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SUMMARY 

Turbulent motion in a thick (5 :i.nch) boundary layer with zero 
longitud!nal pressure gradient which is produced by natural transition 
on a smooth surface has been studied. Measurements have been made of 
the space-time correlation between the fluctuating wall pressure and 
the fluctuating velocities in the layer, and between the fluctuating 
wall pressure and the time derivative of the fluctuating velocity 
normal to the wall. 

At any height in the boundary layer, the velocity disturbance which 
was correlated with the wall pressure disturbances was convected at the 
local mean speed. The correlation of the wall pressure with the 
longitudinal velocity was opposite in sign to the correlation of the 
wali pressure with the velocity normal to the wall. This implies that 
the part of the velocity field which is correlated with the wall 
pressure also produces turbulent shear. 

The approximate structure of the pressure velocity correlation was 
obtained from measurements of the space-time correlation between the 
wall pressur J anc..l the fluctuating velocity at va.rious points in the 
layer, Isocorrelation contours with ~e~o time delay were mapped in 
three orthogonal planes parallel and perpeudicular to the wall. 
The structure of the isocorrelation contours suggests that the wall 
pressure is produced by a hierarchy of endies which produce 
turbulent shear and have a greater extent in the stream direction than 
normal to the stream. In planes parallel to the wall, the contours 
of the correlation between the wall pressure and velocity normal to the 
wall exhibit a definite swept-back structure. Farther from the wall, 
the swept-back structure disappears and the isocorrelation contours 
are symmetric about a line parallel to the wall and normal to the stream. 
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SOMMAIRE 

On a etudie le mouvement turbulent dans une couche limitrophe 

epaisse (12,7 cm) avec pente depression longitudinale zero qui est 

produite par transition naturelle sur une surface lisse. On a releve 

des mesures de la correlation espace-temps entre la pression de paroi 

variable et les vitesses variables dans la couche, et entre la pression 

de paroi variable et la derivee de temps de la vitesse variable 

perpendiculaire a la paroi. 

A toute hauteur quelconque dans la couche limitrophe, la perturbation 

de vitesse qui etait en correlation avec les perturbations depression 

a la paroi etait convectee a la vitesse moyenne locale. La correlation 

entre la pression l la paroi et la vitesse longitudinale etait de 

signe oppose a la ccrrelation entre la pression a la paroi et la vitesse 

perpendiculaire a la paroi. Ceci implique que la partie du champ de 

vitesse qui est en correlation avec la pression a la paroi produit 

egalement un cisaillement turbulent. 

La structure approximative de la correlation de vitesse depression 

a ete r~tenue d' apres des mesures de la correlation espace-temps entre 

la pression l la paroi et la vitesse variable en divers points de la 

couche. On a trace des contours d' isocorrelation avec decalage de temps 

zero dans trois plans orthogonaux paralleles et perpendiculaires a la 

paroi. La structure des contours d' isocorrelation tend l montrer que 

la pression l la paroi resulted' une hierarchie de tourbillons qui 

provoquent un cisaillement turbulent et ont une ampleur plus grande 

dans le sens du courant que dans ~-e sens perpendiculaire a celui-ci. 

Dans des plans paralleles a la paroi, les contours de la correlation 

entre la pression a la paroi et la vitesse perpendiculaire a la paroi 

presentent une structure nettement en fleche. En un point plus 

eloigne de la paroi, la structure en fleche disparait et les contours 

d' isocorrelation sont symetriques de part et d' autre d' une ligne 

parallele a la paroi et perpendiculaire au courant. 
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MEASUREMENTS OF TIIE CORRELATION BETWEEN TIIE FLUCTUATING 

VELOCITIES AND THE FLUCTUATING WALL PRESSURE 
IN A THICK TURBULENT BOUNDARY LAYER 

W.W. Willmarth• and C.E. Wooldridge•• 

I. INTRODUCTION 

This Report is concerned with the relationship between the turbulent velocity field 

and the pressure fluctuations produced at the wall beneath a thi ck turbul ent boundary 

layer. Previous experimental investigations of the structure of the turbulence in the 

boundary layer have considered separately either the fluctuating velocity fi eld or the 

fluctuating wall pressure . By consideration of the relationship between the 

fluctuating velocity field and the wall pressure, additional information about the 

structure of turbulence in the boundary layer is obtained. We also are able to 

qualitatively relate our measurements to the approximat e, linearized theory for the 

wall pressure fluctuations put forward by Kraichnan 1
. 

The background for new investigations of the structure of turbulent shear flow are 

the extensive investigations of the turbulent velocity fi eld made first by Townsend 2 

and later by Schubauer and Klebanoff 3
, Lauferij, Klebanoff 5

, and Corsin and Kistler 6
• 

Most of our knowledge about the structure of turbulence in a shear flow rests on their 

measurements of spatial correlations between turbulent velocities and power spectra of 

turbulent velocity components. A new development was initiated by Favre, Gaviglo, 

and Dumas 7 who were the first to measure spatial correlations with variable time delay 

obtained with a tape recorder. The introduction of time delay made it possible tc 

study the evolution of turbulent eddi es. Previously, this had been possible only in 

the turbulence field downstream of a grid where turbulent decay was the important 

feature of the problem, and spatial correlations, with the aid of Taylor's hypothesis, 

suffice for a study of the evolution (decay) of grid turbulence . Favre, et alii, 

measured space-time correlations of the streamwise fluctuating velocity component in 

the boundary layer and were able to determine the range of validity of Taylor's 

hypothesis and the evolution of velocity correlations as eddies are carried downstream. 

Th ey found that at a certain optimum time delay, for any given streamwise separation 

between two hot wires, a maximum of the correlation was obtained when on e wire, 

directly downstream of the other was moved normal to the wall. The lines connectin g 

points of maximum correlation at optimum time delay were inclined away from the 

surface making an angle of approximately 2° with the stream lines. 

Later, Grant 8 reported measurements of the spatial correlations of each of the 

three components of the fluctuating velocity in the boundary layer. Grant found 

evidence of jet-like stress relieving motions which move outward and downstream. He 

suggested that the lines of maximum correlation found by Favre and his collaborators 

are caused by the jet-like stress relieving motions. 

* Professor, Department of Aeronaut ical and Astronautical En ginee ring, Colle ge of 

Enr, ineer ing, The Uni ve rs ity of Michi gan, Ann Arbo r , Michi gan, U.S. A. 

** Research Engi nee r, Unit ed Te ch nology Co rporat ion, Sunnyva le , Ca li fo rni a, U.S .A. 
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In the past few years, numerous investigations of the correlations and spectra of 
wall pressure fluctuations have been reported. The most recent investigations were 
made by Bull 9

, Corcos 10
, and Willmarth and Wooldridge 11

. The general features of the 
structure of the wall pressure correlation field in space and time are quite well 
documented. The wall pressure fluctuations are produced by convected turbulent 
eddies with apparent convection velocities varying from 0,56 U00 when the measuring 
points are separated by a small distance in the stream direction to 0.83 U00 when 
the streamwise separation between measuring points is large. This behavior of the 
wall pressure field is probably caused by the generation and decay of small scale 
eddies near the wall where the velocity is low and by the large scale eddies and jet­
like stress relieving motions farther from the wall. 

The details of the structure of shear flow turbulence (e.g . the experimental 
discovery and understanding of the mechanism of turbulent decay, generation, and 
evolution) present a variety of problems and a great challenge to one's abilities 
and technique. We decided to investigate the correlation of the wall pressure with 
the two velocity components parallel to the wall and stream and normal to the wall 
and stream. The interpretation of the measurements was guided by the theory for the 
wall pressure first developed by Kraichnan 1 and later extended and further developed 
by Lilley and Hodgson 12

. 

The only previous pressure-velocity correlation measurements reported in the 
literature are those of Kawamura 13 and Serafini 1ij. Kawamura measured the correlation 
between the wall pressure fluctuations and the longitudinal velocity fluctuations at 
zero time delay when the hot wire was directly above the pressure transducer. 
Kawamura' s results do not agree with the present work for reasons which are not 
definitely known. The discrepancy may be caused by disturbances in the free stream 
(Kawamura reported a low signal-to-noise ratio), limitations of the pressure 
transducer or by disturbances from the trip. Serafini's results are in better 
qualitative agreement with our measurements than Kawamura' s but in our opinion also 
show the effects of extraneous disturbances either outside the boundary layer or 
originating far upstream in the boundary layer. 

The present investigation was carried out in a 5 inch thick turbulent boundary 
layer at a nominal free stream velocity of 206 ft / sec. The ratios of pressure 
transducer diameter and hot wire length to boundary layer thickness were approximately 
1:30 and 1: 100 respectively, allowing a study of the detailed structure of the 
fluctuations in the layer. 

2. EXPERIMENTAL APPARATUS AND PROCEDURE 

2. 1 Wind Tunnel Facility 

The experiments were carried out in the boundary layer on the floor of the 5 by 
7 feet low speed wind tunn el facility at the Aeronautical Engineering Laboratories, 
Th e University of Mi chi gan . Mo re detail ed information about t he experimental equip­
ment and environment can be found in our previous paper 11

. 

A schematic diagram showing the general l ay -out is given in Figure 1. Natural 
transition took place in the contraction section and no t ripping device was required 



to make the boundary layer fully turbulent. A varnished and waxed sheet of masonite 
extending 14 feet upstream from the point of measurement was installed to make the 
wall aerodynamically smooth. In order to eliminate the un~esirable effects of wind 
tunnel vibration, measurements were made on al inch thick smooth (oil-lapped) steel 
plate, 20 inches in diameter and mounted on a heavy pedestal, which was inserted flush 
with the floor. The 1/16 inch gap wnich was allowed between the plate and the wind 
tunnel floor was sealed on the outside of the tunnel with a strip of rubber. The 
mounting pedestal was vibration-isolated from the floor by means of rubber shock 
pads. Holes were drilled in the plate to accept the pressure transducer assembly; 
holes not in use at any given time were filled with brass plugs which were fitted 
within ±0.001 inch of the surface. 

2. 2 Instrumentation 

The fluctuating wall pressure was measured with a pressure transducer 15 made from 
two 0. 163 inch diameter lead-zirconate disks mounted back to back in a brass body 

3 

which was supported in the steel plate by rubber 0-rings. A schematic diagram of the 
transducer installation is shown in Figure 2. The · transducer was connected through a 
low-noise cable to a low-noise preamplifier having a cathode follower input with an 
input impedance of 1.2 x 10 8 ohms. The crystal capacity was 285 micro-microfarads, 
allowing a low frequency response down to approximately 5 cycles/sec. The gain of the 
preamplifier was approximately 50; it was followed by a two-stage amplifier which gave 
the entire system a maximum gain of 100,000~ The bandwidth of the amplifier circuitry 
was adjustable between l cycle/sec and 160 kilocycles/sec. 

The fluctuating velocities were measured with constant current hot wire equipment 
manufactured by Shapiro and Edwar~s. The frequency response of the uncompensated 
amplifier was flat from 0.13 cycle to 320 kilocycles. Adjustable filters in the 
amplifier were used to cut out frequencies above and below the range needed in the 
experiments to eliminate unnecessary noise. Tungsten wires 0.0002 inch in diameter 
and approximately 0. 050 inch long were attached to the supports by the usual method 
of copper plating and soldering. The time constant of the wires was approximately 
0.40 millisecond. The compensation required to correct for the time lag of the wires 
was determined by the square wave method and accomplished by a resistance-capacitance 
network in the amplifier. No wire length corrections were applied to any of the data 
because the microscale of the turbulence near the wall that was calculated from the 
measured spectra was found to be only twice the hot wire length. Moreover, the upper 
frequ ency limit on the tape recorder limits the smallest eddy which can be studied 
to a scale of approximately twice the hot wire length. 

In the inner 0.2 of the boundary layer a micrometer screw was used to position the 
hot wire probe. The probe was located by measuring the distance between the hot wires 
and their surface reflection. At y/ > 0.2 the probe position was measured with an 
ordinary scale. A drawing of the hot wire probe for the closest spacing to the 
pressure transducer is also shown in Figure 2. 

Th e signals from the pressure and velocity transducers were recorded on a three­
channel Ampex Model FR-1100 magnetic tape recorder which utilized 1/ 2 inch wide tape 
traveling at 60 in. / sec . This recorder has a bandwidth extendin g from d-c to 10 
kilocycl es whi ch provid ed t he limiting upper frequency for the measurements. A special 
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play-back unit was designed for the recorder with one movable head·to allow the 
introduction of time delay between a pair of signals. The least increment in time 
delay was 0.017 millisecond. 

The correlator used in the measurement of the space-time correlations worked on 
the mean-square principle. A thermocouple was used to measure the mean-square 
values of each of the two signals to be correlated, of their sum, and of their 
difference. The sum was obtaineci from a simple res is ti ve summing circuit built into 
the apparatus, and the difference was obtained by first sending one signal through an 
electronic phase inverter and then into the summing circuit. A provision for external 
filtering of the sum and difference signals allowed the measurement of correlations in 
adjustable frequency bands; a Krohn-Hite Model 310-AB filter was used for this purpose. 
The output from the thermocouple was measured on a Sensitive Research d.c. milli­
voltmeter having a time constant of 3 seconds and the individual measurements were 
used to compute the correlation. 

The spectral measurements were made using a fixed band-pass General Radio Model 
736-A wave analyzer of the heterodyne type, The thermocouple circuitry in the 
correlator described above was used to obtain the mean-square value of the fluctuating 
output from the wave analyzer. Root-mean-square measurements were made with a 
Ballantine Model 320 true rms meter. Electrical signals were monitored with a 
DuMont Model 322-A dual-beam oscilloscope, 

For the measurements of the correlation of pressure with velocity derivative, the 
velocity signal from the tape recorder was fed into a simple resistance-capacitance 
differentiating network having a linear response up to 10 kilocycles. The attenuated 
output was amplified and fed into the correlator. 

3. EXPERIMENTAL ENVIRONMENT 

3. 1 Extraneous Disturbances 

The accuracy of the measurements to be reported herein will be affected by the 
extraneous disturbances which are present. These include the vibration of the 
measuring apparatus, the sound field in the wind tunnel, the free stream turbulence 
level, and the mean flow conditions in the boundary layer. A comprehensive discussion 
of the sound measurements and flow visualization studies which were carried out is 
given in Reference 11. A short summary of the results will be given here. 

A check on the effectiveness of the vibration isolation of the mounting showed 
that the spurious pressure signals caused by vibration amounted to less than 1/100 of 
the mean-square turbulent pressure fluctuations. 

The sound field in the test sect ion was first measured by a pressure transducer 
located on the stagnation line of an airfoil-shaped body exposed to the free 
stream. The spectrum of the stagnation pressure fluctuations had peaks at 135 and 
200 cycles / sec. The wall pressure correlation measurements described in Reference 11 
which were made later showed a small peak at negative time delay which was caused by 
sound propagatin g upstream. From these data it was finally determined that the mean'.'" 
square sound pressure in the fr ee stream amounted to approximately 1/ 20 of the mean-



square turbulent wall pressure fluctuations. The mean-square velocity fluctuations 
associated with the sound were less than 1/2 per cent of the mean-square turbulent 
fluctuations near the edge of the boundary layer. 

The settling chamber of the wind tunnel contains four turbulence damping screens. 
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The free-stream turbulence level in the test section increases with velocity and has 
been measured at 50, 100, and 150 ft/sec. Extrapolation of the data to the 200 ft/sec 

✓(~) 
speed used in this experiment results in a value of - - = 1 x 10- 3 for the 

Uro 
turbulence level of the axial velocity component. The level of the transverse 
velocity component is approximately three times the level of the axial component. 

Large-scale flow disturbances in the test section boundary layer were first 
discovered during the measurements of the wall pressure spectra which are described 
below. The entire wind tunnel, with the exception of the test section, is exposed 
to the weather. Heat transfer through the steel walls caused by sunlight impinging 
on the outside of the tunnel produced density stratification near the walls which in 
turn produced vorticity when accelerated into the test section. Observations of 
streamers of smoke near the concave surface of the contraction section showed large­
scale oscillations which were swept into the test section. It is believed that the 
large-scale disturbances observed in the test section arc caused by a combination of 
the Taylor-Goertler boundary layer instability on the concave walls of the contraction 
and the density stratification. 

3.2 Properties of the Turbulent Boundary Layer 
used in the Investigation 

All measurements were made with natural transition in the boundary layer which 
occurred approximately 24 feet ahead of the measuring points. 

3.2.1 Mean Velocity Profiles 

The mean velocity profiles were measured with a total head tube; the static 
pressure was measured on the wall. No correction was made for the effect of 

. turbulen~~ on the mean values. Since the data presented in this Report were taken 
over a period of time when the ambient temperature outdoors changed by some 20°, 
velocity profiles were taken at the extremes of temperature. The results were 

·plotted in non-dimensional form in Figure 3. The wall friction velocity was 
obtained from a measurement of the wall shear stress with a Stanton tube using the 
calibration results reported by Gadd 16

. Also shown in Figure 3 is the ideal 
turbulent boundary layer profile of Coles 17

. 

The properties of the measured boundary layer profile are tabulated in the 
following Table together with the properties of Coles' ideal boundary layer at the 
same value of Re , the Reynolds number based on momentum thickness. Figure 3 and 
the Table bel ow show that th ere is sat isfactory agreement with the ideal case. 
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To 
uro Re 

(F. ) 

67 204 38,000 

38,000 

45 203 43,000 

43,000 

Comparison of Boundary Layer Parwneters with 
Coles' Ideal Turbulent Boundary Layer Parameters 

8 8• e 8• /8 UT/ Uro R Remarks 

0.42 0.041 0. 0315 I. 30 0.0326 3. l X J0 7 Present investigation. 

I. 30 0.0318 3.2 X JO 7 Coles' ideal boundary 
layer based on same Re 

0.42 0.041 0.0315 I. 30 0.0325 3,85 X J0 7 Present investigation. 

1.295 0.0315 4,0 X J0 7 Coles' ideal boundary 
layer based on some Re . 

3.2. 2 Wall Pressure Spectrumt 

The non-dimensional spectrum of the wall pressure is shown in Figure 4. The data 
w8• w8• 

were always repeatable for > 0, 13 , but were not repeatable for < 0.13 
Uro uro 

w8• 
(f < 105 cycles / sec). The spectral density below = 0. 13 varied with the amount 

uro 
of heat transfer to the tunnel by sunlight. This variation is believed to be caused 
by the large-scale disturbances which arise from the density stratification discussed 
earlier in Section 3. 1. 

In the measurements of mean-square pressure and velocity and space-time correlation 
of pressure ~ith velocity the Krohn-Hite filter has been used to reject all frequencies 

w8• w8• 
below - = 0.13 The upper limit on the frequency, = 12.5, was provided by 

uro um 
the tape recorder response. 

It is shown by the pressure-veloci t y correlation measurements reported in 
Section 4 that the disturbances at any height in the boundary layer are convected at 
the local mean speed. At the closest spacing of the hot wire to the wall, 0. 050 inch, 
the local speed is approximately 0.58 Um . Since the boundary layer thickness is 
0.42 foot, disturbances convected at this speed which produce pressure fluctuations at 
w8 • 
- = 0. 13 have a wave-length of 2.78 . Hence, even with filtering information can 
um 
be obtained about eddies whose scale is at least 2½ times the boundary layer thickness. 

Recently we have measured th e spec tra wi t h four different s i ze t ransducers . The results 

are shown in Fi gure 42 and discussed i n the Appendix. 



The root-mean-square wall pressure was 2. 64 times the wall shear stress t and 
5.61 x 10- 3 times the free stream dynamic pressure. 

3.2.3 Velocity Intensit y Profiles 

The intensity profiles of the velocity fluctuations measured in the frequency band 
w/ 

0.13 <-- < 12.5 are shown in Figure 5. A comparison with the work of Klebanoff 5 

u (l) 
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shows that in the present case there are higher intensity levels in the inner half of 
the boundary layer and lower levels in the outer half of the layer for all three 
turbulence components. However, there are two main differences in the experimental 
conditions. In the present investigation, the boundary layer was produced by natural 
transition, whereas Klebanoff used sandpaper roughness on the leading edge of his plate 
to trip the boundary layer. Also, the Reynolds number based on momentum thickness in 
the present experiment is approximately six times as large as Klebanofr s value. It 
should be noted that Klebanoff and Diehl 18 measured the u intensity profile in 1952 
under the same operating conditions as those of Klebanoff 5 in 1955 and found values 
as much as 30 per cent higher. Accordingly, it is believed that the intensity profiles 
of the turbulence in the boundary layer which are measured in any given case will be 
affected by the properties of the tripping device, if any, which is used and will 
depend upon the value of the Reynolds number in some unknown way. This idea is 
supported by the measurements of Reference 11 which showed that either wall roughness 
or a boundary layer trip acted to increase the root-mean-square wall pressure. 

The intensity profile of the longitudinal derivative of the velocity component 
cv 

normal to the wall, - , is shown for the inner half of the boundary layer in 
ex 

Figure 6. A comparison with th e data of Klebanoff 5 shows that the present results are 
approximately 2½ times as large near the wall and 1½ times as large near the center 
of the layer. It is believed that this discrepancy is also caused by either the 
boundary layer trip used by Klebanoff or the difference in Reynolds number. 

3. 2.4 Velocit y Spectra 

The power spectra of the u and v velocity fluctuations whi ch were measured 
directly with the wave analyzer have been converted to wave number spectra by assuming 
that the disturbance at any height is convected at the local mean speed and decays 
slowly. In this case the wave number is defined by 

w 
k = (1) 

u 

and the relation 

E(k) = UE (1u) (2 ) 

Thi s value i s differ ent from that quot ed in our earli er paper
11

. An error was made in t he 

computat i on of ✓ (-;;) . Recent measurements of I (-;;-) wi t h four differ ent s i ze t r ansduce r s 

ar e di scuss ed in t he Appendi x. 
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holds. The spectra which are shown in Figures 7 and 8 are normalized to have unit 
w8• 

area above = O. 13 . The values of the spectral density corresponding to 

= 0. 13 are marked by the flagged point on each curve. 

The non-dimensional u spectra, 
UEu (w) 

, scale with the local non-dimensional 
u 

wave number, k8* = except for the spectrum at the closest spacing to the wall 
u 

at large wave number. This result implies that the disturbances in the frequency band 
under consideration are convected at the local mean speed. Moreover, the disturbances 
must be decaying slowly with time in this frequency band since only in the case of a 
completely frozen flow with no decay would the u spectra collapse perfectly into one 
universal curve. The spectrum near the wall at large wave number deviates from the 
other spectra because the small scale disturbances which arc relatively abundant near 
the wall decay or are deformed (elongated) relatively rapidly. 

These data can be compared with the velocity-velocity correlation data obtained 
by others. The wave number spectral density, Eu(k) , is the transform of the 
longitudinal spatial correlation of the u velocity component; i.e., 

If E (k) is a function of k only, as the present data show, then R (x
1

) must u uu 
be a universal function which is independent of the height in the boundary layer. 
Hinze 19 reports that the shape of the correlation curves R (x

1
) measured by many 

(3) 

uu 
investigators (see, e.g., Grant 8

) is independent of height except near x
1 

= 0 . The 
shape of Ruu(x

1
) near x

1 
= 0 is governed by the behavior of the spectrum at large 

wave number (see Hinze 19
) and the non-uniform behavior of R in this region is uu 

believed to be caused by the decay of the large wave number (small scale) fluctuations. 
For the same reason the spectral curves of E (k) must separate at high wave number. 

u 
The upper frequency in the present investigation was limited by the t~pe recorder 
response, and the data do not extend to a high enough wave number to show this effect. 
However, the separation at high wave number is shown by the data obtained by 
Kl ebanoff 5 who obtained measurements at frequenci es higher than those studied in the 
present investigation. 

In the outer half of the boundary layer, Klebanofr s u spectra in the frequency 
band corresponding to the present measurements also scaled with the wave number based 
on the local velocity. In the inner half of the layer, however, the spectral curves 
were separated. 
near the wall. 

The normalized curves showed relatively more high frequency energy 
It is not known at this time whether this disagreement with the present 

data is an effec t of the different Reynolds number or of the trip which was used by 
Kl ebanoff. However, the shape of the cu rve obtained from the present non­
cli me nsionali zed spectral measurements agrees well with t he shape of the curve obtained 
by Klebanoff. 
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The normalized v spectra shown in Figure 8 do not scale with the wave number 
based on local velocity. Equivalent behavior is found by other investigators (see, 
e.g., Grant 8 ) who have measured the longitudinal correlation of the v velocity and 
found the shape of Rvv (x 1 ) to depend upon the height in the layer t. Therefore, it 
cannot be determined from the spectral curves whether or not the v disturbance is 
also convected at the local speed. However, the measurements of correlation between 
pressure and velocity which are presented in Section 4 establish that this is the 
case. 

The v spectra at the two points farthest from the wall exhibit humps near 
w8• 
- = 0.4 It is believed that these anomalies in the v spectra are caused hy the u 
large-scale extraneous disturbances discussed in Section 3.1 

4. EXPERIMENTAL MEASUREMENTS 

The first measurements of the correlation of the wall pressure with the velocity 
components were made with the hot wires placed dire~tly above the pressure transducer 
as shown in Figure 2. We first investigated the magnitude of the spurious pressure 
fluctuations produced by the unsteady flow field and wake of the hot wire probe. 
Measurements of the root-mean-square wall pressure and spectrum were made with the 

X 
hot wire probe as close to the wall as possible, ? = 0.10 . The root-mean-square 

pressure and power spectrum of the pressure were not changed if the hot wires were 
downstream or directly above the transducer. The spectrum at all frequencies and the 
root-mean-square pressure were increased whenever the hot wires were upstream of the 
pressure transducer (x

1 
< 0). For this reason, we have not reported any measurements 

with the hot wires upstream of the pressure transducer. 

The electrical signals from the hot wires and pressure transducer were filtered 
before the correlation was measured. Signals outside the frequency band 
105 < f < 10,000 cycles/ sec were rejected because we have found, Reference 11 
and Section 3.1, that there are large scale low frequency disturbances in the flow 
outside the boundary layer. The upper limit, 10,000 cycles/ sec, of the filter band 
is determined by the limit of the electronic system of the tape recorder. 

4. 1 Measurements of the Correlations pu and pv 

The pressure-velocity correlation coefficients that have been measured are 
defined by 

These results imply that the v velocity fluctuation near the wall decays at a faster rate 
than the u veloeity fluctuation in this region. This finding agr ees with the results of 
the pressure-velocity correlation measurements described in Section 4 which show that near 
the wall t he Rpv correlation decays faster than the Rpu correl ation. 



= 
p(x,o,z;t) u(x+x

1
, x

2
, z+x

3
; t+T) 

✓{~(x,o,z;t) ~(x+x
1

, x z+x ·, t) } 
2' 3 

p(x,o,z;t) v(x+x
1

, x
2

, z+x
3

; ttT) 

✓ {p 2 (x,o,z;t) ~(x+x
1

, x
2

, z+x
3

; t) } 

(4) 

(5) 

The experimental measurements are shown in Figures 9 through 26 as functions of the 
V00 (T-T 1 ) 

non-dimensional time delay ----,,-- The shift of the origin on the time delay axis, 
8 

X 
is computed at each value of ~ by di vi ding the longitudinal 

0 
X 1 

spacing 7 by the non-dimensional local mean speed 
u 

at the hot wires. A 

vertical line on each curve shows the true origin, 

At any given distance from the wall the correlation coefficients, Rpu and Rpv , 
that were measured with the hot wires in the plane parallel to the stream and normal 
to the wall that contains the pressure transducer (the x

3 
= 0 plane) have nearly the 

U
00

(T-T 1
) 

same shape when plotted as a function of 
8
• ( See Fi gs. 9 to 26. ) This 

means that the pressure-velocity correlation is produced by the convected eddies in 
the boundary layer which move at the local mean speed. The effect of the decay or 
deformation of the eddies as they are carried along by the stream can be observed 
from these correlation measurements if the shape of the correlation curves, as a 

X 
function of T, measured at small -¾ is compared with the shape of the correlation 

8 
X 1 

curve measured at the same distance from the wall but with larger This 
8* 

comparison shows that the extreme values of the correlation are slightly reduced in 
magnitude and the spacing in time delay, T , is slightly increased. The ef feet of the 
decay and distortion is greatest when the hot wires are near the wall. 

When th e rate of change of the shape of the correlation curves is small (for small 
X 

values of _J_) it is possible to infer the approximate correlation that would be 
8* 

measured at an upstream position of the hot wires, by assuming that there is no change 
in shape of the correlation curve as a function of T , measured at downstream positions, 
and then interchanging any given time delay with the spatial separation distance 
computed by assumin g that the eddi es are convected at the local speed. Th e r elati on 
between x 

1 
and T that was used for the interchange of spatial separation and time 

delay is 
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(T - T 1 )U00 U(y) 

8• uoo 

(6) 

The error introduced by this assumption for small spatial or temporal separations has 

been checked. We have made two correlation measurements with the hot wires upstream 

(

X l X 2 _ _ X l _ X 2 _ 

of the transducer ? = -0.51, 8' - 0.51, XJ - 0 ands· - -1.02, 8. - 1.02, XJ = 0 

and found that the maximum errors near the extreme values of R and R were 
pv PU 

±20 per cent and ±10 per cent respectively. When the spatial separation or time 

delay is large, the effect of evolution or decay of the eddies is important hut we 

have not attempted to estimate the error in this case because the wake of the hot 

wire probe could not be avoided with our method of hot wire-mounting. 

The correlation coefficients Rpu and Rpv were also measured at points downstream 

of the pressure transducer and in planes x
3 

= canst. which do not contain the 

pressure transducer. The correlations measured for x
3 

> 0 are also shown in 

Figures 9 to 26. 

Using these measurements and converting time delay to spatial separation we have 

constructed contours of constant correlation in the three orthogonal planes, 

x
1 

= canst.'. x
2 

= canst., and x
3 

= 0 . The results are displayed in Figures 32 to 

37. The most remarkable feature of these correlation contours is that almost 

everywhere the values of Rpu and Rpv have opposite signs. We have been able to 

qualitatively explain this behavior in Section 5. We also note for future reference 

in Section 5 that the correlation contours in the x
1

, x
3 

one approaches the wall. 

plane change character as 

The measurements of R and R can be mapped in the 
PU pv 

that we have called the 'vector field of the correlations'. 
x3 = 0 plane in a form 
The field is constructed 

with the origin at the pressure transducer and with 

(i) the length of the vector at any point equal to i (R 2 +R 2
) , where th e 

pu pv 

correlations are based on the local root-mean-square values of the velocity 

fluctuations, and 

(ii) the direction of each vector, measured from the positive x
1
-axis is given 

R 
by tan- 1 ~ where the wall pressure pulse is assumed to be negative. 

Rpu 

The assumption that the pressure is negative when R and R have opposite 
PU PV 

signs causes the rotation of the vector field in Figure 41 to be clockwise, which is 

reasonable from a consideration of the mean shear. From this orderly behavior of 

R and R it is proposed that the vortex filaments in the turbulent eddies with 
pu pv 

axis primarily in the x
3 

direction make the major contribution to the wall pressure 

fluctuations. 

4. 2 Measurements of the Correlation pvx 

0V 
The correlation of the wall pressure with is of interest from the point of 

ox 



12 

view of Kraichnan's 1 original formulation of the wall pressure problem in which only 
the first order linear term that produces the wall pressure is considered. Early in 
the course of our investigation, G.M. Coreas suggested that we plan to measure pvx 
because this correlation is likely to give us the most direct information about the 
linear source term for the wall pressure. Section 5 contains a discussion of this 
theory and relates it to these experiments. 

0V 
The quantity is diffi cult to measure with hot wires especially near the wall. ch 

We have used the fact that the turbulence is convected at approximately the local 
speed in the boundary layer to again determine a spatial variation in the stream 
direction, x1 , of a property of the turbulence from the time variation of the 
property measured by a stationary observer. We used the transformation 

dV 

dX 
= 

1 ov 
u ot 

C 

In this way the relation between the correlation coefficients 

and 

is 

ov 

Rpvx = 

R . 
pv 

= 

= -R • pv 

(7) 

(8) 

( 9) 

( 10) 

where v = The relation between the previously measured correlation coefficient 
ot 

Rpv is 

From the experimental point of view, it is ~as i er to measure RP~ directly by 
differentiating the v velocity signal electrically and then measurin g the 
correlation with the pressure than it is to us e the relation of Equati on 11. 

(11) 

Th e values of the co rrelation coe fficient, Rp ❖ measured directly by electrical 
differentiati on, Figures 29 t hrou gh 31, were again plotted versus the non -dimensional time 

Uu/T- T 1) X delay --- A ver tical lin e on each cu rv e for ~; = 0 shows the true origin 6. 0 
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Tl.Joo 

8
• = O. These measurements again illustrate the fact that the convection speed of 

the velocity disturbance which is correlated with the wall pressure is equal to the 

local mean speed. 

The measurements of Rpv as a function of T were used in the same way as before, 

see Section 4. l and Equation (6), to construct the contours of constant correlation 

coefficient Rpv in the planes x1 = O, x2 = canst. and x3 = 0 that are shown in 

Figures 38 through 40. These correlation contours are probably as accurate as those 

of Rpu and Rpv because the same data and methods of plotting were used. However, 

the quantity Rpv is supposed to represent -Rpvx; but there is an additional error 

when we interpret -R • as RPVx because we have determined a spatial variation 
pv ov 

twice from the idea of a convected slowly changing eddy, once to determine 
ox 

and again to infer the upstrewn values of Rpvx . We have not measured or 

estimated our errors but they are certainly larger than the ±20 per cent maximum 

error in Rpv discussed in Section 4. 1. 

4.3 Influence of External Disturbances on the Pressure­

Velocity Correlations 

The total effect of disturbances in the flow and the errors in our measurements 

may be assessed by comparing our measurements with the integral condition of 

Phillips 20
• The condition is that the surface integral of the spatial correlatidn of 

the wall pressure with any dynamical quantity in the turbulence must vanish over any 

plane parallel to the wall. We are indebted to Professor G.M. Lilley for bringing 

this condition to our attention. We have checked to see if the conditions 

(12) 

X2 

are satisfied in the three planes with ---. equal to 0. 10, 0.20 and 0.51 of Figures 
8 

34, 37 and 40. We found that only the condition 

(13 _) 

X2 

was approximately satisfied only in the plane closest to the wall ~ = 0. 10 . In the 

eight other cases the surface integrals were large and negative. Some idea of the 

relative magnitude of the surface integral may be obtained from the fact that the 

negative values satisfied the inequality 
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0.4 < ------ < 0.6. ( 14) 

These computations were carried out by snipping out contours of constant correlation 
from uni form sheets of tracing paper and weighing them. There was great rli fficul ty 
in deciding what the contour was for small correlation because the data of Figures 
34, 37 and 40 are not complete at large distances. It does seem clear that there arc 
still appreciable f1e e stream disturbances which cause errors in the correlation 
measurements because the condition that the surface integrals, Equation (12), vanish 
is that the flow be homogeneous in the planes x2 = canst. and that the spatial 
correlations between any two velocity components vanish with the inverse cube of the 
spatial separation between them anywhere in the flow. 

The fact that the surface integral of Rpv over the plane nearest the wall is 
almost zero gives us some confidence that these measurements can he t rusted for 
qualitative assessments of the nature of the relation between the wall pressure and 
the turbulence but use of these measurements for detail ed quantitative conclusions is 
not justified until the reason that Phillips' 20 integral condition was not satisfied 
is explained and taken into account. 

The information about the flow disturbances that we have is worth considering. We 
have already mentioned, Section 3. 1, that there were disturbances in the free stream 
outside the boundary layer. We know that there are low frequency sound waves in the 
test section moving upstream 11 which produce 5 per cent of the mean-square wall 
pressure. The wall pressure produced by the plane sound field will be negatively 
correlated with the u component of the velocity measured by the hot wire because 
the wave length of the sound (3 ft) is much greater than the spatial separation of 
the hot wire and wall pressure transducer. We have made a rough estimate of the 
change in the correlation Rpu caused by the sound field and find that th e condition 
of a vanishing surface integral of Rpu is almost satisfied by accounting for the 

X2 contribution from the sound field. Fot· the integral over Rpu at - = 0 51 we 8* • 
corrected the value of the integral and found 

(15) 

Thus -~he sound field is affecting the Rpu measurements. Th e contribution to Rpu 
from the sound was a small positive constant equal to Rpu = 0. 017 

Th e cor rPlations involv ing the velocity component normal to the wall will not be 
affected to first order by a plane sound wave propagating parallel to the wall and 
we can only conclud e that other effects in the free stream disturb the correlation 
measurements . 
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A serious source of disturbances that can affect the R and R . measurements pv pv 
are the density stratifi ed flow and Taylor-Goertler vortices that exist in the 
tunnel 11

. They can cause inhomogeneous turbulence in the x
3 

direction affecting 
the v and w velocities and can also prevent the velocity correlations vanishing 
like the inverse cube of the separation distance. 

We have made a few measurements to check the symmP.try of the correlations Rpu 
and Rpw but unfortunately not Rpv , which is of more interest.. One would expect 
the boundary layer to be homogeneous in the x3 direction. Rpu and Rpv should 
be symmetric about x

3 
= 0 

Symmetry of Rpu about x3 = 0 was founrl in the measuremen t s; see, for example, 
Figure 27. The correlation coefficient Rpw, defined in a similar manner to Rpu 

X 
and Rpv , was measured at various values of 

8
; in the two frequency bands 

( ,J 8. cub• 
0. 13 < - < 12.5 (the usual band) and 0.38 < - < 12.5. Some typical results 

uoo 
are shown in Figure 28. 

The measured correlation is small but definitely not zero, and has approximately 
the same scale throughout the boundary layer. The transverse scale across the stream 
is only about 0. 1 of the longitud(i:a

8
1. scale \long the stream. Filtering out the 

frequencies below 300 cycles/ sec Uoo = 0. 38} destroys most of the correlation. The 

U00T 
reason for the lack of symmetry of Rpw about - = 0 is not known. 

8• 

We are forced to conclude that the Rpv and Rpv correlations cannot be 
corrected because we do not have enough information about the disturbances in the 
tunnel. We believe that the measurements are qualitatively correct because the 
disturbances are undoubtedly small. Only a small error is required to prevent 
satisfaction of the integral condition. Another source of disturbances is the wall 
roughness. We have found 11 that wall roughness affects the pressure at all frequencies, 
not just at low frequencies. See the Appendix for an example of the effect of wall 
roughness. 

5. QUALITATIVE COMPARISON OF KRAICHNAN' S WALL PRESSURE 
THEORY WITH THE EXPERIMENTAL RESULTS 

It is useful to examine the existing approximate theory for the wall pressure 
fluctuations to see if our measurements seem reasonable in the light of the theory 
and to see what our measurements can tell us about the structure of turbulence. The 
basic idea for knowledge of the turbulence structure is that the pressure is a kind 
of weighted average, scalar property of the turbulent velocity field and one has the 
idea that an eddy can be followed by knowledge of the pressure field. Certain 
correlations of pressure and velocity may then reveal something about the nature of 
the turbul ence . 
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5. 1 A Brief Outline of the Theory for the Wall Pressure 

The frame-work for these considerations is the theory first put forward by 
Kraichnan 1 and enlarged by Lilley and Hodgson 12

. The results from the paper of Lilley and Hodgson 12 (which is very clear and easy to follow) will be used in the following 
summary of the theory. 

Consider an incompressible viscous flow. The equations of motion are 

ou' _J .. 0 
o xj 

(16) 

,~: ou!) op' o2 u' 
+ u'-1 = + µ, --1 

J ox 0 Xi 0 X 2 
j j 

(17) 

An equation for the pressure is obtained from the divergence of the momentum equation 

To obtain an equation for the fluctuating pressure we substitute 

in Equation (18) and subtract the mean value of the equation. The result is 

Lilley and Hodgson 12 show that a useful integral representation for the wall 
pressure is 

p(x, t) 

If the assumption that u 2 = u3 = 0' ul = ul(x) 
u. 

and -2. « is made, the two 
TI 1 

(18) 

( 19) 

( 20) 

(21) 

largest (linear) terms in Q (the ri ght hand side of Equation (20)) combine to give 
a 'source' term representing the interaction of turbulence with the mean shear 

(22) 

The us e of on 1 y these linear terms for Q was originally justified by Kraichnan 1 

who showed that, approximately, the sum tota l of all other terms, caused by turbulence­t urbul ence interaction, contribute a root-mean-square value of the pressure that is 
10 db lower t han the contribution from t he two linear terms. It is this approximation 
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that needs experimental verification arid is discussed below. The next step consists 
in showing from available experiments near the wall that the surface integral of 
~quation (21) makes a negligible contribution to the wall pressure in comparison 
with the volume integral over the turbulence-mean shear term of Equation (22) (see 
Lilley and Hodgson 12 for a clear explanation). 

On this basis, the mean-square wall pressure receives a major contribution from 
the interaction of the turbulence with the mean shear. The integral representation 
for the wall pressure, Equations (21) and (22), then becomes 

p(o,t) (23) 

where the origin of the coordinate system is the point on the wall where the pressure 
is computed. The pressure velocity correlations are 

(24) 

A qualitative comparison of our measurements of Rpu and Rpv with these expressions 
can be made if we integrate Equations (24) and (25) with respect to r, by parts. 
We assume the correlations of u2u1 and u2u2 vanish sufficiently rapidly as 
functions of Ir - xi to insure the vanishing of the surface integrals. The result 
of the partial integration is 

(26) 

We will not normalize the correlations in our further discussion which involves only 
the signs and zeros of the correlations. 
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5.2 Qualitative Comparison of the Wall Pressure Produced 
by Interaction of the Turbulence and ~lean Shear 

Comparisons between the above expressions, Equations (26) and (27), and the 

experiments will be made first_!or the Rpv correlation. Grant 8 has reported 

numerous measurements of the vv correlation in his studies of the large eddies in 
y 

the boundary laye r. He found that at distances from the wall greater than -; = 0. 29 
8 

vv was ·e·ssentially positive for any orientation of the separation distance, Ir - i i , 
between the measuring points. For our purpose this means that the contribution of 

vv to the integral representation for pv, Equation (27), will be essentially 

y 
positive for ·;/ > 0. 3 . The sign of the correlation pv will then be determined by 

the location, x, of the hot wire that measures the v velocity. The sign of pv 

at zero time delay should be positive when the hot wire is downstream, x
1 

> 0, of 

the pressure transducer because there r
1 

> 0 and the integrand is essentially 

positive. In the same way pv should be negative when x
1 

< 0, and approximately 

zero when the hot wire is in the plane x
1 

= 0 containing the pressure transducer. 

If we consirler the contours of constant correlation of Rpv of Fi gures 35, 36 and 37, 
y 

we sec that for -; ~ 0.51 the above considerations are approximately satisfied. 
8 

We may also consider the correlation pvx on the same basis. Th e formula for 

pvx may be written 

.l dV (r) 
T)JTrf 

where we have used the fact that U2(r)u 2(X) is a function of (r - x) so that 

cJ 
--uucr - x, T ) . 

'cJ r 2 2 
1 

(28) 

(29) 

Integrating Equation (28) by parts twice over r 1 , and again assuming that the vv 

correlations decay rapidly enough to insure the vanishing of the surface integrals, 

one obtains 

- X, (30) 

With the same argument gi ven before, based on the positive contribution of vv, it 

is apparent that pvx should vanish on the surface of two half cones with their axes 

in th e wall extendin g upstream and downstream and centered on the pressure transducer. 

The cone half angle is t an- 1 h . Outside the half cones lr 2\ , \r 3 I > \1 (2)r
1 

the 

correlation pv sh oul d be positive :.md p~ negative; see Equations (30) and (]0). 
X 
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Inside the half cones lr
2

l lr
3
I < 11 (2)r

1
1 the signs of pvx and pv change. If 

we consider the contours of constant pv of Figures 38, 39 and 40, we see that for 

x2 > 0.51 these considerations are approximately satisfied. 
8• 

_.:: 

There is not much information available about the spatial dependence of the uv 

correlation that controls the behavior of the pu correlation in Equation (26). We 

know that the shear stress at a point is negative and the correlation coefficient 

UV 
has a value of approximately one-half. If we assume that uv is essentially 

negative for any orientation of the distance separating the measuring points we find, 

in the same manner as for pv, that pu should have the opposite value of pv 

everywhere and should also be zero on the plane x
1 

= 0. These conditions are also 

approximately satisfied for 0.5 < ..:1 < 6.0. 
8• 

5.3 ~alitative niscussion of the Turbulence Structure 
Near the Wall 

The most interesting feature of pressure velocity correlations is their behavior 
. X2 -

very near the wal 1. Let us consider pv . Near the wall in the planes 8• - 0. 20 

and 0. 10 the constant correlation contours of pv show a curious swept-back behavior 

(see Fig. 37). The value of pv is positive for some regions where x
1 

< 0. 

Consider the lines x, = ± x
3 

for x, < 0 ; it is apparent that the integral of 
Equation (27) must be receiving negative contributions in these regions from 

the vv correlation. Grant 8 did not report any measurements of vv for 

x 2 
~ < 0. 29 . We have made a few measurements of vv very near the wall that will be 

reported in a later paper when they arc more complete. 
appreciable negative values along a line x

3 
= ± x

1 
for 

We have found that vv has 
x

1 
< 0 in agreement with 

the idea that negative vv can cause the behavior of pv that we observe. 

The point of interest here is the structure of the turbulent eddies very near the 

wall where the t urbulence is generated. It appears to us that there is a definite 

structure that is worth understanding. Our measurements can probably be explained 
on the basis that there are hairpin-shaped vortices very near the wall that cause the 

change in the pv and pu correlation contours near the wal 1. Work on this problem 
is continuing. 

;j,4 Discussion of the Effect of Turhulence-Turbulence 
Interaction Terms on the Wall Pressure 

Using our tape recorded data for p, u and v , we have tried to measure the 

pressure vel ocity squared co rrelations pu 2 and pv 2 that are representative of two 
of t he t ripl e cor relation source terms representin g turbulence-turbulence int eraction 
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with mean shear that enter into the expression for the mean-square wall pressure. 
There are also quadruple velocity correlations that should be considered in a 
discussion of this nature. We have not tried to measure these terms. 

The pu 2 and pv 2 measurements gave very small R 2 and R 2 correlation 
PU pv 

coefficients. The largest values were of the order of 0.04 and it is to be noted 
that the accuracy of these smal 1 values is very much in doubt. The measured values 
are certainly very small. The question of direct experimental verification that the 
sum total of the many turbulence-turbulence interaction terms contributes IO db less 
to the root-mean-square wall pressure than the turbulence-mean shear interaction term 
may not be answered until better techniques and cleaner f10 1.Ys are developed. One 

~an make the argument that if pu 2 and pv 2 are small, and they are, then none of 
the other higher order terms can possibly be large in the random turbulence field. 

Our measurements definitely show that the gross spatial properties of pressure­
velocity correlations exhibit the behavior one would expect if the wall pressure 
were produced by turbulence-mean shear interaction. Thus, turbulence-mean shear 
interaction does produce a large portion of the wall pressure. 

6. CONCLUSIONS 

The main results of this experimental investigation can be summarized as follows: 

(i) Evidence has been accumulated that a boundary layer trip has a rather severe 
effect on the properties of turbulence in the boundary layer. From a study 
of the data of other investigators and a comparison with the present 
investigation, it is evident that a trip acts to increase the wall pressure 
intensity and the velocity intensity near the wall. The experiments of 
Grant 2 and Favre 3

• 
4 show that the integral scale of the longitudinal 

velocity correlation is also affected by the trip used. It now appears 
that some features of the turbulent structure obtained in many of the 
previous investigations in tripped boundary layers were not always universal 
but were a function of the experimental conditions imposed by the tripping 
device. 

(ii) The convection speed of the velocity disturbance at any point which is 
correlated with the wall pressure disturbance is the local mean speed at 
that point. 

(iii) The measurements of the pv correlations display the correct features that 
one would expect on the basis that a large fraction of the wall pressure is 
produced by the int eraction of turbulence with the mean shear. 

(iv) The measurements of pv and p~ are subject to disturbances from the free 
stream that prevent the satisfaction of Phillips' 20 integral condition on the 
correlation of the wall pressure with a dynamical turbulence property. 
Quantitative calculations of the wall pressure based on these pressure­
velocity correlation data may be in error for this reason. Even though the 

error in pv and pu is small (10 per cent), quantitative calculations 
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involve integrals over large regions, thus allowing a large error to be made. 
See Section 4.3. 

(v) The measurements of the R. correlation show that the convection speed of pv 
the wall pressure disturbance should not exceed 0.9 U00 , the local speed at 
y/8 ~ 0.4, because R. is very small above this height. The measured 11 pv 
convection speed was 0.83 U00 at large transducer spacing and the restriction 
is satisfied. The speed 0.83 U00 occurs in the boundary layer profile at 
y/8 = 0.22. 

(vi) The measurements of R and Rpv very near the wall show a definite 
structure that one wou~d expect from hairpin-shaped vortices in the region 
of turbulent production. The vv correlations also change character in a 
region very near the wall. 
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,o-3---------.--------~--------,-----, 
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10-1 1-------------+--- -----+------ ---------+----~ 
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I 0-9 ....__....__ _ __.___.___.___._ _ ___._ __ ......__.___..__......_ _ _.__ _ ____..__..__~..._ __ .._____,J 

.01 .I 10 

Fig.4 Dimensionless power spectrum of the wall pressure. Vertical dashed line shows 
the frequency below which signals were rejected in the subsequent measurements 
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Fig.5 Turbulent velocity intensity profiles in the frequency band used in the 

subsequent experiments 
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at various heights in the boundary layer. Spectra are normalized to have unit 
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Fig.27 Measured values of the spatial correlation of fluctuating longitudinal 

velocity with fluctuating wall pressure showing symmetry in the trans­

verse direction 
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Fig.28 Measured values of the space-time correlations of fluctuating transverse 

velocity with fluctuating wall pressure showing the effect of extraneous 

large-scale flow disturbance probably caused by Taylor-Goertler vortices 

and density stratification 
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APPENDIX 

The spectrum of the wall pressure has been remeasured with four different-diameter 

lead zirconate pressure transducers. The transducer construction has been described 

elsewhere 15
. The transducer sensitivity was determined by subjecting each transducer 

to a known sinusoidal pressure generated by an oscillating piston whose diameter and 

amplitude of oscillation were measured. The frequency response of the transducers 

was not checked but is presumed to be flat in the range of interest f < 50,000 

cycles/sec because our previous transducers 15
, made in the same way, had a fla t 

frequency response. 

The measured spectra arc shown in Figure 42. It is apparent that at dim n ionles 

c o• 
frequencies above - ~ 1 the smaller diameter transducers measured a large r 

uro 

spectral density. This is the effect of the finite transducer diamete r whi h affects 

the resolving power of the instrument. 

Uberoi and Kovasznay! 1_have given the general method for corr ting measurements 

made with instruments of inadequate resolving power. In order to use the method 

correctly, one must measure the complete correlation field of the wall pressure or the 

complete cross spectral density of the wall pressure with the finite size transducer. 

In principle, the correct wall pressure correlation field or cross spectral density 

may then be computed. In actual practice , it will always be impossible to recover 

all the information because the smallest scale signals are severely attenuated and 

will be submerged by unavoidable noise. Thus, the correction meth od may be used up to 

a certain point where the signal to noise ratio becomes too small. Beyond t hat point 

the corrected spectral density is too large. 

Corrections of the wall pressure spectra have been attempted by one of us 2 2 , hut 

were not successful because the space-time correlations were not completely known at 

that time. Since then, Corcos 23 has attempted to apply our later space-time 

correlation measurements to the spectra, but he had to assume a relation for the 

dependence of the pressure correlation on x
3 

and T . Coreas also made an 

unnecessary simplifying assumption in his correction method. 

We have not attempted to correct our spectra hut would rat her state that the 

co rrect spectra for a transducer of zero diameter is not very mu ch different from 

that measured by our smallest transducer (see Fig. 46). 

By extrapolation of the spectral density at each frequency to the spectral density 

that would be measured by a vanishin gly small transducer, we hav e constructed the 

spectrum that would be measured by an infinite small t ransducer and then computed 

the ratio of the areas under the extrapolat ed spectrum and the spectrum measured by 

d 
the smallest transducer (- = 0.122) and we find that the ratio is 1. 1. 

8• 

Therrfore, the smallest transdu ce r measures a root-mean-square wall pressure that 

is only 5 per cent too low. The extrapolated value of the root -mean-square pressures 

are shown in Figure 47. It can be observed that the scatter of the spectra data is 
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considerable at low frequencies in Figure 46. We have computed the mean-square 

pressures of Figure 47 from the area under the faired curves of Figure 46. The low 

frequency disturbances were caused by disturbances in the wind tunnel. Some are 

sound from the diffuser and some are presumably large scale eddies in the tunnel. 

d 
The root-mean-square pressure and spectra for the transducer with 

that were used in the body of this Report, are lower than those measured and reported 

in this Appendix. (p2)/Tw = 2.64 was the value that we measured previously (see 

Section 3.2.2). When the present tests with four different transducers were made, we 

took great care to smooth the floor of the tunnel and aligned the large plate 
carrying the transducc1·s very carefully with the floor. The effect was immediately 

noticeable and reduced the root-mean-square pressure (and spectra) from (p2)/T =2.64 w 
to l (p 2)/Tw = 2.31 . The lesson to be learned here is that quantitative measurements 

in turbulence are quite tedious and often difficult because the effect of extraneous 

disturbances that are hard to find and eliminate may be important. 
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G.M. Lilley 

I would like to congratulate Professor Willmarth and Dr. Wooldridge on the 
excellence of their experimental data and the great use it will be to all workers in 
the field of pressure fluctuations in shear flows. 
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1. Could Professor Willmarth say whether he had checked his data, both filtered and 
unfiltered, against the strong boundary condition of Phillips which states that the 
surface integral of tho wall pressure-velocity covariance in planes parallel with 
the wall must vanish if the disturbance outside the lnycr is zero? 

2. Secondly, from ·the · plottetl ·values of P( o )V , Willmarth and Wooldridge find that 
large values of this covariance exist near the outer edge of the boundary layrr 
while values near the centre of the boundary layer are smaller. Has Professor 
Willmarth some explanations for this behaviour? 

3. Thirdly , the data of Professors Willmarth and Wooldridge show that the magnitudes 

of p(o)u , p(o)v , p(o)w are all similar. and arc presumably a reflection of the 
role of the pressure on the transference of energy among the different components 
of the turbulent velocity. Would Professor Willmarth like to comment? 

Authors' reply 

1. We have not checked our data, either filtered or unfiltered, against the surface 
integral condition of Phillips. A cursory examination of our filtered data on the 
pressure velocity covariance in a plane parallel to the wall shows that the 
condition appears to be approximately satisfied but we have not made a numerical 
check. We do not have any data for the unfiltered case. 

2. If the major contribution to the wall pressure is caused by interaction of the 

turbulence with the mean shear and if the scale of the covariance vv increases 

when ·one is farther from the wall the plotted p(o)V values would seem to be 

consistent with out results. Also, the maximum measured value of p(o)V in any 
plane parallel to the wall decreases as one considers planes farther from the wall; 
they do not increase. 

3. We have not measured the term p(o)w , only p(o)V and p(o)u . The turbulent 
flow is statistically homogeneous in the z-direction parallel to the surface and 

normal to the stream. Therefore the correlation p(o)w must be zero in a plane 
normal to the wall containing the free stream velocity and the pressure transducer. 

Our measurements of p(o)u and p(o)V imply that a large part of the wall 

pressure p(o) is produced by interaction of the v velocity of tu r bulence with 

the mean stream. I do not believe that our measurements of p(o)u and p(o)v 
accurately reflect the role of the turbul ent pressure in the turbulent energy 
transfer . . ..,one would expect correlations with w -ii: one could measure the 
turbulent pressure in the fluid. 
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J .S. Ser afini 

Would Dr. Willmarth care to comment on the effect of his having had to filter out 
the low freQuency portion of his spectra before performing the correlation? 

Au t hn rs ' rep l y 

In a Journal of Fluid Mechanics paper on our prior work (Willmarth & Wooldridge, 
1962) the disturbances in the wind tunnel were discussed. One type of disturbance 
that we found consisted of large eddies with axes parallel to the stream and near 
the wall which produced large wall pressure fluctuations at low frequencies. We were 
forced to filter our signals and reject the low frequency components. It appears 
to me that it is possible that you can obtain extraneous pressure velocity 
correlations from these eddies because they are not stationary but undulate in a 
random fashi on as they pass over the measuring station. 

Comment by J . .. erafini 

It should be pointed out that in connection with the comment on the interference 
of the hot-wire probe on the spectra of the wall-pressure fluctuations, my measure­
ments also show that the probe interference must be taken into account. My comment 
here is simply t he point that in filtering out the interference effect at low fre­
quen ies, the filt er cannot help but eliminate the low frequency portion of the 
spectra which ordinarily i unaffected by the interference situation. Consequently, 
this may appear in the data to approximate the decrease in level with decreasing 
frequency, i.e. the 'low-frequency drop-off' that Lill ey and Hodgson have obtained 
in their theoretical calculation. Thus, it is readily seen that the caution must be 
exercised in the interpretation of these filtered results with intention of applying 
them to the theoretical models which either require or imply the existence of the 
'low-frequency drop-off' of the spectra. 

Co m.m en t by W.K. Bull 

In correlation measurements between wall pressure and streamwise velocity 
component made at the University of Southamptdn, correlations similar to those 
shown by Dr. Serafini were found but contained low freQuency interference between 
hot wire probe and pressure transducers. When the interference effects were removed 
by filtering out freQuencie s for which w8 •/ U

0 
< 0. 15 , curves similar to those 

shown by Professo: Willmarth were obtained. 

/ 
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