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ABSTRACT .

Certain propesties of the peessuce field induced Ly turbulent airflow at the walt of & cylindrical pipe have
been investigated over broed frequency bands and in octave freq:=ncy bands over s limnited range of Reynolds
numbers, The broad-band measurements indicate that the pressure field is convected downstream at approxi-
mately 0,7 of the centerline velocity, The ratio of the root-mean-square ::~-we to the dynamic presswre is
approximateiy equal to 0,008 for the variow: keynolds numbers, Longitudinal and lateral space correlaticns are
also prescated for a limited range of spatial separations, Data obtaines in octave frequency bands indicate that
the ratio of convection velocity to ceaterline velocity decreases as frequency increases, with the ratio varying
from approximately unity to 0,64 for the frequency bands {nvestigated. Longitudinal and iateral correlation
data for various frequencies, spatial separations, and Reynolds numbers are shown to be functions of Strouhal
number, Estimates of the longitudinal and izteral scales are given as functions of frequency for the various
Reynolds numbers, These data indicate tha: the lateral scale is approximately equal to one half of the longi-
tudinal scale,
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SYMBOLS

Pipe diameter

Frequeacy in cycles per second
Fluctuating pressure

Lctive rading of transducer face

Reynolds number based on pipe diameter
Time

Time delay

Ceatestine pipe velocity

Convection velocity

Longitudinal and lateral space coordinates
Lougi:udinal and lateral scparation of transducers
Anguiar frequency

Strouhal aumber

Normalized space-time rorrelation funcion
Fluid density

Bessel function 0. «he fizst kind of order n
Longitudinal scale

Lateral scale

o —

P" where Pl’ is the mean square pressure within a thizd octave band
BANDWIDTH

Bounda-y luyer thickaess
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WALL PRESSURE CORRELATIONS IM TURBULENT PIPE FLOW

IN'1..ODUCTION

Certain propeities of the turuulent pressure field at the wail of a
cylindric.: pipe have been investigated experimentally over a range of
R : roulds numbers from 100, 000 to 300,000, In particular, data have been
«: eined concerning the convection velocii; =.d longitudinal space -time
cor.elations both over broad frequency bz.ds and in octave bands. Longitu-
dinal and lateral correlations have also been obtained over broad bands 3s
functions of spatial separation and in octave bands as functions of Strouhal
numb r. Finally, measurements of the root-mean-square pressures and
the frequency spectra have been made,

GENERAL DESCRIPTION OF THE TUNNEL

The turbulent pipe flow facility is located in the massive old fort at the
¥ Trumbill site of the Underwater Sound Laboratory. This location was
-lected bacaus. of its low ambient noise level and solid, vibration-free
foundation.

The development of the experimental apparatus, Fig. 1, which was used
in this investigation began with the work of Von Winkle and Weyers.! Know-
ledge of the deficiencies of the apparatus used in thei. investigations was of
considerable help in the design cf the present system,

Blower noise was attenuated by shock-mounting the biower frame,
encasing it in a plywood box lined with six inches of snnarfine fibcrglass
insulation, and using a large muffler at ihe exit ot the blower. This muffler
was found to act effectively as a low-pass acoustic filter with a cutoff fre-
guancy of 80 cps. In addition, the blower was decoupled from the muffler
by a 3-foot-long section of neoprere tubing wrapped with fiberglass. A short
length of rubber tubing connected this upsiream muffler with the pipe.

A 40-foot-long brass pipe of 3.5-inch inside diameter and 4. 5-inch
outside diameter is the major component of the experimental system. The
pipe is supported on small, rubber-lined, wocden blocks which are fastened

t W. A. couwinkle, Some Measurements of Longituainai Spac-.-Time Correlations . f Wall Presswre
Fluctustions in Turbuient Pipe Flow, USL Report No, 5268, 17 Augus* 1961; and P, F, R, Weyers, The Vibration
and Acoustic Radiavion of Thin-Walled Cylinders Caused by intemal Twbulent Flow, Guggenheim Aeronaudcai
Laboratory Report on Contract NAw-6517, August 1958,
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on top of large wooden tables. Except for the test section, this pipe is
entirely encased in a 12-inch by 12-inch sand-filled plywsod box. Tests using
ar zccelerometer mounted oa the pipe wall at the test section indicated that
the pipe was free of resonances. A dewnstream muffler was als~ provided to
attenuvate any pirressure fluctuations resulting in the mixing of the ¢xhaust
stream with ambient air.

The test section ilseli was located 96 pipe Ji~~eters downstream of the
upstrearn muffler to insure fully developed turbulent flow, A traversing
mechanism which allowed interchangeable use of Pitot tubes, stagnation and
static pressure probes, and hot wire probes was used to determine the
velocity distribution across the pipe. The resulting 1/8 power law velccity
distribution, obtained from Pitot tube traverses, confirmed other measure-
ments and indicated that the turbulent flow was fully developed.’

Static pressure taps were located 9 feet apart along the length of the
pipe upstream of the test section to measure cifferential pressure. The
velocity of the flow was monitored by observing this pressure differential on
a draft gauge. Changes in velocity were accomplished by moving a damper
in the inlet of the blower., A remotely controlled drive mechanism was used
to control the damper {rom the test section location,

The range of rnean velocities available for the experiment extended from
60 ft/sec to 178 ft/sec. This corresponded to a Reynolds nunber range,
based on pipe diameter, of 100,000 to 300, G0O.

Compressibility eflects were ignored since the highest local Mach number.
at a centerline velocity of 214 ft/sec, is 0.185, well below the nominal
three-tenths Mach nuwnbes geuerally used as the iower iimit of compressibility
phenomena.

The test secticn was a 2-foot-long section of pipe, which could be removed
fro:n the pipe run and replaced by other sections (such as an anechoic chamber).
For measurements oi pressure fluctuations a 1. 5-inch-diameter hcle was
drilled in the pipe, into which brass plugs could be inserted.

A series of 0,1525-inch-diameter holes in each plug allowed inter-
changeable use of transducers and dummy sections with the result that many
different combinations of spacings could be ohtained with only two transducers.

- —

*Fo: a discussion of fully developed turbulent p.pe flow, see H. Schlic “ing, Boundary Layer Theory,
McGraw-1 11 Book Co., Inc., New York, 1955,




Different brass plugs were used to obtain longitudinal and lateral space
correlatirns. Tolerances of the assembled system were kept close to enaure
no protrusions of greater than 0.001 inches into the air stream. This
value corresponded to approximately half the calculated tiackness of the
laminar svb-layer.

INSTRUMENT . 1ON
The accive face radius of the transducer element was taken as 110 percent
of the actual radius of the active element. The resulting active transducer

radius was only 0.0344 inches—5l] times smaller than the pipe radius of
1.75 inches,

The computed longitudinal and lateral scales were 0.15 and 0,075 inches,
respectively, which were 4.36 and 2.18 times larger than the active trans-
ducer radius. Since the squares of the recipocals of the last two ratios were
dominant in the corrections for finite transducer size, these correction
factors were very small, as is noted in Figs. 3, 4 and &,

The trunsducers were constructed of a lead zirconate ceramic in a manner
very similar to the types usea by Franz and by Barger and Von Winkle® in
their investigations of boundary layer pressure fluctuations The electrical
characteristics of a typical transducer are as follows:

nominal sensitivity: -120db//iv/ub, or luv/ubar
nominal frequency range: 30 cps to 20 kc

nominal capacitance: 40ppf

The transducers were essentially free-field calibrated over a 1requency range
of from 90 cps to 20 kc. The open-civcuit receiving sensitivity response
wa3 reasonably flat and was approximately -120 db//1v/ub. To minimize
loading losses for this high-impedance source, a one-inch length of Microdot
connecting cable and a specially modified Enacvco model 2607 amplifier we.'e
used to accommodate the high impedarce of the transducer. This transducer-
preamplifier combination satisfactorily amplified the iow-level signal from
the transducer to a level sufficient for analysis and recording.

3G, j, Franz, "Turbulent Boundary-Layer Pressure Fluctuuii: . on the Bow Dome and Supernstruciure
of the USS ALB CORE(AGSS 569)," U, S, Navy Journal of Uncetwa. -r Acomstics, vol, X! no, 1, january
1962 (CONFIDENTIAL); and }, A, Barger and W. A, VonWinkle, " An Evaluation of a Bonndary Layer Stabiliza-
iion Coating, " A paper presented at the sixty-first mesiing of the Acowtical Society of Ametica in Philaldelphia,
va,, on10-13 May 1961,
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The measurement system, Fig. 2, consisted of two identical channels
of instrumentatior.. Each channel contained an LDX-107 transducer and
matching Endevco amplifier, a Daven decade attenuator, a Burr-Brown
amplifier, 2 Gertsch 1/2 octave filter set, and a Ballantine ampliizer. The
outputs of the two channels were used as inputs to the polarity coincidence
correlator either directly or through a duai-channel Ampex tape recorder
with a variable time delay. Also incorporated into the system for spectrum
analysis of the noise signal were a Bruel and Kjaer 1/3 octave frequency
analyzer and a Bruel and Kjaer proportional band analyzer. All instrumentation
except the correlator, analyzers, and tape recorder were battery-powered to
minimize electromagnetic radiation interference from externai AC power
sources and to minimize grounding problems.

A calibration of each channel showed the system response to be linear and
flat from 40 cps to 40 kc and also to be in phase throughout the frequency
range of interest. The correlator used was of the polarity coincidence type
designed by the Naval Ordnance Laboratory as Model WOX-3A. All correlation
measurements were later converted from the polarity ccincidence correlator
values to true correlation coefficients, Stability over long periods of time and
dependence on the phase rather than the amplitude of the input signals were
the major advantages of this instrument Since a signal input of 3 volts rms
or greater was required to produce correct results, care was taken to ensure
that the input signal exceeded this value and also that there was an adequate
signal-to-ncise ratio. Normally the input signal was placed at about 10 volts
rms, which afforded a miniraum of 13 db signal-to-uoise ratio. No measure-
ments were made in the portion of the spectrum where the ratio was below
this value,

For the space correlation measurements, the generated signals were
transmitted directly from the last stage of ampl.fication into the correlaior,
For the space-time correlaiion measurements, the generated sigr.als were
recorded on a dual-channel tape recorder and rlayed back through the
variable time delay unit into the correlator. A system was then available
which afforded maximum ease, flexibility, and reliability for making these
measurements,




MEASUREMENTS

Root-Mean-Square Pressure. Pressure Coefficient, and
Correction Factors

The pressure fluctuations were Jetected by using a wall-mounted trans-
ducer and were measured in 1/3 octave bands. The sound pressure level
was calculated from these measurements by using the bandwidth corrections
and calibration constants.

Root-mean-square pressures at each Reynolds number were obtained by
averaging the sound pressure level in 1/3 octave bands, i.e.,

N = the number of bands

where

and
;:f = the mean-square 1/3 octave band pressures.

The working frequency range was determined by signal-to-noise ratio rather
than transducer response.

The root-me:n-square pressure is displayed in Fig. 3 as a function of
centerline velocity. It should be noted that the corrected values are very

near the measured quantitiez because of the small size of the transducers,

The correction factor* used is

4G, M, Cotcos, }. W, Cuthoert, and W, A, VcnWinlde, On the Measurement of ‘Ju:. ulsut Presswe
Flactuations with a Transducer of Finite Size, University of Californiz Betkeley, hstitne of Engineering
R eearch Report Series 82, Issue No, 12, November 1959, p, 23.




whare

p® and pm2 = actual pressure and measursd pressure, respectively,

and

A s effective area of transducer face.

Elsewhere in this report it is shown that }"7 T 0.5A¢ .hence, the correction

factor reduces to
—“z 2
me - Jl-%—-‘—-:o.936
— 2
p Ne

where r = (.0344 inches and Ag = 0.15 inches computed on a broad-band
basis,

A plot of pressrre coefficient versus Reynolds number is presented in
Fig. 4. These values of the pressure roefficient are within the range of
values reported by other investigators.” The slightly higher values found at
the lower Reynolds numbers are due to the experimental scatter in the
spectral values of the low-frequency components at these Reynolds numbers.

Frequency Spaciruin

The non-dimensicnalized frequency spectrum is shown in Fig. 5, which
is in general agreement with the results of other irvestigators.® Again, the
correction factor is small for most of the experimental range because of
small values of /A, . The correction factor’ used is of the forn:

——  — —

$ Vonwinkle, op, cit,; W, W, Willmarth, "Space-Time Correlation and Spectra of Wall Pressure in a
Turbulent Boundary Layer, " National Aetonautics and Spses Administration Memorandum No, 3/17/59W,
March 1859; D. H, Tack, M, W, Smith, and R, F, Lambert, "Wail Pressure Correladons in Tusbalent Alrflow,*
journal of the Acoutica! Society of Americs, vol, 33, no, 4, Apeil 1961; and G, M. Corcas nd W, A,
Vonwinkle "Some Measutements of the Pressure Field at the Boundary of a Fu)lv Develope Pipe Fiow," a
paper presented at the 1069 Divisional Meeting of the Division of Fluid Mectw.n;  of the American Physical
Scaicty, at Ann Asbor, Micu,, on 23-25 Novemper 1958,

sVorWinkle, op, cit,: Willmarth, op, cit,; Franz, op. cit,; aud M, Harrison, Pressute Fluctuitions on
the Wall A-facent 10 a Turbuleat Boundary Layer, David Taylor Modei Basin Repots MNo, 1260, Decembee 1958,

‘ Corcos, Cuthbert, and VonWinkle, op. cit., p. 21,
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and

For the data in question only the first two terms are necescary, with the
second term in the order of 10 percent of the first term.

2
Using the generally accepted definition of scale, i.e., 9y, 2
dn? 2
and ¥ 05Mz along with other constants previously mentioned, the correction

factor equation reduces to

$ ) 4 , 1862 .
m N -——;J‘l yio- -——;—J. (‘,’)]z (y) .

y y
This is displayed in Fig. 6. The corrected spectral values lie within

experimental scatter over a wide range of non-dimensional irequencies, as
is seen by inspection of Fig. 5.

The Convection Velocity

Space-time correlation measurements of the pressure fluctuations at
the wall have been made in octave bands and ‘n broad bands by recording the
siyrials from two transducers at various longitudinal separations aand thea
introducing time dciay mechanically between the two channels during playback.
The recorded trace of the cross-correlogram shows a maximum vilue at 2
finite value of time delay 7, (measured fror-« .» zero of time deiay). The
rate at whic! the pressure field at the wall is cor.vzcted downstream. is
determined by dividing the longitudinal separation of the transducers >y the
time delay nacessary to obtain a maximum u{ correlation,

e,

———— ——r= oo
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The measurements of convection velocity were made at the following
Reynolds numbers over the broad frequency bands indicated. (The upper
limiting frequency in each case was determined by signal-to-noise ratio.)

Reynolds Number Frequency Band
100, 000 212-4800 cps
150, 000 212-6R800 cps
200, 000 212-13, 600 cps
250, 600 212-20, 000 cps
300, 000 212-20, 000 cps

Also at each Reynolds number, measurements of convection velocity were
made in as many of the following octave bands as possible:

212-425 cps
425-850 cps
850-1700 cps
1700-3400 cps
3400-6800 cps
6800-13, 600 cps

The ratio of the broad-band convection velocity to the centerline velocity
has been determined and plotted against the Reynolds number in Fig. 7. This
ratio has the value of approximately 0.70 and appears to be independent of
Reynolds number. Although this value is lower than the 0.80 generally
reported by other investigators,® it ic consistently repeatable. It is possible
that less averaging of the pressure fluctuations occurs because of the small
ratio of the diameter of the active face of the transducer to the boundary

2r

2r
; — = = = 0.039.
layer thickness; s ik 39

The ratio of the convection velocity to the centerline velocity has also
been determined in octave bands and plotted as a function of the geometric
mean center fraquency of each band in Fig. 8. The data for the different
Revuolds numbers have been averaged together, as this ratio does not appear
to depend on Reynolds number within each octave band. It is of interast that
the pressure fluctvations, at the wall, of frequencies within the octave band
centered at 300 cps are convected dewnstream at approximately the center-

line velocity,

Syonwinkie, Harison, Willmarth, and Tack, Smith, and Lambent; alsc M. X, Bull, Insizi ntation for

and Preliminary Measurements of Space-Time Torelations and Convection V~locities of the Presize Field of a
Turbetean soundary Layer, University of Southampton (England) AASU Report No, 149, August 1960,




These data substantiate the theo~v ‘hat the ratio of convection velocity to
centerline velocity decreases as the trequency increases with the ratio
varying from approximately unity to 0.64 for the frequency bands investigated.

Investigations in the lateral airection, as expected, revealed no detectable
convection velocity,

Decay Rate of the Correlation Maxima

A series of space-time correlations was madc over a limited range of
longitudinal transducer separations up to a maximum of 0.924 inches ata
Reynolds number of 300, 000 in octave bands and over the broad band
212-20,000 cps. The broad-band cross-correlograms are plotted against
time delay 7 in Fig. 9, indicating the rate of decay of the correlation
maxima. The octave-band cross-correlograms are presented in a similar
manner in Figs. 10 through 15 and indicate a small rate of decay of the low-
frequency pressure fluctuations as compared with that of the higher-frequency
components,

Longitudinal Space-Time Correlation

The same series cf space-time correlations used to determine decay rates
Tu

has been plottea against the piramet:r i octave frequency bands and

over the broad band 212-20, 000 cps at a Reynolds number of 300, 000, These
data are presenied in Fig. 16 for the broad-band measurements and Figs.

17 through 22 for the octave-band measuremaznts, For the various combinations
of transducer separations and frequency bands all the correlation maxima

Tu
senv

¢

values of the maxima depending on the transducer geparation ¢ . (The highex
values of correlation correspond to the smaller longitudinal separations ¢ .)

occur at a value of approximately 1.0 {or the parameter with the

The slight deviations from the value of 1.0 for the parameter ~——= at

¢

the correlation maxima are due to the use of the average value of u __ with-
in a given {requency band instead of the individual value of wu  _ dctermined
for each cross-correlogram.




Longitudinal and Lateral Broad-Band Space Correlation

The normalized space-time correlation function of the fluctuating pressure
is defined as

—_ N !
Plx,y,t}splx+Sy ¢+t 47

'/’(fvﬂ-"') L

iy,

The longitudinal and lateral space correlation functions are special cases
of the space-time correlation function ¢!£,9,7 and are given respectively
by #lo,0) and y¢lo,p0) . These functions have been obtained experinientally
over the broadest frequency band available at each Reynolds number for trans-
ducer separations of 0.1515 to 0.9010 inches laterally and 0.276 to 0.924
inches longitudinally. The longitudinal and lateral space correlation data are

plotted against the ratios of transducer separation to pipe radius, %/2 and
%/2 , respectively, in Figs. 23 through 27, As can be seen from the

figures, the smallest available transducer separations are not sufficiently
small to provide detailed information ahout the space correlation functions in
the regions of o<§/d/2<0.1 and o<’2/:1/2<0.i . Thus, at the present time,
no eatimates of the broad-band lateral and longitudinal scales of the turbulence
have been obtained from parabolic approximations of the space correlation
curves. {Other estimates of scale will be discussed later.)

The interesting as,ect of these data :s that at each Reynolds number
investigated, for equal values of longitudinal and lateral separation, the
lateral space correlation has a higher value than the longitudinal correlation;

wlo,n0}> ¢lf,0,0,) when n s .
However, at closer separations than those investigated tkis :elauionship may
not be true. Also, it should be noted that for a given t-ansducer separation

the values of the longitudinal and lateral space correlation functions appear
tc decrease as the Reynolds number is decreased.

Longitudinal and Lateral Correlationzs Functions of Strouhul Number

Space correlation data wcre also obtained in octave frequency bands using
the previously mentioned Reynolds numbers and lo..; * dinal and lateral
transducer separ tions. The functions which have be. < measured 2+ srecial

10




cases of a ~>rrelation function of the type:

P‘»'h ’Lt,y,t)-Ph.R(x + &y e tan

'J"O'R (fi m T =
2 \
Pl (x,y, ¢}

»

The subscript f, represents the geometric mean center frequency of the
octave band, and the subscript R indicates the Reynolds number for a given
measurement. The following table indicates the octave bands used.

Table 1
OCTAVE BANDS UTILIZED AT SPECIFIC REYNOLDS NUMBERS

Df(eps) £,

212-425 300

425-850 600 ' r _ 100,000

850-1700 1200 R = 150,000 (zoo,ooo
1700-3400 2400 ‘R = 250,000
34006800 4800 } 300,000
6800-13,600 9600

The longitudinal correlation functirn Y40 r (£-0,0) and the lateral
correlation function Vior Oym0] have heen dctermined experimentally

t & t
and plotted against the Strouhal number S = ——and S = — ] in Figs. &8
% 4

and 30. The same func.. ~s have also been plotted against tize Strouhal
number with the frequency-dep~ndent convection velocity in the denominator
insiead of the centerline velocity in Figs. 29 and 31.

The long.tudinal correlation data for all Reynolds numbers, frequencies,
and separations investigated appear to deline a single curve similar to a

damped cosine curve:

Yo% ec,0) Y cos(aS)e'h‘z.

This type of curve can be fitteu to the dara 2lmost .p to the third zero
of the function.

The lateral data for all Reynolds numbers, frequencies, and separations

11




invesiigaied combine io define a single curve of the {oilowing nature:

Yie,m b,70) ¥ (1 +cS?)"t (2. et8™)”" .

The values of the constants used in these mathematicai expressions for
longitudinal and lateral correlaticn functions are given below for both sets of
data plotted against Strouhal number based on either convection velocity or
centerline velocitv.

Table 2
VALUES OF CONSTANTS IN CORRELATION EXPRESSIONS

Coastants Strouhal Number rigure No.

a=2 (%) b=4 e 28
2 .18 / ::L
” 1 —

&= 3 (..2_5.) b =2 Ygeny 29

f

¢ = 20 d = 100 ) 30
\ch

¢ = i0 d = 80 2t 31
Vegny

It should be ncted that these empirical expressions for the lateral and
longitudinal correlation functions also satisfy the general requirernents that

Yian b,0,0) = 1

tim

£ Yto.m (£,0,0) = C

;im .,"o‘. b’,’.o) = 0

Yy, x (£:0,0) ' Yy, g . m0)

ae 'fno af) N =0

¢lu.l (f'o'o‘ * w{...(‘é'o» )

'/‘g.'g b”’!“’ . 4"“.:&' "’vo) .
i2




"Estimates of the Long.tudinal and Lateral Scales of Turbulence

The longitudinal space microscale 1s estimated from the time microscale
and the convection velocity. Thi~ is accomplished by apprcximating the
autocorrelation function with a parabola. The intersection of this parabola
with the time delay axis determines a2 uume delay, 7 , which when multiplied
by the appropriate convection velocity yields an estimate of the longitudinal
scale.

In mathematical terms this relation is expressed as

1 A 11 3%y b,o0,

——— -

e et 2] e

which is obtained from approximating the auto-correlation function yb,0.7
with a Taylor series about the origin. The first two terms of the series, which
yield a parabola, are used to approximate the function y for small values of
time delays,

The estimates of longitudinal scase obtained over the various broad-
frequency bands are plotted in Fig 32 as a function of Reynolds number.
The average value of the longitudiral scale Ag 18 approximately 0.15 inches.

Estimates of the longitudinal scale were also obtained by the same method
for the various octave fre-~uency bands investigated at each Reynolds number.
These data are presented as functions of {1equency {geometr.ic :nean center
frequency) for the various Reynolds numbers in Fig, 33. As expected, the
scale becomes smaller as the frequency increases, A definite Keynolds
number dependence, which can not be explained by experimental error alone,
is exhibited by the measnrements of long.tudinal scale in octave bands.

Estimates of the longitudinal scale 1n octave frequeucy bands were also
obtained from the longitudinal correlation coefficient data as represented by
the empirical expression shown in ¥ig. 29 as a function of Strouhal numaber
based on convection veiocity. Letting §, be a measure of the distancc between
the origin and the point of intersection on the Stroubal nuiaber axis of the
osculation parabola at the vertex of the correl=.inn Curve, the followinug
relation is obtained:

Y, & ({’,o,o‘!

2 R = -at-cb
2 2
S¢ as =0

i3




where

u
ceny

and a and b are the constants used in fitting the empirical relation to the
data of Fig. 29. For the case athand, a = 2r and b= 2, yielding

s 2 . Affo -\ 2 . 2
f “eonv 4'2 + 4

u
A/: = 00214-::‘:'- -
£ f

o

or

The values of A, determined from the above relation based on the
Strouhal number representation of the data are plotted versus frequency for
the various Reynolds numsers in Fig. 34.

A comparison of Fig. 33 with ¥ig. 34 indicates very close agreement
between the two methods of estimating the longitudinal scale in octave fre-
quency bands.

A similar treatment of the iiteral _orrelation coefficient data shown in
Fig. 31 as a function of Strouhal number based on convection velocity yields
the following relation:

-_2— i le/l“.n(o,q,o)

2 2
S, as

a2 2(ce+d)

820

where

Ak
. —_
T u

oenv

S

and the determined values of the constants are ¢ = 10 and d = 80, Substitu-
tion of these values yields .

u..ll'

Aﬂ » 0,105

14




The values of A_ determined from the above relation are shown in
Fig. 35 o< a function of frequency for the various Reynclds numbers
investigated.

A comparison of the estimates of longitudinal and lateral scales obtaihed
from the correlation data as functions of Strouhal number indicates that for
any given octave frequency band at a specified Reynolds number

)‘f; 0.105

}‘f 0.214
or

)\n = 049 Aé

On the basis of this information for octave frequency bands, it has been
assumed that the broad-band scales are similarly related. Thus, in all the
correction factors on a broad-band basis the lateral scale has been taken as
half of the longitudinal scale. (It should be noted that if the lateral scale were
actually lerger than half of the longitudinal scale, the necessary corrections
for transducer size tc the roct-mean-square pressure and the frequency
spectra would become even smaller than those used in this report.)

SUMMARY AND CONCLUSION

Broad-banu measurements of the pressure fluctuations are similar to
those reported by other investigators of the turbulent boundary layer. The
ratio of the corrected root-mean-square pressure to the dynamic pressure
lies within the range of 0.0062 to 0.004Y, Tbhe broad-band piressure field
at the wall is convected downstream at approximately 0.70 of the center-
lire velocily over the range of Reynolds numbers from 100,000 to 309, 100,
Estirnatzs of the scales of the turbulence indicate that the lateral scale is
of the order of half of the longitudinal scale.

The more important aspect of the current investigation is the emphasis
on the octave frequency band measurementrs. Convection velocity data in
wctave frequency bands indicate a aefinite fregiiency dependence with the
ratio of convection velocity to centerline velocity varying from approximately
unity at the low frequencies to 0.64 at the high frequencies. No dependence
of this ratio on Reynolds number is detecta' .,

Space-time correlations in octave baads indicate that the correlation maxima
of the high-frequency components of the pressure field at the wall decay at a

15




na

substantially faster rate than the correlation maxima of the low-frequency
components, Longitudinal correlations plotted versus Strouhal number show
that the data obtained at various transducer separatione, frecuencies, and
Reynolds numbers define a single function. Lateral correlation data also
define a single function of Strouhal number. (These functions are of distinctly
different types, as is readily evident from the data and from the fitted curves.)

Finally, estimates of the scales of the turbulence within octave frequency
bands indicate that the lateral scale is approximately half of the longitudinal
scale within any specified frequency band.

Since other experimental studies of the turbulent boundary layer have not
concentrated on the frequency-dependent characteristics of the measured
quantities, few comparisons can be made. However, because of the reliahility
of the instrumentation, the consistent repeatability of these data, and the small
size of the transducers used in the present investigations, it is believed that
these data represent a further step in the direction of an understanding of the
turbulent processes.

In conclusion, further investigations are in progress in the turbule.it flow
facility at the Underwater Sound Laboratory. These investigations are to be
carried cut over a wider range of transducer separations and in narrower
frequency bands. Also an attempt will be made to investigate static pressure
fluctuations within the fiow and the relation between pressure and velocity
fluctuations,

16
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Fig. 20 - Cross-Corselation versus Non-Dimensioral Time Delay for the Frequency Band 1700-




THANGOUCE R SECAPATION

@®- 462

729"
R rNOLNDS NUMETR 300,000
SadQUENCY 3400 GRONCPS

(8

H

nipr

[ T P

Ehkiad

<

IN3iDN44307

i... et
. : ]
-
o i }

epdedis cagrace

-

NOILYIIHYOD ANt L

921 - Cross-Correlation versus Non-Dimensional Time Delay fot the Frequency Rand 3400-6800 cps

Fig,

)
~N




i T T N R EIRE IEME O FIS Tt PES AOEECTIN BECRS ST05s RIS TSR KTt Eossy
et TRANSDUCER 3EFARANION |5

; ®- 462" =
: 0-.738" i
3 »- 924" -

REYNOLDS NUMBER-300,000 [T
FREQUENCY-680C-13,600CPS

-
<
w
o
[
'Y
ad
o
o
2
=3
L
<
-t
w
x
o
(o]
(&]
w
=1
[+ 4
~

b

rfonss

B

2

1.8
T Ucony
—--
<

Fig. 22 - Cross-Correlation versus Non-Dimensional Tii..e Delay for the Frequeacy Band 687,-13, 600 cps

37




T TIIT  voac TT T Tr O
.l T e s ne 1 e T3t TIT T 3 va oun (i
e it S e on® .0 wesh 11 e RN AUNE RO { 3 o 0"
5 1 row T +Het
0T e s e o newi nd
o 17 T 16 sut on e cowe +
puuea roade sl + 0 wu v i T *
bo T ’s T + o
yucing oo v = T T s
e
v
—g =" . e =4 ¥ sds ann
o s t
+ T
poe T e
e T e
g +t

SPuas opney pop gubany -+

|
i
300,000

FREQUENCY-212-20,000 CPS
1
!
4

ey PR Pwg vy

Sovdh Sokil Senes pod 33 pRa si35

Eedl pODY Souiay GGt Suln) Proag Sunnd punas 6094
O DU SIEPS Spering Py hf'#._.y« - e +:

ITUDINAL

{
i

<y
4 S Spid sodon Jipai feius nsend Ploas

.

.
.
.
!
,
+

G

LATERAL

it
| LON

L 4
REYNQLDS MUMBER

_
SEEEIERERS SRR B R n..u‘"un~ 3
SRR SR P04 ° st e
- I = . . e PR ES +
i [EOUNE AUUET SUIN SUSTY NESZYETILt
R R B .. v efreea 1
. — lopite Sbddl SONDe SONM SRSB4 S50 { H
: ol
: 33l Bei LS|
+ .. bbDed S00s1
Huilien
1388 RISEE ST
ERRS e cawhoeroe cvfade Roew [ sod et resds o
vailine.ithi 53 SEEER IR T _..w i W sfierats
N mmu.“n HHEE R T
LR PRt IRt IR T ST 2 LS ORI INT S S20YS SE02Y Sooat bavay bodby
RS S48 MW' z w [eR] §332322441 $2352 ohaie FIELT RS
..,.QHSM i HEEEL P EERIG E
Sr PUPTIPogeIpenes rEse ypays 0t JOUS s PUITY PUSS Ranas PR
1351 EOE3 3 EalE (295 $208s Nea e ST 20ss sosDs PESE] Buoal Pt
FHHERR i et QR e B e
PR PPDAE B T e 44+ - [OPE 04
e AR ek paah R I Bl L) Een e e
1142 .m 81 2 DHER R mEr ey
139804 $8000 44 o} s3de 135831 IREE: 35304 panba BPtsd 201 ‘
st s e I e e R el ik fit Al et Hik
Eess1ired AT hats IR IR STt RosSo 0] MIRESIRc] RERAL oERS )
bRl $408: 10aunsutas RACOlSoR0] Shats Histt Fbaqdotts RS PEEGEe
FIE3S 27t s ShE3! .m. Sl 298 Py Y I 109 b
ey PRRQSARR RN PARSS SORES BN §Y ieed .ol 33
m.l..:m‘ i m'..g S h A G
PRETY YUy oy 1 1t v SN angaae
3322R0Y I T pu g 31t £t L] M 113
s Bas gt m&nz iRl RG] st T i o

@ s, ~ o <
LN31214430D NOILYI3HHOD 3NYL !

38

Fig. 23 - Space Comelation at a Reynolds Numbez of 800, 000
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Navy Underwater Sound Labotatory
Report No, 559
WALL PRESSURE CORRELATIONS IN TURBULEN?
PIPE FLOW by Heary P. Bakewell, Jr,, eorge F, Catey,
john J. Libuha, Howard H; Schloenier, .d Willlam A,
“Jon Winkie, 20 August 1962, i-iv+ 50 pp,, figs.
UNCLASSIFIED

Certain propertics of the pressize field induced by
turbulent airflow at th.e wall .f o cylind-ical pipe have
been {nvestigated over broad frequency bands and in
octave frequency bands over a himited rauge of Reynolds
nunbers, The broad-bard mea<urcinents indicate that
the pressure field i convected downstreans at approxi-
mately 0,7 of the centesline velecity., The ratio of the
root-mean-square pressure to the dynamic presswe is

Navy Underwater Sound Laboratovy
Report No, 559
WALL PRESSURE CORRELATIONS IN TURBULENT
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john J. Libuha, Howard Hz Schivemer, and William A,
Vor. Winkic, 20 Augwi 1962, f-iv+ 50 pp., figs.
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approximately equal to 0,606 for the varfous Reynolds
numbers, Longitudinal and lateral space correlations
are also presented for a limited range of spaiial separa-
tions, Data ootaired in octave frequency bauds
indicate that the 1atio of convection velocity to center-
line velocity decreases as frequency Increases, with the
ratio varving from: approximately unity to 0,64 for the
frequency bands mvestigaied, Longltudinal and lateral
correlatien deta for varlous frequencies, spatial separa-
tions, 2nd Reynulds numbets are shown to be functions
of Strouhal nun.ber, Estimates of the longitudinal and
lateral scales aze given as functions of frequency fo: the
various Reynolds numbers, These data indicate that the
lateral scale is zpproximately cqual to one half of the
longitudinal s :aie,

approximately cqual to 0,004 fur the varlous Reynolds
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ilnc velocity dcercases as freqrepey increases, with the
ratio vasying from approxiraately unity so 0,64 for the
frequency bands investigated, Long'tudinal and lateral
correlation data fer variows {icquencles, spatial separe-
tons, and Reynolds numbers arc shown to be functions
of Sunuhal nuraber, Estimates of the longitudi..«l and
lateral scales zre given as functicns o” frequency for the
various Reynolds numbers, Thesc daty indicate that the
lateral scale s approximately equal t one half of the
longitudinal scale,
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