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SUMMARY 

Pressure fluctuations of a turbulent layer along a plane boundary 
have been investigated experimentally.     All measurements were made at a 
nominal free-stream Mach number of 0.6 and an average Reynolds number per 
foot of 3.45 x 106 in a wind-tunnel facility specially designed for the 
purpose.     The pressure fluctuations were measured with miniature pressure 
transducers and the velocity fluctuations with hot-wire anemometers. 

The root-mean-square magnitudes of the wall-pressure fluctuations 
agree with the Lilley-Hodgson theoretical results,   whereas the mean- 
square spectra do not agree,   except over a small range of frequencies. 
Space-time correlations of the wall-pressure fluctuations generally 
agree with Willmarth' s experimental results for longitudinal separation 
distances.    Measurements of lateral space-time correlations indicated 
that the ratio of the longitudinal to lateral length-scale is 
approximately 7.4.     The convection velocity of the fluctuations is 
found to increase with increasing separation distances and its signifi- 
cance is explained. 

Measurements of the correlations of the wall-pressure fluctuations 
with the longitudinal component of the velocity fluctuations indicate 
that the contributions to the wall-pressure fluctuations are from two 
regions,   an inner region near the wall  and an outer region linked with 
the intermittency. 
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SOMMAIRE 

On a procede a une recherche experimental sur les fluctuations de 

pression d' une couche turbulente le long de la limite d' un avion. 

Toutes les mesures ont ete etablies pour un nombre de Mach courant 

libre de 0,6 et ä indice Reynolds moyen par pied (30,5 cm) de 3,45 x 106, 

dans un tunnel aerodynamique specialement realise dans ce but. Les 

fluctuations de pression ont ete mesurees ä 1' aide de transducteurs a 

pression miniature, et les fluctuations de Vitesse avec des anemometres 

a fil chaud. 

Les grandeurs de racine de la moyenne des carres des fluctuations de 

pression aux parois concordent avec les resultats theoriques de 
Li 1ley-Hodgson, alors que les spectres de moyenne des carres ne concor- 

dent pas, sauf sur une faible plage de frequences. Les correlations 

espace-temps des fluctuations de pression aux parois s'accordent en 

general avec les resultats experimentaux de Willmarth pour des distances 

de separation longitudinales. Les mesures de correlations espace-temps 

laterales denotaient que le rapport des echelles de longueurs longitudinale 

et laterale est d'ä peu pres 7,4. La vitesse de convection des fluctua- 

tions, d' apres ce que 1' on constate, crolt avec 1* augmentation des dis- 

tances de separation et 1'on explique son importance. 

Les mesures de correlations des fluctuations de pression aux parois 

et de la composante longitudinale des fluctuations de vitesse indiquent 

que les contributions aux fluctuations de pression aux parois proviennent 

de deux regions, une region interieure proche de la paroi et une region 

exterieure liee a 1' intermittence. 
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NOTATION 

a        speed of sound (ft/sec) 

cf        local skin-friction coefficient defined as local viscous shear stress 
at wall divided by dynamic pressure evaluated at free-stream conditions 
(dimensionless) 

d        diameter of pressure transducers (in.) 

P(f)      spectrum function, J(p2(f))/v(p2) [(sec)*4] 

spectral-density function, p2(f)/p2 or  I 3(f)df = 1 (sec) 9(f) 

3(k) —3(f) (cm) 

f frequency (sec-1) 

H ratio of 8* to the momentum thickness 6   of boundary layer, 
dimensionless 

k wave number, 2/7f/U (cm-1) 

Lp typical length scale of wall-pressure fluctuations in x-direction (in.) 

Lp typical length scale of wall-pressure fluctuations in y-direction (in.) 

M Mach number, U/a (dimensionless) 

p fluctuating static-pressure (lb/ft2 or dynes/cm2) 

p (f)      mean-square pressure fluctuation per unit bandwidth (as defined by 

• Lv<,)d<) 
(- 

[(lb2)(sec)/ftu] 

p(co) abbreviated notation following Willmarth1'; also written as PZ(OJ) P2(f) 
2w 

q dynamic pressure, — p\]2  (lb/ft2) 
2 

R wall-pressure correlation coefficient (see equ. 2)  (dimensionless) 

R        pressure-velocity correlation coefficient, PÜ/v(p2Jv(u7  (dimensionless) 

Rex       Reynolds number based on equivalent distance of boundary-layer 
development (x - xQ) with x0 = -2.1 ft (obtained from 8* as a 
function of x )  (dimensionless) 



Re9 Reynolds number based on momentum thickness (dimensionless) 

SPL       = 20 log10 u(p
2)/p0) ■ "here p„ is a reference pressure equal to 

2 x 10"" (dynes/cm2, db) 

t        time (sec) 

U = Uj     longitudinal component of mean velocity (i.e. U + u = U - U), (ft/sec) 

u = Uj     longitudinal component of turbulent or fluctuating velocity, (ft/sec) 

V = U      transverse component of mean velocity ( V assumed to be negligible in 
boundary layer) [ft/sec] 

v = v2     transverse component of fluctuating velocity, ft/sec 

W = U3     normal (to wall) component of mean velocity ( W assumed to be negligible 
in boundary layer) [ft/sec] 

w = u3     normal (to wall) component of fluctuating velocity (ft/sec) 

x        vector in x-y-z coordinate space (ft) 

x = Xj     longitudinal coordinate (parallel to wind-tunnel centerline and taken as 
positive in direction of flow and with x^  = 0 at beginning of test 
section) [ft] 

y = x2     transverse coordinate (ft or in.) 

z = x3     normal (to wall) coordinate (ft or in.) 

ß proportionality constant between r.m.s. wall-pressure fluctuations 
and local skin-friction coefficient (Equ.1)  [dimensionless] 

y intermittency factor defined as average time that signal is turbulent 
divided by total time (dimensionless) 

5 boundary-layer thickness (in.) 

8* displacement thickness, as defined in Ref. 31 (p. 291)  [in.] 

£ separation distances in z-direction (in.) 

r} separation distances in y-direction (in.) 

6 momentum thickness as defined in Ref. 31 (p. 291)  [in.] 

£ relative distances in x-direction (in.) 

p density of air (slugs/ft3) 

ix 



time delay,   i.e.  difference between two instants of time (sec or msec) 

frequency,  2nt,    (radians/sec) 

Subscripts 

c 

opt 

P 

s 

convection 

refers to value of correlation coefficient and time delay associated 
with peak in correlation curve that occurs nearest r - 0 

pressure 

refers to value of correlation coefficient and time delay for peak in 
correlation curve that occurs near r -  -1 msec 

wall 

free-stream condition 

Superscript 

C) time averaged,    a.   -    lim 
T-co T J0

a (t)dt 



WALL-PRESSURE FLUCTUATIONS AND PRESSURE-VELOCITY 
CORRELATIONS IN TURBULENT BOUNDARY LAYERS 

John S. Serafini* 

1. INTRODUCTION 

In recent years some interest has been shown in determining the characteristics of 
pressure fluctuations associated with turbulence.  The interest in the characteristics 
of fluctuating pressures has come about as a result of the problems created by high 
levels of aerodynamic noise from powerful jet engines and high-speed aircraft. 
Even though the resulting research has been aimed at describing phenomenologically 
the turbulent flows in order to calculate the radiated noise, the study of the 
pressure fluctuations and their relation to the turbulent velocities is fundamental. 
Such is the case for turbulent flow fields exhibiting a mean shear and exposed to a 
bounding surface, for example, the turbulent plane wall boundary layer. 

The first definitive works on the general problem of aerodynamic noise generated 
by a fluctuating velocity field without confining boundaries are the two classical 
theoretical papers by Lighthill1,2. The work by Lighthill stimulated a series of 
papers (based on his theory) that studied the aerodynamic noise generated by particular 
turbulent flows3' u. All these papers are concerned with the aerodynamic noise 
radiated from a turbulent region of flow. 

The pressure fluctuations intrinsic to a turbulent field can, in principle, be 
determined if the basic equations of motion and continuity are satisfied for a fluid 
assumed to be incompressible and Stokesian. The pressure fluctuations from homogeneous, 
Isotropie turbulence have been considered by Heisenberg12 and Batchelor13. The 
fluctuating pressure field within homogeneous anisotropic turbulence was determined 
by Kraichnan1'1.  The first attempt to determine the wall-pressure fluctuations for a 
turbulent-boundary-layer flow over a plane boundary was by Kraichnan15.  In 

particular, Kraichnan showed that /(p^J/Qo, % ßcj , where ß   is a factor between 2 

and 12. Lilley and Hodgson16 used an analysis similar in method to that of 
Kraichnan15, but depending on a slightly different model.  In a subsequent paper 

Lilley17 presented a more exact analysis resulting in 7( PW)/Q<D 
% 3.1 cf . 

The experimental work on the characteristics of pressure fluctuations in turbulent 
flows has been limited to measurements of fluctuating pressures on surfaces bounding 
the turbulence.  In Reference 18, from measurements of the fluctuating wall-pressures 
of the turbulent boundary layer in a wind-tunnel at velocities between 50 and 200 
ft/sec, a value of 0.8 was determined for the effective convective velocity of the 
pressure fluctuations divided by the free-stream velocity.  Willmarth19 has made 
measurements with an improved pressure transducer of the wall-pressure fluctuations 
presented in dimensionless form. His space-time correlations confirmed the existence 
of the convective pattern of the pressure fluctuations.  Skudrzyk and Haddle20 

present wall-pressure fluctuation measurements along with aerodynamic noise 

* National  Aeronautics and Space Administration,  Lewis Research Center,   Cleveland, 
Ohio,  U.S.A. 



measurements in a water tunnel fur smooth and rough surfaces. In Reference 21 
some measurements are presented of the longitudinal space-time correlations of wall- 
pressure fluctuations in turbulent pipe flow. 

The previously mentioned theoretical papers14"17 and experimental papers18"21 

have indeed resulted in considerable contributions toward determining the behavior 
of the wall-pressure fluctuations. It was felt that a need existed for additional 
experimental data taken for a plane wall turbulent boundary layer under carefully 
controlled "low conditions, and that measurements should be taken which attempt to 
relate the wall-pressure fluctuations to at least some of the characteristics of 
turbulence within the turbulent layer itself. 

The present work is primarily an experimental study of the wall-pressure 
fluctuations of a turbulent boundary layer and of their relation to the turbulent 
velocities within the layer. 

The magnitude and frequency spectral distributions of the wall-pressure 
fluctuations have been measured with three pressure transducers. These transducers 
have different effective sensitive areas and include two different types - 
piezoelectric ceramic and capacitive diaphragm. The results are compared with other 
reported measurements. Space-time correlations of the wall-pressure fluctuations 
have been made with the use of piezoelectric ceramic transducers. Data were obtained 
with the line connecting the transducers making an angle of 0°, 45°, and 90° with" 
respect to the free-stream velocity. These measurements are analyzed with the intent 
of relating them to the velocity characteristics of the layer. In an attempt to relate 
more precisely the wall-pressure fluctuations to the velocity fluctuations of the 
layer, correlations of the wall-pressure transducer signals and hot-wire signals are 
presented and discussed. Additional details of the work presented herein are 
contained in Reference 22. 

2. APPARATUS AND PROCEDURE 

All the measurements were made of the turbulent boundary layers on one inside wall 
of the test section of a continuous-suction nonreturn wind tunnel specially designed 
for this investigation (Fig.1). The airflow was drawn from a very large room (with 
access to outside air) through a set of filters at the inlet and through a contraction 
section into the test section. The test section had porous inner walls on three 
sides to remove some of the low-energy boundary-layer air all along the side opposite 
the measured boundary layer and to remove it partially on the two sides adjacent to 
the measured boundary layer. The net result was that the longitudinal static-pressure 
gradient could be adjusted to be zero or even adverse. 

At the exit of the test section was a vibration-isolation section after which the 
airflow was choked by an area-constricting section, which is designated as a control 
block.  It controls the mean flow in the test section and prevents any undesirable 
noises that may occur in the piping to the exhausting machinery from being propagated 
acoustically upstream into the test section. For further details on the wind-tunnel 
facility refer to Reference 22, which describes it more fully. 

The mean Mach number in the wind tunnel was set at 0.6. The suction flow through 
the porous walls was controlled to give a slightly favorable longitudinal static-pressure 



gradient for most of the experiments. The stagnation conditions at the inlet were 
atmospheric pressure and temperature. For the entire set of experiments the stagnation 
pressure and temperature ranged from 28.98 to 29.54 inches of mercury, and from 35° to 
87° F, respectively. During any given experiment the maximum variation in stagnation 
pressure and temperature was ±0.04 inch of mercury and ±7° P, respectively. The 
exhaust pressure was maintained at approximately 10 inches of mercury absolute. 

The mean velocity profiles of the turbulent boundary layer adjacent to the solid 
wall were computed from measurements made at stations along the test section with an 
automatically activated total-pressure probe. These measurements were used to calculate 
the boundary-layer parameters such as 8* , 8 ,  H , Re^ , and cf , which was 
calculated from the Ludwig-Tillman equation23. 

The pressure fluctuations were measured with two types of pressure transducers. 
These were the commercially available capacity-type transducers (Altec-Lansing 
Condenser Microphones) and a series of piezoelectric ceramic transducers which were 
developed specifically for the envisioned tasks. Table I briefly lists certain 
characteristics of the pressure transducers used along with alphabetic designations. 
A detailed description of both types of these transducers, their use, and calibration 
is given in Reference 22. 

In Figure 2 a sketch is presented of a piezoelectric pressure transducer.  The 
shape of the piezoelectric elements used is an annular circular cylinder of the 
radially polarized length expander type. The cap cemented on the end of the element 
greatly increases the area on which the forces act. In the case of wall-pressure 
fluctuation transducers, an end cap is vital in order not to disturb the boundary layer 
flow. No means of vibration isolation was provided, since it was not needed. The 
amplifier used with the piezoelectric transducers was a Decade Isolation Amplifier, 
Model 102B (manufactured by Keithley Instruments, Inc.), because of its high input / 
impedance, low output impedance, and very accurate gains over a wide bandwidth. The 
cables and connectors used were of a low-noise miniature type. 

The mean-square wall-pressure fluctuations were measured at various points along 
the wall with two transducers - piezoelectric transducer ZR and condenser transducer 
CA . For the space-time correlations of wall-pressure fluctuations, matched pairs of 
0.125-inch-diameter piezoelectric pressure transducers were used. The minimum 
transducer separation distance was 0.181 inch and the maximum was 6.235 inches. The 
8-inch-diameter port in which the pairs were mounted could be rotated in the plane of 
the wall. Measurements were made at angles of 0°, 45°, and 90° to the stream velocity. 
In the case of the correlations of velocity and wall-pressure fluctuations both 
transducers ZS and CB were used. The spatial relation of the hot-wire and the 
pressure transducer is indicated in Figure 3. 

The velocity fluctuations were measured with the use of a constant-temperature 
hot-wire anemometer system described in References 24, 25 and 26. The hot-wire 
element used to sense the flow fluctuations was a tungsten wire with a diameter of 
2 x 10"" inch and an unplated or sensitive length of 0.080 inch. A description of 
the method of obtaining and evaluating the hot-wire data obtained herein is given in 
Reference 22 along with some comments on the use of the hot-wire anemometer.  The 
stream component of the fluctuating velocity in the boundary layer was measured at 
several stations along the test section to establish the development of the turbulent 
boundary layer. 



The most important use of the hot-wire probes was in obtaining the correlations of 
the wall-pressure and velocity fluctuations. In this case several hot-wire probes of 
slightly different distances from prong tips to probe centerline (see Fig.3) were used. 
This made it possible to make measurements of the correlation between the wall-pressure 
and velocity fluctuations where the hot-wire and the pressure transducer were 
separated by several streamwise distances £ as measured in the plane of the wall 
and noted in Figure 3. Separation distances 17 , where 17 is measured normal to the 
stream velocity vector and in the plane of the wall (Fig. 3(b) ), were obtained by first 
rotating the hot-wire probe to get the desired separation t)   and then rotating the 
8-inch-diameter port, within which both the pressure transducer and hot-wire probe 
were installed, until the axis of the hot-wire probe was again parallel to the stream 
velocity vector, that is, the test-section longitudinal centerline. The relative 
position of the hot-wire and pressure transducer in the plane of the wall was set, 
viewed, and photographed by means of a specially built camera setup that allowed 
optical magnifications by a factor of 10 or more. 

For all the various types of measurements, after first establishing steady-state 
flow conditions in the wind tunnel, the total temperature and pressure and static 
pressures were recorded and subsequently monitored during the entire survey. The 
instrumentation for obtaining and analyzing the data on the velocity and pressure 
fluctuations is indicated by the schematic diagrams in Figure 4. The electrical 
voltages resulting from these fluctuations were measured on true r.m.s. voltmeters, 
recorded on a one-tenth-decade spectrum analyzer and level recorder and also recorded 
on a dual-channel tape recorder. In the case of the hot-wire probes, the d-c component 
of bridge voltage and the amount of bridge unbalance were also noted. 

The spectrum analyzer ar ' level recorder automatically scanned a set of filters 
centered on frequencies of 16 to 32,000 cycles/sec. Each filter set gave a 
one-tenth-decade band pass. The spectrum analyzer was used not only to measure the 
spectrum of the fluctuating velocities and wall pressures for the purpose of 
presenting them herein, but also to monitor the functioning of all the transducers 
during the tape recording of the fluctuating signals to be used for correlations. 

The correlation measurements were obtained by processing the recorded signals 
through a playback unit which allowed one magnetic head to be moved with respect to 
the other to introduce a time delay between the two signals. These two signals were 
electronically multiplied. The electrical voltage outputs representing the 
correlation coefficient and the time-delay were then plotted on an X-Y recorder. 
Reference 22 describes in greater detail the instrumentation and procedure for 
obtaining the correlations of the wall-pressure fluctuations and those of the wall- 
pressure fluctuations with the velocity fluctuations. 

3. RESULTS 

The mean free-stream Mach number Mro in the wind tunnel for the entire set of 
experiments was 0.6. The static pressure exhibited slight variations, since for a 
given Mach number its value naturally depended on the total or atmospheric pressure. 
A typical variation of M^ and static pressure with longitudinal distance in the 
test section is presented in Figure 5. It should be noted that, although the 
static-pressure gradient is slightly favorable throughout the test section, there is 



a small decrease of total pressure at large downstream positions. The Mach number 

does not continue to increase slightly with x but levels out and then slightly 

decreases with x . The mean Reynolds number per foot was 3.45 x 10* referred to 

the free-stream velocity. Since no significant differences were noticed in the 

pressure fluctuations for the static-pressure gradient being zero or slightly 

favorable, all the reported results are only for the latter case. 

3.1 Velocity Characteristics of Measured Boundary Layer 

Typical velocity profiles throughout the boundary layer obtained with a pitot tube 

are given in Figure 6. Figure 6(a) shows profiles for z plotted against M for 

two stations at which measurements were later made of the magnitude and spectra of 

the wall-pressure fluctuations, but which were upstream of the station used for 

correlation measurements. In Figure 6(b) these two velocity profiles, along with two 

other velocity profiles further downstream, are given in terms of the dimensionless 

quantities z/8 against U/V^ .    The dimensionless profiles are plotted in Figure 6(b) 
to compare roughly the state of development at the various stations, and it is seen 

that no appreciable change in the dimensionless profile occurs downstream of the 

second station, x = 9.75 feet . 

The variation of 8* as a function of the station x is given in Figure 7. 

Since the data exhibit some scatter, in subsequent calculations to nondimensionalize 

the magnitudes and frequencies of the pressure-fluctuation measurements, the values 

from the faired curve were used. Local skin-friction coefficients calculated from 

measured values of 8* , 6  , H , and Reö by means of the Ludwig-Tillman 

equation23 are given in Figure 8 as a function of Re . Also shown in this Figure 

is the curve of the Prandtl-Schlichting equation (see Ref.27, p.438, footnote). 

Figure 9 presents a typical boundary-layer profile of the longitudinal turbulent 

intensity. Figure 10 shows the maximum turbulent intensity of the profiles such as 

that given in Figure 9 as a function of the Reynolds number based on the distance 

along the wail, or Rex .  It is interesting to.note that, although small in magnitude, 

there is an increase in the maximum turbulent intensity with Rex . Also shown in 
Figure 10 is the value of turbulent intensity for the largest values of z possible 

with the available probe actuator (approx. 3.8 in. from the solid wall, thus close 

to the centerline of the tunnel).  This centerline value exhibits a very slight 
increase similar to the maximum turbulent intensity data and a second increase in the 

downstream portion of the test section. 

The measurements of the mean-flow profiles (Fig.6) and u-fluctuation profiles 

(Figs.9 and 10) indicate that a typical turbulent boundary layer is obtained. Although 

Figure 6 shows that its development is not entirely complete for the station 

x = 2.75 feet and is complete by x = 9.75 feet , Figure 10 indicates a high level 
of maximum turbulent intensity, even at these upstream stations. At x = 2.75 feet 

(Rex = 10 x 106) the turbulent intensity A/\
u2//uco is 0.069 as compared with 0.080 

for the downstream stations. The value of 0.08 for the maximum turbulent intensity is 

less than that reported by Klebanoff28, who gives 0.11 from measurements made at 

Um of 50 ft/sec. 

As is seen in Figure 11, the spectral density of the u-fluctuations exhibits good 

agreement with the measurements of Klebanoff. Figures 11(a) and 11(b) compare spectra 
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for the inner and outer regions, respectively.  In both cases the values of z/S* for 
the pair of Klebanoff curves bracket the z/8* value for the present data. None of 
the u-fluctuation spectral-density curves presented in Figure 11 possesses a well- 
defined peak for the reported wave numbers. 

In Figure 10, the upstream level of free-stream turbulence, 0.012, while high 
(compared with low-turbulence wind tunnels), is not of concern to the present 
experiments. The increase in the stream turbulence to about 0.02 at the downstream 
stations is considered to be a result of the merging of the boundary layers on 
opposite walls of the wind tunnel. Thus, no correlation measurements and only a 
limited number of measurements of turbulent intensity and wall-pressure fluctuations 
were made in this down-stream region, since measurements were to be representative 
of a turbulent boundary layer developing along a plane wall. 

3.2 Magnitude and Spectra of Wall-Pressure Fluctuations 

The wall-pressure fluctuations were measured with both types of transducers. Two 
different types of pressure transducers were used to determine if any of the results 
were a function of transducer type.  In particular, here we consider measurements 
taken with transducers ZR and CA (see Table I for characteristics of transducers 
and alphabetic designations).  The value of 8* varied from 0.047 to 0.321 inch for 

the measurements. The magnitudes jfpj) were obtained from integrating the spectral 

values that had been corrected for amplitude response of the transducer.  If the 

magnitudes of the wall-pressure fluctuations expressed as j(pj) %>   are plotted with 

Willmarth's data19, the result is Figure 12. In this Figure the abscissa d/S* is 
plotted on a log scale to allow the data taken with the smaller transducer ZR to be 
compared properly not only with Willmarth's data, but also with those of the larger 
transducer CA .  Through Willmarth's data is the line with which he extrapolated to 

d/8* = 0 (on a linear d/S* scale) to obtain his result of ^(P*) %> -  0.006 .  Two 

significant points can readily be made from the Figure: (i) the present data do not 
agree with Willmarth's data in magnitude, and (ii) the results with the two different 
types of transducers behave with regard to their variation with d/S* almost as if 
they had been taken with one transducer.  If the data for downstream stations x , 
where 8* > 0.251 inch (tailed symbols) , are disregarded for reasons previously 
discussed in Section 3.1, then the scatter of the data is considerably reduced.  The 

remaining values of Jfp^JjQ^    extrapolated to d/S* = 0 (again, on a linear scale) 

yield a value of 0.0075.  It is of interest to note that, for a turbulent pipe flow, 
the work described in Reference 21 obtained a value of 0.008, corrected to zero 
transducer size by a method described in Reference 29. Lilley and Hodgson16 quote 
in their text a value of 0.008 for d/S* = 0.59 from their measurement of the 
boundary layer on the wall of a wind tunnel. 

In Figure 13 the spectra of the wall-pressure fluctuations over the range of S* 
from 0.047 to 0.251 inch are plotted in terms of the dimensionless parameters used by 
Willmarth (see also Ref. 18).  The dimensionless mean-square spectra are plotted 
against the dimensionless frequency, a parameter of the character of a Strouhal 
number if a discrete eddy of a certain size is associated with a given frequency.  In 
Figure 13(a) the data taken with transducer ZR almost completely coincide for 
different 8* .  In Figure 13(b) for transducer CA a similar degree of coincidence 



exists at the lowest and middle frequencies, as in Figure 13(a); but, in addition, at 
the high-frequency end an effect of the parameter d/S* exists that spreads out the 
data.  In Figure 13 each spectrum exhibits a maximum (designated as the relative peak 
of the spectrum) for values of (at&*)/Va>   between 0.1 and 1.0. However, as smaller 
values of (CJS*)/!!^ are approached, the spectrum again increases to the limit of the 
available data (this maximum is designated as the absolute peak).  Initially it was 
assumed that, despite the care with which the measurements were made, the existence 
of the absolute peak was due to some sources of error possibly being overlooked. 

The first possibility that quickly suggests itself is that the control block did 
not successfully perform its function to prevent extraneous noises from propagating 
upstream into the test section. The results of Figure 14 clearly indicate that this 
did not occur. Figure 14 gives the results of wall-pressure-fluctuation measurements, 
at one station, used for determining the effect of varying the longitudinal static- 
pressure gradient and also the flow conditions at the control block. There is evidence 
of rather large amplitudes at the low frequencies only when the flow across the 
control block was allowed to become definitely unchoked.  In this case there is a 
rather large increase in the spectral value, the maximum increase occurring at a 
frequency of 40 cycles/sec and being from 0.013 to about 0.52 (a factor of 4). 

The possibility that fairly large amplitude low-frequency noises were propagating 
into the test-section from the flow entering the inlet can be ascertained by looking 
at the results of Figure 15, in which the spectra of the wall-pressure fluctuations 
(taken with transducer CA ) are compared with the external-noise-level spectra just 
upstream of the wind-tunnel inlet. In the Figure the pressure fluctuations are 
given in terms of decibels of SPL (sound pressure level, defined as equal to 

20 l°g10.i(l'/'po) ■ wnere Do is a reference pressure, usually 2 x 10"" dynes/cm2 ) . 

There is no evidence here, also, that the inlet noise is a problem.  In fact, at any 
given frequency the inlet noise levels are 15 decibels or more below the spectra 
levels of the wall-pressure fluctuations. 

In Figure 16 the dimensionless mean-square spectra of the present measurements 
with transducer ZR are compared with Willmarth's data19, which show the effect of 
transducer size on the measured spectra. This behavior is similar to that seen in 
Figure 13(b) for the larger diameter transducer CA . However, for Willmarth's 
data the rate of decrease of the spectra with increasing ojS*/Vm    at the higher 
frequency end is greater than that obtained in the present experiments. This may be 
seen by noting that Willmarth's curve for d/S* = 1.1 in Figure 16 agrees with the 
present data curve for d/S* = 1.7 in Figure 13(b). At the lower frequency end of 
the spectrum Willmarth does not present any data below OJS'/U^ = 0.1 . Although no 
mention was made of any problems with extraneous noises that might have interfered 
with the measurements of the wall-pressure fluctuations, in his dimensionless spectra 
plot Willmarth included no points for frequencies lower than 1000 cycles/sec. 

3. 3 Theory and Experiment Compared 

If one considers the complete equations of motion and equation of continuity for 
an incompressible fluid (see Ref.30), then certain expressions can be obtained Cor 

p2(x,t) , the mean-square of the fluctuating pressure, and p(x,, t)p(x_, t + T) , 

the mean-square pressure covariance. As indicated in References 15 and 16, these 



quantities describing the fluctuating pressures depend on second-order, third-order 
and fourth-order covariances of the fluctuating velocities. The theoretical papers 
(Refs.15, 16 and 17) have all assumed the terms with the third-order and fourth-order 
covariances to be negligible compared with the terms involving second-order 
covariances.  In addition, for turbulent-boundary-layer flows the realistic assumption 
is made that BUj/Bx3 is much greater than the other mean flow gradients. 
Consequently, the most significant term is considered to be 

3x; 9x» 3xJ Bx» 

Only this term has been used to calculate the spectrum and magnitude of the mean- 
square pressure fluctuations and also their space-time correlations.  In particular, 
Lilley, in his theoretical treatment17, assumes that only the portion of the layer 
nearest the wall contributes to the pressure fluctuations. 

The root-mean-square wall-pressure fluctuations may be expressed, as in Reference 
16, as 

= ßct (1) 

where the value of ß   depends upon integration over the turbulent field. 

Comparison of the present experimental data with Lilley's theory17 is given in 

Figure 17, where ß s /(Pw)(<loo
cf) is Plotted as a function of d/S* to allow 

comparison with the two transducers. Lilley's theoretical result17 for the value 
of ß   is 3.1 and here appears as a straight line of zero slope, since his theory 
does not account for the effect of nonzero transducer size. If the experimental data 
taken with the transducer ZR can be assumed to be correct, there is a small area 
of disagreement between the experimental and theoretical results in that the 
experimental results exhibit nonzero slopes, approximately drawn in the Figure. For 
the very small values of d/S* , where no appreciable transducer-size effect should 
be expected, the values of ß   are larger than the theoretical value of 3.1. A 
replot of the data for the smaller transducer ZR on a linear scale for d/S* 
indicates that, as d/S* - 0 , ß   approaches approximately 3.9. Lilley and Hodgson16 

also quote in their text a value of ß = 3.6 following from their own experiments. 

These considerations show that a complete comparison of the experimental and 
theoretical results would in principle require a more accurate theory. Thus, while 
the agreement between experiment and theory for the value of ß   is generally good, 
the greater value of 3.9 for the experimental value as compared with the theoretical 
value of 3.1 results from some differences between the present experiments and the 
assumed models for the mean shear and the fluctuating-velocity spectrum and magnitude. 

In certain regions of the turbulent boundary-layer or under certain types of 
external conditions, the terms neglected in calculations of fluctuating wall-pressures 
may become of the same order as the term that is kept. An example of this 
possibility is in the outer or intermittent region where IBU./Bx,] is considerably 
smaller than in the inner region of the layer. 
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A comparison of the mean-square spectra for the present data with the Lilley- 
Hodgson theoretical result16 is also given in Figure 16. The theoretical curve is 
taken from Figure 4 of Reference 16 without adjusting the level of the curve. The 
level of the peak of the theoretical curve is in good agreement with the present 
experimental data. Very little agreement exists between the present experimental, 
data and this theoretical curve at both ends of the spectrum. This disagreement 
between the theoretical curve and the experiment should be expected when the velocity 
spectra upon which they are based are considered. The Isotropie form of the 
velocity correlation function was used in evaluating the theoretical spectrum. Also, 
an anisotropy factor was used only in evaluating the magnitude of the pressure 
fluctuations (as previously done by Kraichnan15). 

The spectra of wall-pressure fluctuations measured in Reference 21 for a turbulent 
pipe flow also exhibit no fall-off at low frequencies for dimensionless frequencies 
down to a value of 0.0175, based on the radius of the pipe. However, for the spectra 
presented there is no indication of the double maxima. The turbulent pipe flow 
differs from that in the turbulent boundary layer in at least one significant aspect. 
For pipe flow the absence of a free-stream flow for the region away from the wall 
precludes the formation of a highly intermittent flow that is brought about by the 
convection of an irregular sharply defined boundary between the turbulent and the 
nonturbUxent flow (see Ref.31). 

3.4 Space-Time Correlation of Wall-Pressure Fluctuations 

The first bit of information obtained from measurements of the space-time 
correlations of wall-pressure fluctuations was a curve of the correlation coefficient: 

P(x1.y1,t)p(x1 + £,yx + 77, t + T) 

*(£-V.T)    =  ,        u,  : (2) 

l[v*(*i.Tvt)\l[9'(*1 +£y, +v,t +T)J 

against the time delay T for constant values of £,    and 77 .  The separation distances 
are § = x2 - xx and 77 a y, - yx ,  In equation (2) any point on the curve of 
R(£.V'T)    against T gives the time-mean value (in coefficient form) of two fluctuat- 
ing pressures where during the time-averaging the one fluctuating pressure is 
measured at a constant difference in time equal to T with respect to the other 
fluctuating pressure. The results of this section are all obtained from these correla- 
tion curves. The two-point wall-pressure correlation curves as a function of T are 
presented in Figure 18(a) for 17 = 0 . The time delay T is defined to be positive 
for a disturbance propagating downstream from one transducer to another (farther 
downstream). These curves are actual tracings of faired X-Y plotter curves. 
Figure 18(b) is for the case where the transducer separation is given by £  = r\ , 
The curves in Figure 18(c) are for the correlations with the transducer separation 
vector normal to the stream direction. 

Each point of the results shown in Figure 19 is obtained by first getting the 
maximum value of the correlation coefficient as a function of r    for fixed 
separation distance in Figure 18 and then plotting this maximum against the appropriate 
separation distance. This value of R has been designated by the subscript opt , 
standing for optimum in Reference 32. The data in Figure 19 include all three 
inclinations of the transducer separation vectors with the free-stream direction 
(17 = 0 . S,  = 7]  . and i = 0) . 
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In looking at Figure 19 it is readily apparent that the longitudinal scale of the 
wall-pressure fluctuations is much greater than the lateral scale. For example, if 
scales LPx and Lp  are arbitrarily defined as the value of the particular 
separation distance when R(£, 0,TQ t) =0.1 and RCO.TJ.T t) =0.1, respectively, 
the result is 

LPx   8.75 in. 

LPy    1.18 in. 
^ 7.4 

In this result the values of T t for LPx and Lp  are not the same in 
magnitude. For LPx , T   t  = 1.33 x 10"3 second and, for Lp , since no flow 
convection is involved, Topt % 0 . Scale LPx indicates the scale of the turbulence 
measured in a reference frame moving at the average convection velocity £/T00t  •  (If 
the two pressure transducers at the wall were moving in the direction of flow at this 
convection velocity, the optimum time delay would be close to zero for the 
^-direction as well as for the 77-direction.) 

The validity of the empirical relation 

Ropt(£,''Topt£>T,) = Ropt(^0'Topt5)Bopt(
0-7)'Topt7,) O) 

where 

* 77. 'opt£    oPtf.t) 

and 

Topt7) * 0 

is shown in Figure 20, where it is checked for g = -q .    This was done by using the 
curves faired through the data in Figures 19(a) and (c) to obtain the calculated 
curve for the left side of equation (3) and then comparing it with the curve faired 
through the data of Figure 19(b). The agreement between the two curves in Figure 20 
is quite good.  The result should also be valid for £ / 17 .  The result expressed 
by equation (3) was first implied by the correlation data on fluctuating velocities 
in a turbulent boundary layer in Reference 32.  Equation (3) was later assumed by 
Corcos et alii29 in their calculation on the effects of finite sizes of pressure 
transducers. 

In Figure 21 ~he optimum correlation coefficients in the ^-direction are compared 
with those measured by Willmarth. The values £,    are divided by 5* to account for 
the differing scales in the two sets of data.  The agreement between the present data 
and thoseof willmarth is good, particularly for his data for M = 0.333 and M = 0.672. 

The value of T at which R - R t is likewise designated as "'"out •  *n 

Figure 13(a) it is seen that 7"0D* increases as §   is increased.  The convection 
velocity of the wall-pressure fluctuations is defined as 

U. =   (4a) 
T 
'opt 
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and the ratio of the convection velocity to the free-stream velocity is simply 

S   - _£_ 
Uoo     T0pt

U=° ' 

These v 1 >es of V /Va   were plotted against the appropriate separation distance in 
Figures 22(a) and (b) for 17  0 and £ - y\ ,  respectively. For £ <  1.0 in^h in 
Figure 22(a), Uc/Uai increases at a smaller rate with increasing £ ,    In Figure 
22(b), at values of £ > 1.0 inch the values of Vc/Va   start to fall with increasing 
£  . A check of the R against T curves for these points shows very small values 
of R t and very flat curves. Consequently, not too much reliance should be put on 
the data at large £ . 

The convection velocity results given in Figure 22 are quite interesting in that at 
large values of £   they essentially agree with the convection velocity values obtained 
by Willmarth19 (excepting his M = 0.672 data) and Von Winkle21. At the smaller 
values of £ the convection velocity ratio Uc/Um   begins to decrease significantly 
as £   is decreased. This result can reasonably be interpreted if one considers the 
decay and convection of the different size eddies that probably exist in the boundary 
layer. The smaller scale eddies should have a shorter lifetime compared with the 
larger scale eddies. Consequently, as the separation distance between the two pressure 
transducers is increased, the effect of the smaller scale eddies on the correlation 
of the pressure fluctuations measured by these transducers should decrease with the 
correlation, being affected only by the large-scale eddies in the boundary layer. 
Finally, the small-scale eddies occur or are concentrated closer to the wall than are 
the large-scale eddies. Thus, the small-scale eddies are convected at slower 
velocities than are the large-scale eddies. This simplified picture is proposed to 
describe the results of Figure 22 for small values of £ . 

This interpretation of the Figure 22 data implies that the value of Uc/Uro should 
decrease with increasing frequency. Correlation of the data in narrow frequency bands 
was not done with the present data. However, the results of Reference 21 for turbulent 
pipe flow indicate such a trend. Figure 36 of Reference 21 shows that, as the 
frequency increases by a factor of 2.8, the values of U /Um decrease from 0.83 to 0.75. 

A compa/ison of the l^/U^, data with Willmarth' s results is presented in Figure 23. 
To take into account the range in the values of U,,, and 8* , the Ög/U^ values are 
given as a function of Uco(^

r/S*) . Initially, the dimensional parameter U^/^ was 
considered. Dividing <f by 8* does account for the different length scales. A 
suitable velocity is not available (the acoustic velocity not being appropriate here) 
with which to make the entire parameter dimensionless. However, this choice of 
parameters should account for the different velocity and length scales. The 
comparison of the Uc/Um data does show that the scatter in the data is nearly the 
same and the agreement is good. The limited range of the Un/^/S') parameter for 
the Willmarth data as compared with the present data simply results from the smaller 
range of £ for which measurements were made by Willmarth. The abscissa positions 
of the Willmarth data relative to the present data show why smaller values of U /Mw 

could not be obtained in his experiment.  The results in Figure 23 indicate that in 
addition to considering the size of the transducers relative to a boundary-layer scale 
as noted by Willmarth1' it is necessary to consider very small separation distances f 
(relative to some boundary-layer scale such as 8* ) when convection velocities of 
pressure fluctuations are to be determined. 
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Measurements for M,,, from 2.0 to 5.0 by Laufer and Kistler33 indicate at least a 
qualitative agreement with the data in Figure 22. Measurements are reported for only 
two values of g   (0.25 and 0.50 in.) with the values of Vc/Ua   varying between 0.65 
and 0.77. At each Mm the value of Ug/U,,, for the larger f is greater than that 
for the smaller £   with the average increase being about 7 percent. 

The preceding discussion indicates that, as expected, the value of the apparent 
convection velocity depends on the relative magnitudes of (1) transducer size and 
separation distance and (2) the sizes of the eddies and their velocities of convection 
in the layer. Therefore, these results apply only to convection velocities of the wall- 
pressure fluctuations of turbulent boundary layers along a plane wall under the 
aforementioned conditions of measurement. They may not apply in general where larger 
size transducers, larger separation distances, or a different type of turbulent flow 
is involved. 

The effect of high-pass filtering (which equals rejection of a low-frequency band of 
the signals) on typical correlations is given in Figure 24(a) for g = 0.88 and 
Tj -  0 and in Figure 24(b) for g -  0 and 77 = 0.325 inch. With regard to the 
present experiments, some concern has been expressed that the large magnitudes of the 
spectrum of the wall-pressure fluctuations at the lower frequencies may have 
resulted from some as yet undetermined wind-tunnel effect. Since this increase in 
the magnitudes occurs approximately at frequencies below 400 cycles/sec, a comparison 
of the correlation data for the full bandwidth spectrum with those for which the 
portion of the spectrum below 400 cycles/sec is rejected would indicate how significant 
is this lower frequency range on the space-time correlations. It is seen in Figures 
24(a) and (b) that rejecting the portion of the spectrum below 400 cycles/sec results 
in optimum correlation coefficients that do not change appreciably from those for the 
entire spectrum. In particular, for the 400 cycles/sec high-pass condition, the 
R0_t are approximately only 10 percent less than those for the full-band-pass results. 

3.5 Correlations of Velocity and Wall-Pressure Fluctuations 

Investigations on the correlations of pressure with velocity in turbulent flow 
fields have generally not been attempted either on an experimental or theoretical 
basis. Reference 34 does give some numerical results for the covariances pu£ for 
Isotropie turbulence. The role of the pressure-velocity-gradient covariance 
p(3uk/9x;) is discussed in Reference 35. The particular form of the pressure-velocity 
covariance of interest herein is piijj . The defining equation for püjj is given by 
Batchelor36 as (in the present notation) 

—-    pi    32(UI + u')(U + u )(U" + u£) 
K = — / m ' —, J—   dV k   477J |V I        3x{ 3xj 

(where |V|  is the distance between the source point and field point) if an 
incompressible fluid in an infinite region is assumed. The corresponding correlation 
coefficient is given by pu£ divided by the product of the root-mean-square wall- 
pressure and velocity fluctuations. 

The purpose behind measuring these correlations is to determine what regions 
within the boundary layer contribute to the pressure fluctuations at the wall. 
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Measurements of the pressure fluctuations at one point at the wall or their space-time 
correlations do not yield any detailed information on what regions do contribute. 
Actually, a study of the correlations with each of the components of the fluctuating 
velocity would be desirable. In particular, the theoretical considerations of 
Reference 16 indicate the w-component to be the most significant one. However, the 
measurements of v or w , the fluctuating-velocity components normal to the free- 
stream direction, would require two hot wires in the available experimental set-up. 
(The method requiring the rotation of one wire could not be used because of the 
necessity of keeping the hot-wire position fixed relative to the pressure-transducer 
position for a given measurement, i.e. a single recording on magnetic tape.) Thus, 
getting a measure of pw or pv would ordinarily require at least three channels 
on the tape recorder. As noted previously, the tape recorder and playback units 
available for use had only two channels. 

Typical space-time correlation curves obtained for the correlation of the velocity 
fluctuations with wall-pressure fluctuations are presented in Figures 25 and 26. The 
correlation coefficient used in this section is defined by equation (5).  The script 
R for the velocity-pressure correlation is used here to distinguish it from the 
space-time correlations of the wall-pressure fluctuations. The definition of positive 
values of r for the pressure-velocity correlations is that a disturbance propagating 
downstream is first sensed by the wall-pressure transducer and at a later time T is 
sensed by the hot wire. As for the previous type of correlation measurements, each 
curve presented in Figures 25 and 26 is a direct tracing of a faired curve of the X-Y 
plotter curve.  In some cases the X-Y plotter curve was retraced several times over 
the original one to allow a better fairing. 

The results given in Figure 25 are for the correlations measured with transducer 
ZS and for several pairs of values of separation distances 17 and § .    Figure 25(a) 
gives R t against T for several values of z at g   and 77 approximately zero. 
Figures 25(b) and 25(c) give similar results where (£, 77) are (0, 0.307) and (0.390, 0), 
respectively. Peaks in the correlation coefficient generally occur at two values of 
time delay T .    The major peak generally occurs at values of r    ranging between -0.7 
and -0.8 millisecond. For purposes of identification, values of r   and R for the 
major peaks are labeled with the subscript opt and for the secondary peaks (T < 0) 
with the subscript s . 

A typical correlation curve for z less than 0.3 inch does not have a secondary 
peak but, for T < TQ .   , generally increases monotonically with increasing r   and 
then decreases monotonically for r  > T t . For values of z greater than 0.3 inch 
the emergence of R  caused most of the R against r curves to have two rounded 
peaks of about the same magnitude at the smaller values of z and, for z between 
0.72 to 1.52 inches, resulted in Rg being greater in magnitude than R t . In 
other words, regardless of the value of the separation distance £ , for positions of 
the hot wire close to the wall the R,_t is the greater one, but for positions away 
from the wall R  is of the same order or even slightly greater than R t . 

In Figure 26 the correlation curves are given for <f and 77 approximately zero, 
where the transducer CB is used to measure the wall-pressure fluctuations. These 
results confirm the measurements using transducer ZS ; however, the peak values are 
generally somewhat lower in magnitude.  In addition, the curves are not as well 
behaved as those in Figure 25, as RQDt is approached from negative values of r . 
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Significant characteristics of the correlation curves are plotted in Figure 27. 
These curves include results not presented in the preceding Figures. Figure 27(a) 
gives the significant characteristics of the correlation curves using transducer ZS 
for various values of (   and 77 % 0 . The R t and Rg data in Figure 27(a) do 
not indicate a steady trend, as in Figure 27(b). The variation of T t with z in 
Figure 27(a) is such that, at any value of 2 greater than about 0.1 inch, T„» 

Up L 
increases as S,    is increased. For any value of 5 the variation of rQ .    with z 
is approximately linear if z is greater than 0.2 inch. Over most of the range of z 
values, Tg also increases (values become less negative) as g   is increased 
(Fig.27(a)).  In Figure 27(b) the results are as for their counterparts in Figure 27(a), 
except that here g % 0 and each figure contains curves for the various values of 77 . 
In Figure 27(b) the results of R .  against z are indeed a very regularly behaved 
set of data in contrast to the data of Figure 27(a). The maximum values of R t for 
each curve 77 = constant are progressively smaller and occur at larger values of z 
as 77 is increased. The curves of r t as a function of z in Figure 27(b) exhibit 
a marked change of slope for rj   greater than about 0. 4 inch. For values of z less 
than 0.4 inch a systematic change also occurs in that larger values of r t appear 
to be reached for 77 larger as z gets smaller.  There is only a slight systematic 
trend in the maximum values of Rs against z curves with 77 ; the curves of r 
against z show an overall increase in rg with increasing 77 . 

Two possibly serious problems must be considered in trying to make meaningful 
measurements of the correlation of wall-pressure and velocity fluctuations. One is 
the fact that the velocity-fluctuation transducer (the hot-wire anemometer) and the 
pressure-fluctuation transducers are probably not perfectly matched transducers with 
regard to their phase-angle response as a function of frequency. The necessity to 
consider not only amplitude response but also the phase-angle response of a transducer 
over the frequency range of interest arises from the fact that, if two transducers have 
at a particular frequency two considerably different values of phase-angles <p1 and 
<p2 , at that frequency the correlation will be a function of cos(<p2 - <Pj) . 

Although these phase-angle characteristics were not measured, it can be stated that 
for the frequency range of interest, 50 to 15,000 cycles/sec, the phase angle as a 
function of frequency for the piezoelectric transducer shows somewhat less variation 
than that for the condenser transducer. Since the piezoelectric transducers exhibit 
less variation over the indicated frequency range than the condenser transducer, 
elementary considerations of transducer theory show that this will lead to less 
variation in the phase-angle as a function of frequency37.  As is seen by comparing 
Figures 25(a) and 26, there is fair agreement between the correlation curves for the 
two types of transducers. The most noticeable difference between the two sets of data 
is that the values of R are slightly lower for the set where the pressure transducer 
is of the condenser type.  This result is consistent with the preceding remarks on 
the phase-angle characteristics of the two types of pressure transducers.  Thus, for 
these purposes the piezoelectric transducers are more nearly matched to the hot-wire 
anemometer than are the condenser transducers. If a phase-angle difference does 
exist between the velocity and pressure transducers used to obtain the correlations, 
its effect would be to reduce to a certain extent the magnitudes of the correlation 
coefficients. This implies that ideally matched transducers might yield even larger 
values of the correlation coefficient than those measured. Consequently, the 
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magnitudes of the correlation coefficients measured may be regarded as tentative 
results. 

The second major problem encountered in the measurement of the pressure-velocity 
correlations is the existence of interference between the hot-wire probe and the flow 
field, as indicated in Figure 28, which presents the spectra of the wall-pressure 
fluctuations measured during the correlation experiments. The data in these Figures 
indicate that the shapes of these wall-pressure fluctuation spectra are affected to a 
certain extent by the proximity of the hot-wire probe. The spectra in Figures 28(a) 
to 28(d) are taken with transducer ZS for 77 % 0 and various values of g .    In 
Figure 28(a) with £ = -0.001 inch, that is with the hot wire directly above the 
pressure transducer, the spectra values below 400 cycles/sec increase in magnitude 
as the z values get smaller. 

The effect of moving the hot-wire probe downstream away from the pressure 
transducer is noted by comparing Figures 28(a) to 28(d) with each other. Virtually 
no increase in the value of F(f) is obtained for the frequencies lower than about 
400 cycles/sec as the value of z is allowed to decrease. Similar results were 
noted for the interference of the hot-wire probe on the wall-pressure fluctuations 
where the displacements in the plane of the wall are in a direction normal to the 
free-stream. 

From results such as those presented in Figure 28 it is noted that only the 
magnitudes of the lower frequency portion of the spectrum of the wall-pressure 
fluctuations are increased as z is allowed to decrease for g   and 77 approximately 
less than 0.20 inch. Consequently, one may omit from serious consideration those 
correlations for smaller values of z(< 0.20 in.) when £ and 77 are less than 
approximately 0.20 inch. On the other hand, all the data may be considered if one 
observes the effects of filtering out the lower frequency portion of the spectrum, 
which is apparently most affected by the interference. Figure 29 presents the 
effect of using only a certain portion of the spectrum in the correlations of the 
velocity fluctuations with the wall-pressure fluctuations. The correlation curves 
are the full band pass and 400 cycles/sec, 3000 cycles/sec and 6000 cycles/sec high- 
pass band (£,  ^ 77 % 0).  It is only in the range of frequencies below 400 cycles/sec 
that the spectra of the wall-pressure fluctuations show any appreciable interference 
effect from the hot-wire probe. Consequently, the fact of particular interest in 
Figure 29 is the comparison of the peak correlation coefficient for the full band 
pass with that for the 400 cycles/sec high-pass band. The values of RODt are 
0.60 and 0.52 for the full band pass and 400 cycles/sec high-pass band, respectively. 
This indicates that the fluctuations below 400 cycles/sec do not contribute 
appreciably to the correlation coefficients measured. Consequently, this interference 
effect should not affect the measurements of pressure-velocity correlation. As in 
the case of thp space-time correlations of the wall-pressure fluctuations, the 
rejection of this lower frequency portion of the spectrum also serves to remove 
those portions of the spectra that might be affected by wind-tunnel disturbances. 

In Figure 29 the correlation curve of R as a function of T was made considerably 
narrower when the portion of the spectrum below 400 cycles/sec was filtered out. 
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In addition to the normal effect of using filters, this narrowing actually might be 
the result of rejecting those portions of the spectrum affected by interference.  In 
the following only the magnitudes of R and T at the peaks will be discussed. 
Considerations of the shapes of the curves will not be particularly stressed. 

The results given in Figures 25 to 27 indicate that the u-component of the 
fluctuating velocity does make some contribution to the pressure fluctuations at 
the wall. This follows from the fact that nonzero values of R were obtained. The 
results indicate that there are two regions in the boundary layer where the u-component 
contributes to the pressure fluctuations at the wall. These are the inner region 
(close to the wall) and the outer region, which is highly intermittent. While the 
magnitudes of the R obtained for the inner region (R0Dt) are higher than those 
obtained for the outer region (Rg), the amount of actual contribution of these two 
regions will depend on the volumes in each region over which the R is appreciable. 

According to the leading assumptions in the Lilley-Hodgson theory16 the wall- 
pressure fluctuations depend significantly only on the w-component of velocity 
fluctuations for the inner region of the boundary layer. This implies that, in 
correlating the wall-pressure fluctuations with the velocity fluctuations, larger 
magnitudes of the correlation coefficients may be obtained with the w-component of 
velocity fluctuations than with the other two components. As the other components 
of velocity fluctuations were not measured and were not correlated with the pressure 
fluctuations, the results between components cannot be compared. However, it is to 
be noted that any given value of R for the particular B,  , -q  ,  z , and r is the 

covariance pffu divided by the product of J(p^) and l(u2) . What would be more 

appropriate is to get a value R' defined as 

(6) 

which is simply 

MW + *2 ♦ w*) 

m R' = R IFT^r^ (7) 
VU + vz + wv 

in terms of R , the measured correlation coefficient. 

Although no measurements were made of v2 and w2 , values of R' can be computed 
using Klebanoff s data29. For the inner region of the boundary layer it is seen 
from Figure 27(a) that the measured R t as a function of z has maximum values 
approximately at z = 0.08 inch , which becomes z/8* = 0.45 with 8* = 0.178 inch . 

For z/8« = 0.45 , Klebanoff s data yield the values V(u2) =0.08 , J{\2)  -  0. 06 , 

and *j\?i2j   = 0.035 .  Thus, 

17') 

]{-■ w2) 

0.08 
  = 0.76 . (8) 
0.106 
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For a measured value of R = 0.34 with g £ 0.20 inch and 77 ~ 0 , a value of 
R' of 0.26 is obtained.  It is now evident that, even for the correlation coefficients 
based on the root mean square of the entire velocity fluctuations, for the inner region 
significant nonzero values of correlation are obtained between the wall-pressure and 
u-component of velocity fluctuations. And yet, as previously pointed out, if the 
theoretical model is correct, the correlations between the pressure and w-component 
of velocity fluctuations should yield much higher values of correlation coefficients, 
where R in this case must be defined as 

PTW 
R = „_w_, • (9) 

JGÖ/W 
In the curves of R against r   the peak correlation coefficients designated as 

Rg attain maximum values for z values that are much larger than those for the Ropt 
values already discussed.  (The 'secondary' peaks Rg are those peaks occurring at 
negative time delays of nearly 1 msec in contrast to the R t peaks which occur at 
positive time delays near zero.) The initial reaction in viewing these Rs peaks 
for the preliminary results was that they were erroneous. The entire system of 
measurement and correlation was thoroughly checked.  These peaks were not found to 
be the result of some problem of instrumentation or measurement such as the inter- 
ference effect of the hot-wire probe.  For this range of z the interference 
effect of the hot-wire probe was negligible for all values of separation distances 
g   and Ti . 

Since this result is limited to the outer region of the boundary layer, the 
intermittency that also exists in this region is considered to be quite significant. 
In Figure 30 the data of Klebanoff28 and Corrsin and Kistler31 for the intermittency 
factor y   are compared with Rg as a function of z/S* for several surveys. For 
Klebanoff s data, originally given as a function of z/S* , his mean-velocity data 
were used to calculate S/S* to obtain y   as a function of z/S* . Because the 
Corrsin-Kistler experiments used a corrugated wall, the calculation of S* from the 
mean-velocity profile was considered unwise in this case. Since both Klebanoff and 
Corrsin-Kistler gave y   as a function of z/S , the method of converting y   into a 
function of z/S* was first to compare the Klebanoff and Corrsin-Kistler data at a 
particular value of z/S and then to use the Klebanoff z/S* to plot the value of 
y   for the Corosin-Kistler data. 

In Figure 30 the maximum values of Rs occur in the intermittent region of the 
layer as defined by y   as a function of z/S* . Particularly good agreement seems 
to exist with the intermittent region as defined by the Corrsin-Kistler data.  Their 
data compared with the Klebanoff data show a stronger penetration of the intermittent 
fluctuations at distances greater than 5 . The agreement between R  and y   is 
tempered by the fact that nonzero values of Rs extend out to larger values of z/S* 
than do the nonzero values of y   for either the Klebanoff or Corrsin-Kistler data. 
While the intermittency factor y   was not measured in the present investigation, the 
turbulent intensities for the outer region of the boundary layer are greater and 
extend further from the wall compared with the Klebanoff or the Corrsin-Kistler data. 
As previously remarked, the magnitudes of these Rg values are approximately one-half 
the ft t values obtained in the inner region. Furthermore, if again R' 
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is calculated by using Klebanoff s data, which show that for the outer region 

Vfu2) *J(v*)  ^Vfw2), there is obtained 

R' = R — — = o. 57R . 
V(u2 + V2  + w2J 

This implies that, although the u-component fluctuations in the outer region contribute 
to the wall-pressure fluctuations, the magnitude of the contribution from a particular 
point is not as great as that from the inner region. 

For most of the values of £ and 17 , the time delays TQ .     generally increase 
with increasing z . Attempts at trying to relate the TQ .  values to the convection 
velocities measured in the space-time correlations of wall-pressure fluctuations have 
not been successful using the present data. 

The negative values obtained for the time delays denoted as r  in Figures 27(a) 
and 27(b) indicate a behavior of the correlation of the velocities with the wall- 
pressure fluctuations different from that for the inner region (RQDt and Tt). 
These negative Tg values require that even for g =  0 the velocity fluctuations 
that correlate with the wall-pressure fluctuations must occur some distance upstream 
of the pressure transducer and hot-wire probe. This is interesting in that it agrees 
with the results of Reference 38. This reference shows (in Fig.4 therein) results that 
indicate that the u-component of the fluctuating velocities does have an effective eddy 
convection velocity in the z-direction, but that it is considerably less than that 
for the free-stream direction. These results imply that the large-scale velocity 
fluctuations in the outer region that eventually affect the pressure at the wall 
must originate a considerable distance upstream in order for the slower convection 
in the z-direction to have sufficient time to reach the wall. Rough calculations of 
T  based on the results of Reference 38 give values from -0.45 x 10"3 to -0.6 x 10"3 

second , whereas the present results range from -0.7 x 10"3 to -0.8 x 10'3 second . 
However, it is not suggested that this simple concept sufficiently explains the 
phenomenon. 

4. CONCLUSIONS 

The following conclusions may be drawn from this experimental investigation of the 
wall-pressure fluctuations in a turbulent boundary layer: 

(i) The value of the root-mean-square wall-pressure fluctuations approaches 

J[p2)   = 0.0075 q^ as d/S* approaches zero (where q^ is the free-stream 

mean dynamic pressure, d is the diameter of the pressure transducer, and 
S* is the displacement thickness of the boundary layer). 

(ii) The measured values of ß   in the relation JyVj/Q^  = ßc.    (where cf is 

the local skin-friction coefficient) depend on d/S* . By extrapolating the 
measured 8   to d/S* = 0 , there results ß = 3.9 , which is in good 
agreement but slightly higher than the value of 3.1 obtained from the most 
recent Lilley analysis17. 
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(iii) As the transducer size is decreased, the dimensionless mean-square spectrum 
[■p^a^uJ/tqdS*) of the wall-pressure fluctuations apparently approaches a 
universal function of the dimensionless frequency OJS'/U^ as indicated by 
Willmarth for the upper range of wB'/V^  , but this universal function 
agrees with the data obtained by Willmarth only for his lowest reported 
values of wS'/U^ . 

(iv) The dimensionless mean-square spectrum of the wall-pressure fluctuations 
as a function of the dimensionless frequency oiS'/U^ does not agree with 
the Li 1 ley-Hodgson theoretical result16, except near the peak of the 
theoretical spectrum. 

(v) The values of the correlation coefficients R t as a function of <f/8* 
(the longitudinal separation distance divided by the boundary-layer displace- 
ment thickness) agree with those obtained by Willmarth. 

(vi) Measurements of the correlation coefficients R t in the lateral 
direction TJ indicate that their scale is 1/7.4 of those obtained for 
the Ropt in the longitudinal direction £ . 

(vii) Measurements indicate that for any §   and 77 separation the R t can be 

obtained from the relation Ropt(£,77,Topt) = ROpt(£°.
Topt>Ropt(0-7?>Topt) ■ 

(viii) The ratio of the convection velocity to the free-stream velocity Uc/Um is 
shown not to be a constant but to increase with increasing separation 
distance £   and for the larger separation distances to agree with the 
values obtained by Willmarth. This variation in the magnitude of the 
convection velocity is explained in terms of the relative distances in 
which the small-scale and large-scale eddies are coherent. 

(ix) Correlations of the wall-pressure fluctuations with the longitudinal 
component of the velocity fluctuations indicate that the contributions to 
the wall-pressure fluctuations are associated with two regions - an inner 
region near the wall and an outer region linked with the intermittency 
near the edge of the boundary layer.  In the outer region the intensity 
of the contributions of the velocity fluctuations to the wall-pressure 
fluctuations as indicated by the magnitude of the correlation coefficients 
is less than one-half that for the inner region. 

5. CONCLUDING REMARKS 

In the previous section several definite conclusions have been stated. Some 
further remarks on the results can be made: 

(i) To lessen the disagreement between the available theoretical analyses and 
the available experiments on the spectra of the wall-pressure fluctuations 
probably requires that less simplified assumptions be used in the 
theoretical work. Some additional experimental work should be performed 
to corroborate the results of this investigation, particularly for values 
of dimensionless frequency aj§*/lL. smaller than 0.07. 
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(ii) The results obtained for the correlations of the u-component of velocity 

fluctuations with the wall-pressure fluctuations definitely suggest that 

experiments be performed to study the intensity and extent of the correla- 

tions where the other two components of velocity fluctuations are used. 

Since the theoretical models for the problem suggest that the w-component 
of the velocity fluctuations is the dominant one in contributing to the 

wall-pressure fluctuations, correlation coefficients of greater magnitude 

should be obtained for the correlations with the w-components than those 

with the u-components. More elaborate facilities than those used herein 

would be required for these measurements. 
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TABLE   I 

List of Pressure Transducers 

Type of 
transducer 

Diameter 
of 

sensing 
area (in.) 

Commercial 
designation 

Alphabetic 
designation 

Type of surface 
of sensitive area 
(adjacent to flow) 

Cmdenser 0.43 Altec-Lansing 
BR 150-5 

CA Porous t_ronze 

Condenser 0.040 Al tec-Lansing 
BR 150-6 

CB Open pin-hole 

Piezoelectric 0.0625 - ZR [Polished in- 
0.125 - ZS < sulating end 

[cap 
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0.125 O.D. X0.I25 longxO.OlO 
annular  PZT-5 element 
cemented in 0.010  groove of 
insulator and capped  with 
0.010  insulator 

Silver conducting   paint 
(solid   area) 

"—0.25-28   Thread 

"—Brass 

^—Insulator 

-#20  Copper   wire 

— Ceramic  beads  and 
Cox   #28  cement 

Side-drilled   access  hole 

^J- — Copper  wire  soldered to 
center pin of Microdot and 
insulated   with  cement 

Microdot   #3103  connector 
U—0.250—j soldered  to  brass   body 

(Dimensions  ire  in Inches. ) 

Fig. 2      Piezoelectric transducer for measuring fluctuating pressures 
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Flow 

Pressure 
transducer 

Cable to 
amplifier-'' 

(a) 

-»- x 

Flow 
* 

^0 
Pressure           • 
transducer^' ~"* 4 

< 

(b) 

J 
Hot-wire probe 

Fig.3  Spatial relation of hot-wire and pressure transducer: (a) side view, 
(b) plan view 
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True 
rmi 

voltmeter 
Monitoring 

oscilloscope 

Decode 
isolation 
amplifier 

Pressure 
transducer 

Spectrum 
analyzer 

Dual-chonnel 
tape 

recorder 
s 

Decade 
isolation 
amplifier 

Pressure 
transducer 

True 
rms 

voltmeter 
Monitoring 

oscilloscope 

Pressure 
transducer 

Hot wire 
probe 

Automatic 
probe 

position 
indicator 

Dial 
position 
indicator 

Modified  playback unit of 
dual-channel  tope  recorder 

magnetic 
head 

Amplifier 

Movable 
magnetic 

head 

l__ 

Decade 
isolation 
amplifier 

iH- 

Movable  magnetic ■ 
heod  position 

True 
rms 

voltmete 

Isolation 
amplifier 

True 
rms 

voltmeter 

(b) 

Variabie-gair 
amplifier 

Variable-gom 
amplifier 

X-Y 
plotter 

(c) 

Monitoring 
oscilloscope 

Spectrum 
analyzer 

Monitoring 
oscilloscope 

Calibration 
circuit 

Switching Electronic 
multiplier 

Monitoring 
oscilloscope 

Dual-chonnel 
tape 

recorder 

Damping 
network 

Vacuum 
tube 

voltmeter, 
d.c. volts 

Pig. 4  Block diagrams of instrumentation in taking data for (a) correlations of wall- 
pressure fluctuations, (b) correlations of velocity fluctuations with wall- 

pressure fluctuations.  Correlation computer (diagram C) 
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DISCUSSION 

L.S.G.  Kovasznay 

Did you attempt to measure space-time correlation with filtered signals? This would 
remove the anomaly due to the spatial filtering effect of the two transducer 
configurations. 

Author's reply 

Due to lack of time in my program, I did not attempt to measure the space-time 
correlations with narrow-band frequency filtering. However, this 'spatial filtering 
effect', as you term it, can be interpreted as a wave-number filtering of the data 
as opposed to the conventional filtering out of bands of the frequency spectrum. Thus, 
the 'spatial filtering effect' is not an anomaly in the true sense of the word. 
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