‘&

Bolt Beranek and Newman Inc

1769

Report No.

¢"914

LKPHH|

QICIQIO,

mold <—>

0w | fonu]

o]

el

14

SE— e TR bt T P T i b b (s . g

9l




£ 914

(ZH) AIN3NO3Y¥4

(S )
=
=
<
=
k3
=)
< 000'02 0000l 000! (oTo]] oz
c 8 96 ¢+ € 4 g8 9 m y £ 4 8 96 ¢+ £
© e Tl ! s i T L I
E
) -4
<
[ 20
o 29s/4 %m: Ay M
& @3Lvindivd @ 08~ »
o a3¥NSV3IN ©O m
w
] =
] Al e
Ll e
I h
| A —
¢ Q
__ ] =
L . oL-
\ m
" <
vy ~
o =
S os- 9
= 2
- ) -]
[ 5 20
o —
7y
] bl | Y 1 10 A ) D O v




R e A, G i ot

B it

oot

7 r .

» ..’.’-

| -

Report No. 1769 Bolt Beranek and
. s
e,
—
= -
. g =
& ~
L=
&S
N|= =
II._
™ -
A _é i
3 0 ®

(YVEONIIW /Al 34 9p) ALIAILISNIS AVHYYV

Newman Inc

2 3 4 56 8
10,000 20,000

1000

4 56 B8
FREQUENCY (Hz2)
FIG.4

8 3
100

3 4 56

20

=100




Bolt Beranek and Newman Inc

1769

Report No.

—
-

G 914
€1 21 1IN 0l 60 80 20 90 SO $0 €0 20 10 0
| | | | Ir |
) —dio
s 271 o ¢ ¢0
¢l 1S a
| —¢o
el | €9 o
(ung (sdy®n 5{vo
. o]
- —so
o
2130
B
= % —20
— f m.o
oV
oV
b oV —e0
ot v
rp ntlln @ | b | — o't

®a/n




]

T-ﬂ.'¢ ctiiva.
-
£l

R

|

EE

]

4

iy

) '

o
L=

Report No.

Bolt Beranek and Newman

L]

-~

Inc

T T TITT] =T

O Ug=63fps
A Ugp=5! fps
0 Ug= 40 fps

(o]
5
0 Mo
] b
2 O
: L 11111l | llumo
3 4 56 8 2 3 4 56 8 =
0.01 0.l 1.0 20 .
’ y/8 .99
FIG.6
B g
2




— AN A
: o
o
=
s L°914
13
>
= ®n /xgm
.nq Ok [ O_D 9 6 ¥ ¢ 2 .O_w 9 ¢S ¢ € 4 _00 wmva.O
x | i Ll g e 0 W TTTT T T ]9
o \ C =
e \ 8v
& \ 5 ¥313WVIG TYNIWON =0
2 AV - 3215 -
i \ ™ 3INOHJOYOIW ¥04 Q3LD03¥YOONN
‘ —
\ S 0'1=2n/c™§343HM 3LON3A o
/f y SMONNV ANV SLNIOd G399v14 5
\___ v ] 2cv v 801 @ ov bl o
Y v 860 O 1S it
£
N & » 2y e 801 O €9 &
\. v v b §
S ® x8/0 ,80=0 ,8/0 ,20=0 (sd)®n >
09- "n
o .
11'0=%x8/0 L
@ (6961)
2 Invg-/]
M. 0%~
e €£'0=x8/0 (2961)
s ~ 3901¥0T00M ANV HLEVWI M
m _ bbbl iiaii e il IR TR M P
4 )

[ [ E E E 2 W R BB B B - BB B i BE




T —— T
-

B TR T O T TN i ) g e S e o e H A el L

Bolt Beranek and Newman Inc

1769

Report No.

(ZH) AJDN3NO3¥ 4

000'0¢ 000'0I 000! 00l (0]
2 ‘8 9§ v £ < 8 96 ¢+ € e 8 9 S ¢ € 4
_ i s B i i % e i T R ] il UGk S| oe
(P)
anNnos ; INIWNIHNSYIN AVHNMY O
ON INOHJOHIINW 3T1O9NIS V
@) 4 | 295/14 €9 =N
] g\ .
oS
(9)
- 09
(°) —j0L
| Lldle | e diic il VLS T YOO WA G| | -
[ - o W R ﬁ B B 0 =3

[2(uvB0MIN 20000) 3y 8P] 13A31 3uNSSINd 3AVLIO-HINIL Im " Mhuy

- (AT B 313.. ,H..?zmu.m




it ]

it g 4

6°S14
s (ZH) AIN3NO3NA

"~ 000'0¢ 0000l 000 00l o 5
= 2 8 9SS v € 9.9 S ¥ € 2 8 96 v € 2 o3 3
z | Irrrir1r i i I S I IrTrrr | .wnl
= aNnos >
o ON 3
[,-] _ ~—
N ot m
c v IN3W3YNSVIW AVHYY O =
s (P) (9) INOHJONDIN 3T19NIS ¢ =
3 29s/14 1S =®n a
hat . S
S ot W
// 3]

P

m

w

&

0s D

S m

m

(9) (D) M_

m
09 o’

(0 ]

P

2 e
- S
. (@)
5 z
g 2
. §
| Ll ] food e 4 TN | | | | e, B

: 2
.,

A o 3 { — )
= O | s { B B E O T ] ey E

Y i M A T 3
e il X . "

y .

v s
B b i

A s A ik




il €
SO0 T el BT B AR

D s YA S5 g s e &

01°S1s5
L i (ZH)  AON3NO3Y 4
000'0€ 000'0! 000! ool ol
4 : A g, 2 2 8.9 . % .¢ 4 8. 98 ¥ £ [4 ol
L G s | il o e T e A A i LB A |

0z

IN3W3HNSY3IN AVHNY
INOHJOYIIW 319NIS
935/} Ot = ®n

d0

(¢ ]

Bolt Beranek and Newman Iac
[}
538d IAVLO0-HLINIL (M) "W uy

?

W i

s

Report No. 1769

e g

(=]
~

(=]
0
[stuvaouoin 2000 0) 34 8p] 13A37 3uns




e
»

T . T T

{4

= (ZH)  ADN3NO3Y S N
— 000'0g.  000'O! 000! 00 o 3
o 2 8 96 v ¢ 4 8 96 ¢ ¢ 4 8 96 ¢+ ¢ [4 <
s I trrr b I irrrt T | BRI | 0z =
3 >
N -
- £
—4
<
) J (q) 13A37 ANNOYOMOVE QILVWILSI = = - 2
e oOo,\O LN3W3YNSVIN AVHYY O =
o 00 INOHJOYDIW 3I9NIS V¢ &
2 aNNnosS 235/} €9 = ®n O
1Y (o) ON .H
— <
o 2 O | obp ™M
i dha.. A Yoo v i s
v p ]
\ o 0
| nf o e
R, o os m
Ve o) 'y
V=~ m
<
lgﬁup m
% B
09
W~ 3 3
o oo - - S Rl o
S v 0.0 o S o
o o =
: v o T0 0¥ o
= v 3 2
e v v Q <
° v \ 2
2 A 4
| Ll | 2
v 08 &
ER JR i
ESET T & 7 e




refllearmmasessoiomi

5 (ZH) ADN3NO3N4 -
. 0o0o0'os 000'0! 000! 00! o 3
S Y 2 g..9c v.§ 2 8 96 v o 5
S | I | bt i i . A ) AT ) [ £
e —
i €
E S
<
i il I3A371 GNNONOMOVE QILVINILST ——=- e Z
e aNnos IN3IW3YNSVIWN AVHYY O =
bt INOHJOYDIW 3T19NIS a
& Q0 .—, 935/} 1G = ®n 2
- >
— <
= - ot M
.q\._ﬁ..dr g o
v b, 2
v 2
~NA m
L 0s
i m
T (P) 5
i
i -t T =
Z—o o0~ o9 %
= Co o - o™ m
~ e % o
M 400 v or ©
i v w =
= VAAY =
M. (@]
@ o
o ; P
] 1111 _ | | (1111 B =
Fa R BB 8 B L L S R s [y e [
- ~ e e




e o St
4

€1°9134
b= (ZH) AON3NO3Yd B
~ 000'¢€ 000'0! oocl ool ol 3
= 2l AR 9 S v €-_ ¢ 8 96 v & 2 8 9GS v ¢ 2 0z =
m _ i e T A NN Gl D O rTrrrib 1T 1 z
M v ©() (annos | €
< df' %00 Poz —~
7 & b 13A37 ANNOYONOVE Q3LVYWILSI === o« Z

: 2 o INIW3NH(.SVIW AVHYVY O 3
= xﬂ INOHJOHIIW 3T19NIS V S
o dr o %3s/1) Ov =N o
4 >
a :AWANMWl = ov

; ¥,

%a., (D) B

Ry -

vV o4 i
o e, e - -,
| 9o IR os, |
” i e @ ¥4 fﬁ
1 I b ¥ ddd \
i v v \
v 9yW he)

Report No.

[:(uv80NOIW 2000 0) 38 8P 13A3T 3uNSS3Hd INVL

| TP Y0 RN NPT Fonieseart £ VAT 0] OS] RORIN 1 11 () SR




bioitiein

)
|
(8
Y. m | s
&) = $1 914
| = (ZH%) AON3NO3Y4 |
| v ol bl 2L ol 8 9 L4 2 0 A
: m =
9 L QNI A
Q
[ —1
<
| 4
[ }]
(-]
-~
°
(-]

o
T

\.\.l ”.
I ....\\\ 7 I#///
A Al //

N

o
[(3svHd ONILYNYZLIY) YO /(3sVHA N1DY®] 901 OL

I 1 l\
| . -
L 4 .\ H p

| S , | Y

“\_ - (/m+1)Q B (M* %)@ ¥OA oL
” . = A3LNdNOD L1INSTY e
: i 295/1) 1S =PN e —
,4_ z 995/} G6E=PN =mmmem—
i o




oo

e

Report No. 1769

10

Bl N i Lt e g NG

Bolt Beranek and Newman Inc

— M

EASU

I ] | '
0,198 [1+4.06 Jq (2.96 1/R)]

RED

08

o
o

S(r/R)/S(0)

o
»

0.2

s e o I e e g, 2




oM

o TR

[Pve: &

1769

Report No.

Bolt Beranek and Newman Inc

o
-t o = — m
P ——
@
| -
°Z 7
== <
~N
: o
: ¥ 3 8
S|@nH| 901 01
10 1 S 715 S 171 S, S S (U R O N SNV R A B i

ek e




I

Bolt Beranek and Newman Inc

Report No. 1769

2

Se-

oe-

ge-

02-

(®n/sy¥m) 901 oL

L1°913

02 8 9L oL 2t OO 8 8 % 2z o - - 9 8- OI- 21- pI- 9r-
b Y —ﬂ
\ ) g ool
LA ] * =
|€ -, ,o Vi // __ (2) 3
\ . e
\
T ’ s U ] 99s/1) G6€ = Pn —. Qo
~ \ | —(t) 23s/1 1S = ®n
- 1y _ _ _..\ WS/ €9 =00 (e
—/ . (S) a3
(e & <Aw = mw
l —(€) e N bed
g A : AN A 0L~ 3
‘_ / b 2
e L S i wV
IO ..d' >
e v T\ — 09-
)
b e \ -
—(2)
x 0g-
.
A
] ]




)
w 1 £ {
w .w
o e “
w i =
g $ o a
m : : § M g Gy -
$ 81°914
= i ;
il (®n/ym) 901 OL
) | £ 02 gl 2l 8 b 0 v- 8- 21-
& ~ ooLt-
t 3 l“ Oﬁ-
3 L
m 06-
] L] + "ﬂ
| . ./ \ 9 095/1€9:=PN cmmmmm
| AR 29s/14 LG =N .
; | < . 095/1) S6E€ = PN e o os- ©
Y o) [y
,n. ,, %
A % g
; g //.r =
) 1 =
hl . 0L- g
: _ \
f o e
» L] - u)
) mw - g /
4 \
M n /a ‘
| -4 ﬂ
i . f 2 | \ I | i N\ v
n 02 oL - & .W L S0 G20 L'o
“ ] ®n/ym
w B [0 -Fhg 8 T W e M ER )




g™




s |

'w.‘m

e

1

Ry~ ) o)

§anmwy

“v 1 st

=

kv §
=3

!

]

e

-

L

i

»

Security Classidication

.
3 REPORT TITLE q

Wavenumber-Frequency Spectra of Turbulent-Boundary-Layer
Pressure Measured by Microphone Arrays

4. OESCRIPTIVE NOTES (Type of report and inclusive dates)

8. AUTHORIS) (First name, middle initial, last name)

William K. Blake and David M. Chase

¢. REPORT OATE s, TETAL NO. OF PAGES 7b. NO. OF REFS

25 April 1969

88. CONTRACT OR GRANT NO.

Nonr 3468(00)

94. ORIGINATOR'S REPORT NUMBER{S)

b. »IJECT NO. Task 2. 3 1769

c. b. OTHER REPORT NOIS) (Any other numbers that muy be assigned
this report) oy Y ! :

d.

16, DISTRIBUTION STATEMENT

11. SUPPLEMENTARY NOTES 12. SPCRSORING MILITARY ACTIVITY

Acoustics Branch, Code 468
Office of Naval Research

12 ABSTRACT S OMeasurements of frequency spectra of pressure along a wind-
tunnel wall have-been made by single microphones and by a longitudinal
array of four flush 0.8-inch circular microphones connected with alter-
nating and with common phase. The alternating-phase array was designed
to subpress by its wavenumber filtering the background acoustic duct
noise at frequencies near 3 kHz. The measured levels set upper limits o
low-wavenumber boundary-layer pressure. Analysis indicates that the
high-wavenumber (convective) contribution in this frequency range was
probably negligible, but it could not be definitely established whether
background noise dominated the svectra or whether the upver bound set on
low=-wavenumber boundary-layer noise is a close one. On assumption of
wavenumber independence in most of the pertinent low-wavenumber domain,
an uoper bound is given for the wavenumber spectral density of boundary-
layer pressure, and its generalization by assumption of §y-independence-
1s discussed. At lower frequencies, in identifiable domains where
single-microphone and array spectra are dominated by the convective wave;
number component of boundary-layer pressure, satisfactory agreement is
found with theoretical predictions based on current knowledge of the
spectral density in the convective-wavenumber domain and on a measured
facial sensitivity distribution for the microphone. In general, salient
features of the array spectra correlate well with expectaticn, and the
array technique is demonstrated to be a useful one for the subject
purposes.

L

DOCUMENT CONTROL DATA -R& D 1
(Security classification of titls, body ol abatract and indexing tation aust be antared whon the overall re is clussitiad, $
1. ORIGINATING ACTIVITY (C'uﬂmu author) 28. REPORT SECURITY CLASSIFICATION %
Unclassified
Bolt Beranek and Newman Inec. s

DD ‘Fuoon\:‘u1473 Unclassified

Security Classificatiun




?
A
|
——dlncjasdtad o _ |
1a. KEY WORDS LINK A - LINK @ LINK €
ROLE wY ROLE wr ROLEK wt —]
Turbulent boundary-layer pressure M]
Wavenumber-frequency spectrum of pressurg -
Arrays of microphones =
Wave-vector filter
=
F =
: Ta,
- o
Ll
L
?. —
: %
i |
3
!
n
| =
Ef -
J 1
qil Security Clsasification ﬂ
g'f“"'“f IR 0 o TR ¥ 1 i




