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ABSTRACT

Messurements of asrodynsmic noise, in the form of pressure
fluctuntions in & turbulent boundary layer, were made on a smooth flat
plate in the 12~ and 20~in. supersonic wind tunnels at the Jet Propulsion
Laboratory. The noise was measured with small plesocelectric pressure
transducers (0, 01§-0, 03 in. diameter) constructed of barium titanate
crystals which were flush~mounted in the flat plate.

| Spectral-energy distributions of the pressure fluctuations are
obtained up to & frequency of 0. 5 me at freestream Mach aumbers from
2.0 %0 5.0, and Reynolds numbers based on boundary-iayer-displacement
thickness from & x 10% to B x 10%, By grouping the teat variebles into the
preper nondimensional forms and correcting for the finite transducer size,
the energy spectra are found to be similar and uniquely related to both
Mach number and Reynelds number, The total, or integrated, level of
nolse &t the plate surfase, in terms of root-mean~-square values of the
pressure fluctuations, is a constant equal o about 10 times the shear
streas v at the wall. The intensity, ;5. is directly proportional to the
fourth power of the freestream Mach sumber,

Correlation measurements in ime snd in the streamwise direction
in space show that the noise at the plate surface is convected downetream-
with & characteristic velocity squal to T6% of the freestresm velooity.

The correlation dies off rapidly with spacing between pickup points, and
the convection velocity shows no dependence on either Mach number or

Reynolds number.
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NOMENCLATURE

By sound speed based on the adiabatic wall temperature
&, sound speed in the freestream
Adky) frequency aitenuation of energy specirum
Adky)  amplitude attenuvation of energy spectruim
Ty local skin friction coefficient
d dfameter of pressurae transducer
{ frequency
Jy Zessel function of the first srdor
kK |k|  veetor sum of k end ky
ky wave mumber lu streamwise direction of flow
kg wave number in treasverse dirsctlon to flow
Mg  fressiream Mach number
P roct~wesn ~@quire presasure fluctuation
p? mean equare pressure fluctuation
Folft  true energy spectrum in streamwise direction as deflned
in £q. {7
Pt stagnation pressure
g’:'t pltot-preseurse
Pgllg) endrgy spectrum in iransverse direction to flow
Uy freestream dynkmic pressure
r vadiue of pressure transducer
Re Reynolds munber

Rs% Reynolds aumber based on boundary - layer deplace aent
thickoness
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NOMENCLATURE (Cont'd)

Reyoolds nucaber based on boundary -layer momentuin
tdckosss

gorrelation function as defined in Eg, {14}

stagnation temperature

convection velocity of noise

coordinate in streamwise direction, measured from leading
edge of {lat plate

guordinate normal to plane of fiaf plate

shook strength or pressure jump

time loterval between two messureineats

volisge rise corresponding to pressure jump

spacing between two measuring stetions in the siresnwise
direction

boundary ~layer displacement thickness

boundary -layer momentuin thickassa

wmedsured evergy spectrum

dansity of flaid

time of delay

fime to optimum currelation

shear strosse at the wall



. INTRODUCTION

The term "sercdynsmic noige’--that i, any sound of an acoustical
nature which is created from aerodynamiec sources-~includes sound flelds
produced by turbulent flows, such as those in jets, wakes, and boundary
layers. Lighthill! was the first to present s theory of nolse for the
turbulent motion with explicit emphasis on the acoustical properties of
such & motion. A number of theoretical and experimental studies have
subsequently been published {rom this point of view. A general survey
of the turbulence problem, of which serodynamic noise is a part, may be
found i{n a paper by Liepmanu. 2

The nolse produced by the fluctuations in s turbulent boundary
layer is of two types. If the boundary surface ie perfectly rigid, the
turbulent fluctuations will (1) radiate & sound field into the {reestream,
and (3) generate noise in the form of pressure and shear fluctustions at
the solid surface. The first is known &a the "far" field; the second, the
"near" field. If the bounding surface is flexible, a third sound field is

ereated by the coupling via the wall motion of the internal fluid to the

1M, J. Lighthill "On sound generated aercdynamically, " Proc.
Roy. Soc. (A), 21, 864 (1052),

2y, w, Liepmann, "Aspects of the turbulence problem, "
J. of Applisd Math. snd Physics, 3, (1882).
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euternal flow field, This latter type of noise problem has besn studied
by Corcos and Liepmann, ¥ and Weyers. 4

The problem of noise in both "far” and “near" flelds has been
treated theorstically by many suthors; e.g., Phillips, %8 Curle, 7
and Whmnaz experimental results are not as avellable. Measurements
in the "far" field have been made by Mollo-Christensen and Narashimha, ®
using an air jet, 19 gnd by Laufer, 11 using the boundary layers on the

3G. M. Corcos and H. W. Liepmann, On the Transmiseion Through
a Fuselage Wall of Boundary Layer Nojee, Rept. No. SM-18870, Douglas
Afreraft Company, Inc. December 18685,

4p. F. R. Weyers, On the Measurement of Acoustic Radiation Due
to Wall Deformation by Turbulent Pipe Flow, Prog. Rept. No. 82,
Guggenheim Laboratory, Califoraia Institute of Techuology, Pasadena,
California, April 37, 1887.

Sphillips, O. M., Surface Noise from a Plane Turbulent Boundary
Layer, British A.R.C,, Rept. No. 16, 063/ FM 20908, (4 August 1054).

3?2-.3113,-:5, O, M., "On the Aerodynamic Seund From a Plane

Turbulent Boundary Layer, " Proc. Roy. Soe. (A) 236, 1188 (1855).

TCurle, N., "The Influence of Solid Boundaries Upon Aerodynamic
Sound, ' Proc, Roy. Soc. (A), 281, 1187 (1858),

8R. 4. Kreichnan, "Nolse Transmission from Boundary Layer
Pressure Fluctuations, " J, Acoust. Soc. Am. 29, 68~80 (1857).

#p. Mollo-Christensen and R, Narashimha, Sound Emissions from
Jats at High Bubsonic Velocities, GALCIT report submitted to NASA ’
March 1089,

105018 are fNows of boundary layer type and, therefore, are
governed by the same equations of motion.

11y, Laufer, Aerodynemic Neise in SBupersonic Wind Tucnels,
Prog. Rept. No. 20-378. Jet Propulsion Laboratory, Pasadena,
California, February 87, 1889,
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wind tunnel walls. In the "near’ field, measurements of the pressure
fluctuations at subsonic speeds have been made by Wuimﬁhw’ 13 {uee
App. A) and Harrison, 14 |

The nolse field inoreases sharply with increasing speed between
the fluld medium and the solid surface. Ths nolse produced by the
turbulent boundary layer st supersonic and hypersonic epeeda is of &
particular interest. Mu!'«r“, for example, has found that the radiated
sound intensity is proportional to M :) at supersonic speeds. As of thia
writing, no significant experimental data are available on either pressure
fluctuations or shear fluctuations in the supersonic flow ragimé.

This report is concerned with the experimeatal ressarch on the
pressure~fluctuation noise in supersenic flow, The teaung was performed
in the supersonic wind tunnels at the Jet Propulsion Laboratory (JPL).

A srmocoth flat plate was used as the test model. Measurements wers
made with small barium titanate plesoelectiric crystals, 0.015 in. and

0.08 in. in diameter, which were flush~mounted in the flat plate.

13w, w. Willmarth, Wall Pressure Fluctustions in 8 Turbulent
Houndary Layer, Natl. Advisory Comm. for Aeronsut,, Tech. Note 4138
{(March 1058).

13w, w. Willmarth, Space-Time Correlations and Bpectra of mn
Preamre in a Turbulent Boundary Layer. NASA Memorandum 3-17- gow,
{March 1858).

145, Harrison, Pressure Fiuctuations on the Wall Adjacent to &
Turbulent Boundary Layer, Rept. 1260. David Teylor Model Basin,
Maryland (December 1868).
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The experimental data include measurements in the streamwise
direction of (1) the speciral density of the pressure fluctuations, and
{2) correlations of the spectra in time and at four polnte in spece. An
effort is made to develop the functional or similarity relationships
between the measured quantities and the goveruning flow parameters. The
primary objectives of this study are the determination of {1) the dependence
of the energy distribution on Mach number ard Reynolds number and
{2) the convection characteristios of the fluctuation nolse along the solid

surface in the direction of flow.
I, TEST FACILITY AND TEST MODEL

The JPL 12- and 20~in. supersonic wind tunnels are of the
continuous flow type {see Figs. 1 and 8}, The nozzles of the tunnels are
formed by a pair of flexible steel plates which are set to the desired
nossle contour by the method of ¢ontinuous third derivatives, 18 Any Mach
number from sbhout 1.3 to 8, 0 may be obtained in the 20-in, tunnel. The
corresponding Mach range in the 18-in. tunnel is 1,3 to0 4.0, By varying
the supply pressure., the Reynolde number can be varied from about

18, 000 to 500, 600 per in. of charscterigtic length. The flow conditions

185, Riise, Flexible Plate Nozsle Design for Twe Dimensional
Supersonic Wind Tuanels, Rpt. No. 20-74, Jet Propulsion Laboratory,
Pasadena, Califoraia, June 6, 1054,
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in both tunnels are quantitatively similar. A precise flow calibrationif
for a series of Msch numbers shows that the test-section air flow is
uniform to within £1% in both Mach aumber and static pressure and that
the flow in the test rhombus is parallel to within £0. 1 deg. The turbulence
level in the supply section is found to be 1%, or less, for all Mach
mumbers and Reynolds numbers,

A, Fist Plate and Shock Mounting

A flat plate is used as the test model to provide a emooth working
surface for the experimenisl measurements. The plate 8 mounted in
the 20~in. tuncnel fo the mamer shown in Fig, 3. In order to isclate the
plate from the tunnel vibrations, the plate is soft-mounted in the test
section. The mounting bolts which support the plate are undercut to make
room for & row of rubber O-rings. Also, rubber sesls are inserted in
the air gap between the plste and the tunnel door for the full length of the
plate., In this way, ceontamination by flow across the gap {8 prevented,
and the plate is completely isclated frow metal-to~-metal contact with the
tunnel support, During testing, an electirical grounding clreuit is wsed
which automatically flashes a warning signal whenever the plate comes in
contact with the tunnel door. This same system ls used to indicate
grounding between pitot probe and plate in the boundary-layer velocity-

profile measurements.

183, H. Steinbacher, Calibration of a Continucus Third-Derivative
Nozzle in the 20-in. Superscounic Wind Tunnel, Jet Propulsion Laboratory,
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The leading edge of the plate is squipped with & row of small
orifices through which & small amount of air can be emitted to trip the
boundary layer. The air-trip may be shut off at any time during the
test, thus permitting pericdic comparison with laminar flow conditicns.
Circular cutouts, whish accommodats the 4~in. diameter inserts
containing pressure transducers and other instrumentation, sre made
along the centerline of the plate, at stations 8.8, 13, and 24 {n. from
the leading e¢dge., Thua, testing is poesible over a wide range of
boundary-layer thicknesses.

B. Description of Barium Titanate Pressure Transducer

In the present trangducer design, small discs of polarized
barium titanate crystals are carefully ground to size on & fine-grained
diamond wheel. The smallest crystals made are of 0,015 in, diasmeter
and 0, 02 in. thickness. Some larger cryetals, 0.03 in, diameter, were
constructed for use in determining the effect of transducer size on the
spectrum measurements. The disc sizes chesen are governed by a
compromise for a pickup which would measure the pressure at a polut
and, at the samse time, provide an adequate capacity and sensitivity.
In practice, the criterion for & point measurement ia that the diameter
of the surface of the crystael is small as compared to the characieristic
dimension of the flow, in this instance the boundary-layer diaplacement
thickness. In other words,

d4/é* <1 (1)
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The amount of the amplitude and frequency ettenuation of the measured
signal is related to this ratlo, which, for the present test, ranges from
0.1 % 0.8,

The pressure transducer is flush-mounted in the plate insert
{Pig. 3) to minimize flow disturbences. A detail of the design and
construction of the trausducer is shown in Fig. 4, A soft rubber matrixl?
is used to isolate the crystal from possible transverse or shear loading
and to shock-mount the transducer away from the flat plate. All
cavities are filled with an epoxy restn}® to prevent the occurrence of
resonating columns of air (so-called Helmholtz resonators). This
relatively intricate system {8 necessary to prevent the large amounts of
extranéous signals in the teat euvirvnment from reaching the orystal.

Cne or more crystale may be mounted on the seme lead backing;
usually, three crystals are placed together and dlametrically spaced
0. 38-in. apart on the transducer. For the correlation measurements,
each of the crystals is of the same diameter; for measuring the effect

of size, the crysials are of varying diameters.

C. Calibration of the Pressure Transducer
Initially, the pressure transducers are checked qualitatively with.
2 small low-pressure alr jet for uniformity of response to & randomly

fluetuating type of input sigoal.

17Light- Bodied Permiastic, Kerr Mfg. Co., Detroit, Mich.

1842 Adhesive, Armstrong Products Co., Warsaw, Ind.
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A more precise calibration {8 made with & low~presasure shock
tube. The shock tube and calibration instrumentation are shown in Fig. 8.
The pressure transducer and plate-insert combination is flush mounted on
the side of the tube. The shocks are produced by slowly increasing the
pressure in the driving chamber until the dlaphragm burats, The desired
iow-vprnmre shock i@ obtalned by using commercially available thin
(1 mil) latex rubberl® and aluminum foil for the diaphragm material,

The shock strength is determined by measuring the shock speed
and using the normal shock relaticaship for s perfect gas. The shock
speead is measured by identical barjum titanate crystals spaced a known
" distance apart. Psassage of the shock is sensed by these crystals in the
form of nstantanecus outputs which are used to start and stop the elec~
trounic timer. The average velocity over the two stations is then equal
to Ax/ AL, A third barium titanate orystal is used {o trigger the oscillo~
scope sweep, which i3 8o adjusted time-wise that the transducer voltage
output corresponding to the step losding from the shoek wave is recorded
on the scope sereen.

A sample record of the transducer response is shown in Fig. da.
The lew-{requency cscillation of about 300 cps is the mechenical remmt‘
frequsncy of the lead welight and soft-mounting system. The high-frequency

oscillations ( ~1Mc) near ths step appesr to dilfer from transducer to

18 youngs Rubber Corp., Trenion, N. J.
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transducer and are belleved to depend upon the slight mutiqyas in the
moeunting of the crystals on the lead backing of the individusl transducers.
The sensitivity calibrations for two crystals of different size are presented
fa Fig. éb. The difference io sensitivity between crystals is the r esult of
partial depolarisation fram the grinding process. The extent of this

depolarization is dependent on orystal size.
0. ELECTRONIC INSTRUMENTATION

For the spectral meassurements of the pressure fluctuations, the
equipment is connected as shown in Pig. 7. Sigoals below 10 ke are
filtered in the catbode follower to prevent extranecus low-frequency
inputs from penetrating the electronic system. The remaining sigunal,
which is messured {0 & frequency of 800 ke, is amplified by 8 wide-band
amplifier to give approximately 1 voit of lnput to the wave analyser. The
gain in the analyser is, in turn, adjusted to give an cuiput to the thermo-
Wt of sufficient amplitude to produce a full scale trace on the plotter.

For the correiation measurements, the equipment is connected
as shown in Fig. 8. The two channels have identical cathode followers
and nnipuﬁna. The signal from the upstream transducer is delayed
with a variable time-delay unit before subiraction from the downstream
signal. The resullant sigaal is aquared by a vacuum thermocouple and
indicated on & potentiometer readout. The accurscy of the measurements
is dependent on the phase relationship between the two channels and on
the response characteristios of the time delay. A comparison of the
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phase relationship shows that the two chamnels are within 48 deg of each
other from 30 to 100, 000 cycles. However, superimposed on this
relationship is the response and phase shift introduced by the time delay,
which {s by no means negligible. .

Calibration of the time delay is made by measuring the auto-
correlation of sine-wave inpute. The calibration is slse tested by feeding
into it & random nolse signal with a known cuteff characteristic. The
calculated and menaured values of the sutocorrelation with & random
signal are shown in Fig. 9.

The electironic equipment used {n the experiments {8 lsted in
App. B. Manufecturers of the equipment are identified in App. C.

IV, BASIC MEASUREMENTS

A. Boundary-Layer Velocity Profiles

The boundary layer is tripped by the bleeding of eir through a row
of small holea near the leading edge of the flat plate. The velocity
profile i oblained by driving the pitot traverse toward the plate; a
. grounding circuit is used to. indicate metal-to-metal contact between the
probe and the plate, Typlcal traces of pitot data are presented in Fig. 10
for the three measuring stations {n the axial direction. The corvesponding
profiles for determination of displecement and momentum thickness are
shown in Fig. 11. As the thickness parameters are used to reduce the

speciruin measurements to nondimensionsl form, the pitot traverse is
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usually made iramediately before or after each asaociated spectrum
measurement (o minimise changes in the baslie flow conditions between

the two typee of dats.

B. Ensrgy Spectrum

Figure 138 is a typical data plot of the energy spectrum showiag the
amplitude distribution with frequency. The signal with & laminar boundary
layer is seen to be quite small as eompared with the turbulent case.

Three types of corvections are applied to the data: the firet
accounts for charscteristics of the elsetrouic equipment; the second
corrects for the frequency attenuation of the measured signal due to the
finite size of the pressure transducer; the third corrects the amplitude of
the signal for attenuation in the direction transverse to that of the flow,

A genersl relationship has been worked out by Corcoa20 to
correct for measurements wﬁth & transducer of finite aise. The re-
lationship is based on the sssumptions that the turbulent pressure field
is

i. & stationary rendom functiom; 1.e., independent of time,

8. homogeneous (although not isotropic) iu the plane of the

mtorwmmmhcr-:t ;\1 *—k:;.

8. convected downatream with & characteristic velocity relative

to the freestream flow; {.6., in a "frosen" pattera.

280G, M. Corces, et 8l, On the Measurement of Turbulent
Pressure Fluctuations with & Transducer of Finite Bige, Ser, 82, Issue 14.
Institute of Engineering Research, University of California, Berkeley
{1860).
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The equation s

§a(0 = Pg(ﬂf --§- Py {k3) dkg {2)
where
i) » measured spectrum in direction of flow
Pylf) = true spectrum
?s(ks) =« gpectrum in direction transverse to flow
ko= K| =0 e kcg)‘/2
dr _ dsf
k F7 - Sibonibveod

For the transducers uaed in this test, ki < & or 3 Iothis case,

the Bessgel function can be a.pprozimatcdm by

2 ] , ¢
o) fgn) | g (332
B8 a3l ird
The result i
Pt = Polh ka 2 karz Polky) dig (4)
o k3
3lppe author is indebted to Dr. A. L. Kistler, JPL, for this
suggestion.
23

An error of about § to 7% i introduced by this approximation.
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The term
Ji&lr)/kgrz = Aglk;) (5)

copresponds to a frequency attenuation in the messured gpectrum ﬁm(f‘).
The terms under the integral mign are independent of k;, which means
that the integral itself corresponds to an attenuation in the smplitude

of §,,(f) only. Unfortunately, not enough 18 known about Pgliy),
especially {n supersonic flow, to permit explieit evaluation of the
integral in the kg direction. The simplest assumption which can be made
is that of two~dimensional isotropic turbulence in the plane of the fNat

plate. The integral then reduces to & multiplicative factor equal to

¥ <
f Pl
df
/0‘” g o J3te/le®
o -:;‘é:z—' ?a‘ks)dka & ,Om ) EA‘kl) (s)
° 3 Bl af
i
i

and the general equation (By. 3) reduces to
PolD = PolD) . Aglk)) . Alky) (n

A typleal spectrum, Fig. 18, shows the relative magnitudes of
the frequency and smplitude corrections on the measured gpectrum. The
frequency attenuation Agk;) is compared in Fig. 14 with the ratios of

mensured values of attenustion between transducers of two different sizes.
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The measured values follow the general shape of the Bessel function, but,
at the same time, exhibit e definite dependence con the Weynolds number.
The amplitude :mcmmuén Ak} is shown in Fig. 15 to depend on Mach
number and Remldl oumber, &8 well ae on transducer size. The
decrease in attenuation with Mach number 18 the result of thickening of
the boundary layer at the higher Mach numbers.

If it is sssumed, as suggested by Liepmann, 3% that the mean
square value of the fluctuating pressure is proportional to the syuare of
the freestream dynamic pressure for fixed values of Mach number and

Reyuolds nuraber, then

' P
§ . f 200 g« wom_, Re) @
9o ) 9w

Introducing the reduced frequency 16#/U_, thia becomes

© |
P ltas/U ) U f5®
f S i d( > s F(Mg, R ) (®)

o oo o Ve

By, w. Liepmann, Parameters for Use in Buffeting Flight Tests,
Report No. 8M-14631, Douglas Aireraft Co., Inc., Junuary 3, 1883,
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Examining the integrand, it can be concluded that

P,lts8/U_) U fon \
R ha A2 . ~2 2 G-, M, R“) {10)
qm &% Um

An aiternative, and perhaps more appropriate approach, is to

bese the pressure fluctuations on the shear stress at the wall. °¢ In this

Cage,
(3
p? Pyl
:——fz ® . 2 df “F(Mwb Re) {11)
w o W

Introducing the reduced frequency based on momentum thickness, this

beconies

PP Pylro/U ) U,

a/ e \ = F (M, R
J T § \Um/ *

0 W

e
Yot
| ]
g

Examining the integrand, aa before, one obtains

- Plte/U ) U £
Polte/ B B 2 G|, Mg, Hg (13)
2 .

T 8 Up

”‘Fha author is indebied to Professor Donald Coles, California
Institute of Technology, for helpful dissussions on this approach.
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The problem thus reduces to one of determining the unknown functicas
G and G, respectively, in Eqs. (10) and (13),

Spectrum plots, nondimensionalized according to Egs, (10) md
(13), are presentsd in Fig. 16. By integrating the spectra, using
Eys. (8) and (11), and extracting their syuare roots, the ratios of
/4, 80d B/ T, Uespectively, are obtained as a function of freestream
Mach number and Reynolds number, where '5 is the root-mean-syuare
value of the total fluctuating pressure. These ratios are presented in

Fig. 17,

C. Space-Time Correlstions
The correlation of the noise in time and in space are obtaioed by
taking measurements at two points on the plate and usiang the relationship
(.? "vﬂg) - (01 - 03)2 8y g
3(ehl/B ( B)/2 (D)3 (@)

Ri{r} =

where R{v) is defined as the correlation function, e is the signal
measured at the upstream point x &t time (t - v), and e, {8 the sigual
measured at the downstream point (x + &x) at time t. The bar denotes
ensemble average, whiel;, for the type of process considersd here, will
be equal to the time anriga. Typical correlation measurements are

given in Flg. 18 for Mach numbers ranging from 2 to 8.
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The velocity at which the nolae is convected downatream is

deiermined from the correlation dste wsing the simple relaticaship

VWM

e " Tom (15)

where Vo = the convection veloeity, 4x = the spacing between pickup
points, end Topt " the time interval required to travel from upstream
point to downstream point; §. ¢., the time to optlmum correlation. The
ratio of V,/U,, 18 presented versus Mach number and Reynolds number
in Fig. 19. Ratlos of (U, ~ Ve)/am and Ve[aw vs M, are given in
Fig. 30, where a,, is the sound speed in the freestream and a,, is the

sound speed based on the adiabatic wall temperature.
V. RESULTS AND CONCLUSBIONS

The specirel density reaches an éaym;tet.‘.e value as szero
frequency is approached, and it shows & characteristic roll~off at the
kigh frequencies. The nondimensional spectrum based on freestream
dynamic pressure (Fig. 16a) gives good similarity at high frequencies,
but exhibits a definite dependence on Heynolds number at low frequencies,
The Reywnolds number dependence is of the order of R ”"‘/ b when the
spectral energy data are pregented in the form of 'f;j e (Fig. 17a), where |
p i@ the root-mean-square value of the total fluctuating pressure and U

is the freestream dynamic pressure.
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The dependence on R ”"3/ & tﬁggwtu the use of 7, the shear
at the wall, in the nondimensionalization, since the local skin friction {u
8 turbulent boundary layer, Cp ® 7y/dg,. 18 8lso related to the Reynolds
number in & similar manner. The resulting spectra (Fig. 16b) show
good similarity throughout the range of frequencies, without any appareunt
dependence on either Reyaolds number or Mach numnber, The scatier ia
the data is attribatable to small variations in the messurement of the
momentum thicknesa 8. On the baasis of this experimental evidence, the

functional relationship in Eq. (13) may be simplified to give

pe(reluml txw

= G {t6/U_) (18)

*al'wi - 0

The value of §, when based on v, (Fig. 17b), is also invariant
with Reynolds number; it is invariant with Mach number except, perbaps,
when M, = § ls approsched. Thus, the mean square value of the total
fluctuating pressure in Eq. (11) may be reduced to

2
‘a'; = gonstant = 100 {17)

Yo

asvengmay

Inasmuch a8 7y, * Cq ., and g, © (1/3)»&53 « 0,9 pMﬁ for aip, p'a. in
w " “fle i @ a0

tering of the freesiream Mach number, may be written

3
R o 80 CF My, (18)
p
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The convection velocity of the pressure fluctustions is determined
from the spece-time correlation data (Fig. 18) and weing Eq. {15). Moat
of the measuremonts were mude at 4x » 0. 2% and 0, 50 {n.; & few were
made at 4x » 1 lu. A couatant retio of convection velocity to freesiream
velocity equal to

v
— 0. TS {18}

VYo

is obtained, independent of both Mach sumber snd Reynolds number
{Fig. 18). The ratio of V,/Ug, for the messursments at 4x = 0. 26 ia.
are about §% lower thas thoss at the other spacings. This difference
corrasponds (o au arror of about 0, 008 ln, in the measurement of the
center-to~center distance between pickup points, which in this case, are
circular aress of 0. 03 in, diameter.

The existence of a characteristic or bulk velocity of convection
fmplies that V, ruther than Uy, may be the more appropriste parameter
to use in the wondimensional energy spectrum. This eorresponds to &

change of Eq. {16) to )
Polte/ve) vV, |18 20)
vw’ ¢ \L .

In constrast to Bq, (16}, Bg, (20} will result in u decrease of 25%
in the ordinste and an lncrease of 38% in the sbacless in the speciral data
as presented fn Fig. 16b, in sccordance with the relationship between
Vg and Uy in Eq. {16).
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A point of interest s the magnitude of the velocity of convection
in relation to the speed of sound. The comperison g made relative to
Ggy the sound speed in the freestream (Fig. 20a), and ay, the sound
speed at the adiabatic wall (Fig. 20b). In both instances, sonic velocity
is reached sbove M_, * 1. In the former case (U, - V )/a_, = 1 at
Mg, = 8.3; in the latter case, Vgfay = 1 when M, = 1.5,

The rate of decay of the convection noise in the streamwise
direction may be determined from a measure of the degree of correlation
{for optimum correlation) as & function of the time of delay for several
pickup spacings. An estixnate of this may be obtained from the fact that
(1) the fluctuation nolse is only 6% correlated for a apacing of 4x = { in.,
snd (3) the degree of correlation diminishes by a factor of 4 or 6 when
the pickup spacing is increased by a factor of 4 {(from 0,25 to 1 in.). The
sudden drop from R{0) = 1 {or sero spacing to R(?opt) = 0,98 at &x = 0. 25 in.
is the result of the phmé ghifi and limited response of the LC time ﬁelay
unit. A more precise rate of decay would require the use of a time delay

with betier response and phase characteristics.
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APPENDIX A
Spectral Measurements in Subsonlc Flow

The spectral measurements presented in the manuscript may be
compared with those obtalned at subsonic flow conditions, Willmerth!?
conecludes that the ilxmmﬁnz pressure based on dynamie pressure is a
constant equal to 7& = 0.008 for Mach numbers between 0.3 < M, < 0.7
and Reynolds numbers between 104 < Ry < 5 x 104, The wide-band
measurements of '5 were made using a vacuum~tube volimeter which has
been calibreted againet e true root-mean-equare meter, The effect of
finite transducer sise was accounted for by extrapolation of the‘nfmsurad
dats of % tc a erystal pickup of sero sise.

The use of a voltmster for root~mean-square averaging is not as
rigorous as actual numricil integration of the energy spectrum.

Neither is the method of estrapolating to sero pickup size strietly correct,
since % is, in general, actually dependant on variations {n both Mach
mumber and Reynolds sumber, rather than on the parameter d/6%. A
close examination of Willmarth's spectral data shows a possible depen-
dense cn Reynolds number at the lower frequeacies, although the
dependence on Mach number is hidden by the lUmited test range and by the-
scatter in the experimental data,

In order to provide a comivon basls for comparison, several
representative sets of speciral data from Willmarth's mensurements were

recomputed employing the same approach as that of the present
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iavestigation, including corrections for freguency and amplitude
attenuation due to trangducer sise. Values of shear al the wall were
obiained using the appropriate Cf for incompressible flow. The resulting
scudimensional spectra are shown in ¥ig. A~-1. Integration of these
spectra yield the curves of % and % in Fig. A-3.

It may be seen tbat the corrected spectra in subsoaic flow have
distinctly lgwcr valueg than those in superscaic flow, The iategrated
values of % show a dependence on Reynolds number and are lower than
the rgxinpoimd values by & factor of 2 to §. The correspounding values
of ;% are about 10 times lower than those in supersonic flow, iadicating

& noise envircnment which may be an order of magnitude more severe in

supersonic flow than in subsonic flow.
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APPENDIX B

Ldst of Electroaic Equipment

Type

606
2604

1380A

Description

Variable delay line
Q mater
Potentiometer pyrometer

Beaador nolse generator

Harmonie wave analyser
Vaguuin tube voltmeter

Amplifier
Wide-band avaplifier
Elestronic counier

Test oscillator

Variable band-pass
filter

Microlab atisoustor
Autogrsf X-~Y recorder

Panoramic sanide
anslyser

Panoramie witrascalc
analyzer

Miero ammeter

Range

0-120 psec
53 ko - 50 Mo
08 mv

0-8 voite,
G- Me

0-18 ke
$0 db

80-40 db,
i eps = 1 Mg

80 db, 100 ko~
100 Me

1 msec to
1 sec

0-10 Mo

20 cpe =200 ke

- 60 db

0-20 ke

0-300 ke

0-50 pamps



Muks

8

8E

81

Bt

TC

Modael Type

A-§0B

A~§G-BM

181

100008
21
835
681

Description
Hot wire anemomaeter,
amplifier
Wide band amplifier
Wave analyser
AQ voltage regulator
Fressure ghuge

Vacuum thermogouple,
insulated heater

Qagillogeope
Dual beam oscilloscope

Range

1 cpa~320 ke

1 ops-800 ke
16 ke-H00 ke
120 wolts

10 paia

1.6 ma
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APPENDIX C
Abbreviations of Mamufacturers' Names

Advanced Electronics Laboratories, Inc., Passale, New Jersey
Boonton Radic Corporation, Boonton, New Jersey
Minneapolis-Honeywell, Brown Instrument Divigion, Minneapolis,
Minnesota |

General Radio Company, Cambridge, Masgsachusetta
Hewlett~Packard, Palo Alto, California

Krohn-Hite Instrument Company, Cambridge, Magsachusetts

F, L. Moseley Company, Pasadena, California

Panoramie Radio Products, Ine., Mt. Vernon, New York
Rawson Electrical Instruments Company, Cambridge, Massachuseiis
S8hapiro-Edwards, South Pasadens, Califorania

Sorenson and Company, Inc., Stamford, Comectieﬁt
Stathan Instruments, Ing., Los Angeles, California
American Thermo-Elsetric Company, New York, New York
Tekironixz, Ine., Portland, Oregon
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