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ABSTRACT

The purpose of this investigation was to gain additional knowledge
about the structure of the turbulent boundary layer flow. Turbulent mo-
tion in a thick (5 inch) boundary layer with zero longitudinal pressure
gradient which is produced by natural transiticn on a smooth surface has
been studied. Measurements have been made of the space-time correlations
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.

A study of the data of other investigators as compared to the data
obtained in the present experiments shows that some features of the tur-
bulent 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.

At any height in the boundary layer the convection speed of the
velocity disturbance which was correlated with the wall pressure distur-
bances was the local mean speed. The correlation of the wall pressure
with the longitudinal velocity was opposite in sign to the correlation
of the 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 acts to produce turbulent shear.

The integral scales of the pressure-velocity correlation extend
approximately one boundary layer thickness along the stream and 0.2
of a boundary layer thickness in the other two perpendicular directions.

The wall pressure is an integral of the longitudinal spatial deriv-
ative of the velocity normal to the wall over all space. This spatial
derivative can be related to the time derivative through the convection
speed. The measurement of the pressure-velocity time-derivative corre-
lation shows that most of the wall pressure is produced by velocity fluc-
tuations near the surface. The correlation has a measurable value only
in the inner O.4 of the boundary layer. This is in agreement with the
fact that the final value of the wall pressure convection speed which
is reached at large spacing between the points of measurement, as meas-
ured by many investigators, is only about 0.8 of the free-stream speed.
This speed occurs at approximately 0.2 of the boundary layer thickness.

The integral scales of the pressure-velocity derivative correlation
are smaller than those of the pressure-velocity correlations. These scales
are approximately 0.2 of the boundary layer thickness along the stream and
0.15 of the boundary layer thickness in the other two perpendicular
directions.

xi



A vector field of the pressure-velocity correlation data is presented.
The hypothesis is made that this field represents the velocity field gen-
erated by a superposition of eddies of all sizes whose axes lie parallel
to the wall and perpendicular to the mean velocity which are in contact
with a layer of fluid near the wall.
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I. INTRODUCTION

The structure of wall turbulence is not yet well understood from
eithér a theoretical or an experimental point of view. Further develop-
ment of the theory will depend upon use of the knowledge gained from ex-
perimental measurements. Previous experimental investigations of the
structure of the turbulence, some of which are summarized below, have
been concerned with measurements of either the fluctuating velocity field
or the fluctuating wall pressure field. The present investigation is con-
cerned with the relation between the velocity field and the wgll pressure.

One of the first extensive investigations of velocity fluctuations
in a turbulent boundary layer was made by‘l‘ownsend.l He found that the
principal energy-containing eddies were attached to the wall and lost
their energy through direct viscous dissipation near the wall.

Later Grant2 measured the spatial correlations of the three fluc-
tuating turbulent velocities with themselves. Evidence was found of
Jet-1like stress relieving motions originating over a large range of dis-
tances from the wall and squirting outward and downstream away from the
wall.

Favre, Gaviglio, and Dumasi’u were the first to make measurements
with time delay. Exhaustive measurements of the correlation between
longitudinal velocity fluctuations in the turbulent boundary layer were
made. - It was discovered that the lines of maximum correlation at optimum

time delay traveled outward from the surface at an angle of approximately



2° with the streamlines. Grant2 has pointed out that such lines may rep-
resent the average particle paths, as viewed in a laboratory frame of
reference, in the mixing jets suggested by himself. However, Favre found
the longitudinal scale of the correlation at zero time delay to be three
to four times the scale found by Grant. The cause of this discrepancy

is unknown at the present time.

These measurements by Townsend, Grant, and Favre have made it clear
that there is a certain amount of order in the eddy structure of the tur-
bulent boundary layer.

More recently, the study of wall pressure fluctuations beneath the
turbulent boundary layer has been undertaken. Experimental measurements
of wall pressure intensity, power spectral density, and correlation have
been obtained by many investigators. The results are summarized and com-
pared in the paper by Willmarth and WOoldridge5 which gives an account of
a recent experimental investigation of the wall pressure beneath a thick
turbulent boundary layer. This investigation established that the longi-
tudinal and transverse scales of the pressure disturbance on the wall are
nearly equal. The pressure fluctuations are found to be convected down-
stream at 0.8% U, and it is found that a disturbance of a given wave-
length decays after traveling approximately six wavelengths.

In view of the previous velocity and wall pressure measurements
described above, it was decided to measure the correlation between the
fluctuating velocity and the fluctuating wall pressure to obtain addi-

tional knowledge about the structure of the flow.



The only previous pressure-velocity correlation measurements reported
in the literature are those of Kawamura.6 Kawamura attempted to measure
the correlation between the wall pressure fluctuation and the longitudinal
velocity fluctuation at zero time delay and zero longitudinal spacing be-
tween the points of measurement. The results do not agree with the present
work for reasons which are not definitely known. The discrepancy may be
due to the low signal-to-noise ratio reported by Kawamura, to fhe limita-
tions of his pressure-measuring device, or to the influence of his trip.

The present investigation was carried out in a 5-in. thick turbulent
boundary layer flow which was assumed to be incompressible. iThe 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.



IT. EXPERIMENTAL APPARATUS AND PROCEDURE

A, WIND TUNNEL FACILITY

The experiments were carried out in the boundary layer on the floor
of the 5 by 7 ft low speed wind tunnel facility at the Aeronautical Engi-
neering Laboratories, The University of Michigan.

A schematic diagram showing the general lay-out is given in Fig. 1.
Natural transition took place in the contraction section and no tripping
device was required to make the boundary layer fully turbulent. A var-
nished and waxed sheet of masonite extending 14 ft upstream from the
point of measurement was installed to make the wall aerodynamically
smooth. In order to eliminate the undesirable effects of wind tunnel
vibration, measufements were made on a l-in. thick smooth (oil-lapped)
steel plate, 20 in. in diameter and mounted on a heavy pedestal, which
was inserted flush with the floor. The 1/16 in. gap which 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 crystal assembly; holes not in use at
any given time were filled with brass plugs which were fitted within

+ 0.001 in. of the surface.

B. INSTRUMENTATTION
The fluctuating wall pressure was measured with a 0.163 in. diam

lead-zirconate crystal mounted in a brass body which was supported in the



steel plate by rubber O-rings. A schematic diagram of the transducer in-
stallation is shown in Fig. 2. The transducer was connected through a
low-noise cable to a low-noise preamplifier having a cathode follower in-
put with an input impedance of 1.2 x 10® omms. The crystal capacity was
285 micro-microfarads, allowing a low frequency response down to approx-
imately 5 cps. 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 1 cps and 160 kec.

The fluctuating velocities were measured with constant current hot
wire equipment manufactured by Shapiro and Edwards. The frequency re-
sponse of the uncompensated amplifier was flat from 0.1% cycles to 320
kilocycles. AdJjustable filters in the amplifier were used to cut out
frequencies above and below the range needed in the experiments to elim-
inate unnecessary noise. Tungsten wires 0.0002 in. in diam and approxi-
mately 0.050 in. 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 msec. The compensation required to correct for the
time lag of the wires was determined by the square wave method and accom-
plished by a resistance-capacitance network in the amplifier. No wire
length corrections were applied to any of the data since the microscale
of the turbulence near the wall was calculated from the measured spectra

and found to be approximately twice the hot wire length. Moreover, the



upper frequency limit on the tape recorder described below 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. For the closest spacing to the wall,
0.0 in., the probe was located by measuring the distance between itself
and its surface reflection for greater accuracy. 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 Fig. 2.

The signals from the pressure and velocity transducers were recorded
on a three-channel Ampex Model FR-1100 magnetic tape recorder which uti+
lized 1/2-in. wide tape traveling at 60 in./sec. This recorder has a
bandwidth extending from d-c to 10 kc which provided the limiting upper
frequency for the measurements. A special 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 smallest incremental time delay
which could be set wasVO.Ol7 msec,

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 obtained from a simple
resistive summing circuit built into the apparatus, and the difference

was obtained by first sending one signal through an electronic phase in-



verter and then into the summing circuit. A provision for external fil-
tering of the signal going to the thermocouple allowed the measurement
of correlations in adjustable frequency bands; a Krohn-Hite Model %10-AB
filter was used for this purpose. The output from the thermocouple was
measured on a Sensitive Research d-c millivoltmeter having a time con-
stant of % sec.

The spectral measurements were made using a fixed band-pass General
Radio Model T736-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 ffom the wave analyzer. Root-
mean-square measurements were made with a Ballantine Model 320 true rms
meter. BElectrical 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 ke. The attenuated output was amplified and fed into

the correlator.



ITT. EXPERIMENTAL ENVIRONMENT

A, EXTRANEOUS DISTURBANCES

The accuracy of the measurements to be reported herein will be af-
fected 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 measure-
ments and flow visualization studies which were carried out is given in
Ref. 5. 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 energy which was present because of vibration
amounted to less than l/lOO of the energy in the turbulent pressure
fluctuations and less than l/lOO of the energy in the turbulent velocity
fluctuations near the edge of the boundary layer.

The sound field in the test section was first measured by a pressure
transducer located on the stagnation line of an airfoil-shaped body ex-
posed to the free stream. The spectrum of the stagnation pressure fluc-
tuations had peaks at 135 and 200 cps. The wall pressure correlation
measurements described in Ref. 5 which were made later showed a small
peak at negative time delay which was caused by sound propagating up-
stream. From these data it was finally determined that the sound energy
amounted to approximately 1/20 of the energy in the turbulent wall pres-

gsure fluctuations. The mean square velocity fluctuations associated with

8



the sound would amount to less than 5/1000 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. 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 oszzg =6 x 10-4 for the turbulence level of the axial

oo
velocity component. The level of the transverse velocity component is
appréximately 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 spec-
tra which are described below. The entire wind tunnel, with the excep-
tion of the test section, is exposed to the weather. Heat transfer
through the steel walls from sunshine produced a density stratification
near the walls which in turn produced vorticity when accelerated into the
test section. Observations of the streamlines on 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 are caused by a combination of the Taylor-
Goertler boundary layer instability on the concave walls of the contrac-

tion and the density stratification.

B. PROPERTIES OF THE TURBULENT BOUNDARY LAYER USED IN THE INVESTIGATION

A1l measurements were made with natural transition in the boundary
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layer which occurred approximately 24 ft ahead of the measuring point.

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 turbulence on the mean values. Since
the data presented in thils report were taken over a period of time when
the ambient temperature changed by some 20°, velocity profiles were taken
at the extremes of temperature. The results were plotted on a non-dimen-
sional basis in Fig. 3. The wall friction velocity was obtained from a
measurement of the wall shear stress with a Stanton tube using the cali-
bration results reported by Gadd.8 Also shown in Fig. 3 is the ideal
turbulent boundary layer profile of Col_es.9
The properties of the measured boundary layer profile are tabulated
in Table I together with the properties of Coles' ideal boundary layer
at the same value of Ry, the Reynolds number based on momentum thickness.

Figure 3 and Table I show that there is satisfactory agreement with the

ideal case.

TABIE I

COMPARISON OF BOUNDARY LAYER PARAMETERS WITH
COLES' IDEAL TURBULENT BOUNDARY LAYER PARAMETERS

T Us Rg 5 & ) 3%/ U./U, R Remarks

67 204 38,000 0.h2 0.041 0.0%315 1.30 0.0326 3.1 x 10° Present investigation.

38, 000 1.30 0.0318 3.2 x 107 Coles' ideal boundary
layer based on same
Ry

45 20% L4%,000 0.h2 0.041 0.0315 1.30 0.0325 3.85 x 107 Present investigation.

43,000 1.295 0.0%315 4.0 x 107 Coles' ideal boundary
layer based on same
Rg- ’
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2. Wall Pressure Spectrum.—The non-dimensional spectrum of the

wall pressure is shown in Fig. 4. The data were always repeatable for

* ¥

g~ > 0.13, but were not repeatable for {j— < 0.13 (f < 105 cps). The
results varied with the amount 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
ITI-A,

In the measurements of mean-square pressure and velocity and space-
time correlation of pressure with velocity the Krohn-Hite filter has been
used to reject all frequencies belOW'§§f-= 0.13. The upper limit on the

co

frequency, %§f-= 12.5, was provided by the tape recorder response.
o0

It is shown by the pressure-velocity correlation measurements re-
ported in Section IV that the disturbances at any height in the boundary
layer are convected at the local mean speed. At the closest spacihg of
the hot wire to the wall, 0.%0 in., the local speed is approximately
0.58 U,. Since the boundary layer thickness is 0.42 ft, disturbances
convected at this speed which produce pressure fluctuations at %§f-= 0.13

oo

have a wavelength of 2.75. Hence, even with filtering information can be
obtained about eddies whose scale is at least 2-1/2 times the boundary
layer thickness.

The root-mean-square value of the wall pressure fluctuation was 2.19
times the wall shear stress and 4.7 x lO_3 times the free stream dynamic

pressure.

- 3. Velocity Intensity Profiles.-—The intensity profiles of the ve-
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locity fluctuations measured in the frequency band 0.13 < %§f-< 12.5 are
oo

shown in Fig. 5. A comparison with the work of Klebanoff¥ 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 there was
natural transition of the boundary layer 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 ex-
periment is approximately six times as large as Klebanoff's value. It
should be noted that Klebanoff and Diehlll measured the u intensity pro-
file in 1952 under the same operating conditions as those of Klebanofflo
in 1955 and found values as much as 30% higher. Accordingly, it is be-
lieved that the intensity profiles of the turbulence in the boundary
layer which are measured in any given case will be .affected by the tripping
device, if any, which is used and will depend upon the value of the Reynolds
number in some unknown way. This is supported by the measurements of Ref.
5 which showed that either wall roughness or a boundary layer trip acted
to increase the wall pressure intensity.

The intensity profile of the longitudinal derivative of the velocity
fluctuation normal to the wall is shown for the inner half of the bound-
ary layer in Fig. 6. A comparison with the data of Klebanofflo shows

that the present results are approximately 2-1/2 times as large near the

wall and 1—1/2 times as large near the center of the layer. It is believed
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that this discrepancy 1s also due to eilther the boundary layer trip used
by Klebanoff or the difference in Reynolds number.

L. Velocity Spectra.—The frequency spectra of the u and v velocity

fluctuations which 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 = 3 (1)

and the relation

E(k) = UE(w) (2)

holds. These spectra which are shown in Figs. 7 and 8 are normalized to
a* aH*
have unit area above T = 0.13; the values of o corresponding to this
0
are marked by the flagged point on each curve.
The non-dimensional u spectra gﬁyégﬁ- scale with the local non-
3 8 2
. . wy*
dimensional wave number, k&% = SR except for the spectrum at the closest
spacing to the wall 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 are
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relatively abundant near the wall decay 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 com-

ponent; i.e.,

ol

0

] Ryy(x1) cos kx1dX, . (3)

B) = ]

2|5

If Eu(k) is a function of k only, as the present data shows, then R,,(x1)
must be a universal function which is independent of the height in the

7

boundary layer. Hinze' reports that the shape of the correlation curves
R, (¥1) measured by many investigators (see, e.g., Grant®) is independent
of height except near x3 = O. The shape of Ruu(xl) near x3 = 0 is gov-
erned by the behavior of the spectrum at large wave number (see Hinze7)
and the non-uniform behavior of R, in this region is believed to be
caused by the decay of the large wave number (small scale) fluctuations.
For the same reason the spectral curves of Eu(k) must separate at high
wave number. The upper freqguency in the present investigation was limited
by the tape recorder response, and the data does 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 Klebanofflo who obtained
measurements at frequencies higher than those studied in the present in-
vestigation.

In the outer half of the boundary layer, Klebanoff's u spectra in

the frequency band corresponding to the present measurements also scaled
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with the wave number based on the local velocity. In the inner half of
the layer, however, the spectral curves were separated. The normalized
curves showed relatively more high frequency energy near the wall. It is
not known at this time whether this disagreement with the present data is
an effect of the different Reynolds number or of the trip which was used
by Klebanoff. However, the power dependence on non-dimensional wave num-
ber of the present spectral measurements agrees well with the power de-
pendence found by Klebanoff.

The normalized v spectra shown in Fig. 7 do not scale with the wave
number based oh local velocity. Equivalent behavior is found by other
investigators (see, e.g., Grantg) who have measured the longitudinal cor-
relation of the u velocity and found the shape of Ruu(xl) to depend upon
the height in the layer.* 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 IV establish that this is the
case.,

The v spectra at the two points farthest from the wall exhibit
humps near Q%i = 0.4, It is believed that these anomalies in the v
spectra are caused by the large~scale extraneous disturbances discussed

in Section III-A. Evidence to support this conclusion was obtained during

*Thege results imply that the v velocity fluctuation near the wall decays
at a faster rate than the u velocity fluctuation in this region. This
finding agrees with the results of the pressure-velocity correlation
measurements described in Section IV which show that near the wall the
Rpy correlation decays faster than the Ry, correlation.
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measurements of the pressure-velocity correlations and is reported in

Section IV.



IV. SPACE-TIME CORRELATION OF PRESSURE-VELOCITY

The fluctuating wall pressure and the fluctuating velocities in the
boundary layer are stationary random functions of time and position. The
pressure-velocity cross-correlation coefficients which have been measured

are defined by

Rpu(xl,X2,X3;T) = p(x,_y,z;t)u(x+x1,y+xQ,z+x3;t+T) (h‘)

\/ v (x,7,2;t) \/uz(x+xl,y+xz,z+xsgt)

and

X,¥,2;t)v(xtxy,y+xo,z2tx3;t+
va(Xl,Xe,X3;T) p( 2 Y525 ) ( 1, yTX2, 3 T) ; (5)

\/pz(x,y,z;t)\/ v2(x+x1,y+Xo,z2+Xa3;t)

The experimental measurements are shown in Figs. 9 through 26 as

U (T=T"'
functions of the non-dimensional time delay %——) The shift of the
U, T!
origin on the time delay axis, given by X is computed at each value

of é% by dividing the longitudinal spacing é% by the non-dimensional lo-

cal mean speed g— A vertical line on each curve shows the true origin
[Oe}

A. ERRCRS IN THE MEASUREMENTS

The averages involved in the computation of the correlation coeffi-
cients were obtained by visual observation of the output meter reading.
Since the meter had a time constant of 3 sec, the fluctuations in the
needle reading were small and the probable error in the correlation aris-

ing from this source is estimated to be * 5% of the maximum value.

17
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It was pointed out earlier in Section III-B that it was necessary to
filter out the low frequencies, %Ei-< 0.1%3. ©Such filtering will change
the cross-correlation coefficient from that which would be measured if
there were no filtering. The correlation will be changed in two ways:

1. the filter acts directly to destroy the correlation in the fre-

gquency band below its cut-off point, and

2. the filter acts indirectly to boost the value of the correlation

coefficient at all values of time delay by reducing the magnitude
of the denominator.

To estimate the amount of correlation caused by convected eddies
which is destroyed by the filter, it is assumed that the wave number
cross-spectral density is a slowly-varying function of time in a reference
frame moving at the convection speed. In this frame the value of the
spectrum below the wave number corresponding to the filter cut-off frequency

is assumed to be constant and equal to the value at the cut-off frequency.

An analysis made by proceeding on this basis is given in the appendix.
The results of this analysis show that the direct effect of the filtering
changes the correlation curves most near their tails. This is to be ex-
pected since at large time delay the high frequency (small scale) velocity
fluctuations have decayed, making the low frequency (large scale) fluctu-
ations relatively more important. The filter effect also increases with
distance from the wall since low frequency fluctuations become increasingly

important in the correlation measurement as this distance increases. In

no case, however, is the amount of correlation coefficient destroyed by



19

the filter larger than lO% of the peak value.
The indirect effect of the filtering is to increase the measured

values of Rpu by approximately 15% and -those of va by approximately 8%

above the values which would have been measured with no filtering.
The boundary layer should be homogeneous in the z-direction; one

would expect R

U and va to be symmetric about x3 = O and Rpw to be

zero. OSymmetry about xs = 0 was found in the measurements; see, for

example, Fig. 27. The cross-correlation coefficient Rpw’ defined in a

s s . X2
similar manner to Rpu and va’ was measured at various values of g;-ln

*
the two frequency bands 0.13 < %§—-< 12.5 (the usual band) and 0.38 <
0

*
%?—-< 12.5. Some typical results are shown in Fig. 28.

0

The measured correlation is small but definitely not zero, and has
approximately the same scale throughout the boundary layer. The trans-
verse scale across the stream is only about 0.1 of the longitudinal scale

*

ud
along the stream. Filtering of the frequencies below 300 cps (ﬁ—— < 0.38)

destroys most of the correlation. The reason for the lack of symmetry
Uso T
about 5% = 0 is unknown at the present time.

It is believed that this Rpw.correlation is caused by a vortex whose
axis is in the longitudinal direction and near the edge of the boundary
layer. This vortex is believed to be a result of the Taylor-Goertler
instability and the density stratification which were discussed earlier
in Section III-A. Unfortunately, no measurements of Rpw were made at

different cross-stream locations; such measurements might have shed more

light on the nature of the ihhomogeneity.
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The filter cut-off frequency %Ei = 0.38 above which the Rpw correla-
tion is nearly gone corresponds closely to the frequency at which the v
spectra exhibited a peak. It is believed that both phenomena are con-
nected with the extraneous vortex disturbance. In this case the value
of the va correlation will also be affected near the tails of the curve
where the low frequencies make a sizable contribution, but this effect is
believed to be small.

In view of these results the measurements are believed to present a
valid description of the fluctuating flow field which is produced by the

convected disturbances.

B. RESULTS OF THE MEASUREMENTS

The convection speed, U,, of the disturbance which gives rise to
the pressure-velocity correlation is defined as the speed of travel of
the center of the disturbance where the correlation is zero. Examination
of Figs. 9 through 26 shows that at any height in the boundary layer this

convection speed is equal to the local mean speed; 1.e.,
u, = U. (6)

When normalized on local root—mean-square values of the fluctuating
velocity, the pressure-velocity correlation coefficients near the edge of
the boundary layer have approximately the same magnitude as those near
the wall. When the correlation coefficients are normalized on the values

of the fluctuating velocities at one point, however, the magnitude of the
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correlation near the edge of the layer is only 0.01 of the magnitude near
the wall.

It is shown in Section V that the wall pressure fluctuations are pro-
duced by the interaction of the longitudinal derivative of the velocity
fluctuation normal to the wall with the mean shear in a region close to
the wall. It is believed that the wall pressure is correlated with the
fluctuating velocities far from the wall because these velocities are
correlated with the velocities near the wall which do produce the pressure.

One might hypothesize that the fluctuating velocities near the wall
which are involved in the production of the wall pressure are caused by
those eddies of various sizes which are in contact with a layer of fluid
very close to the wall. These eddies extend outward into the stream
varying distances and the largest scale of such eddies is probably of
the order of the boundary layer thickness. The values of the correlation
coefficients based on the root-mean-square velocity fluctuations at one
point decrease with increasing distance from the wall because less and
less of the eddy field is seen by the hot wire as this distance increases.
A further discussion of this hypothesis is given in Section VII.

Figures 9 through 26 also show that the pressure-velocity correlations
Rpu and va at any height have nearly equal magnitude and opposite alge-
braic signs except at large values of negative time delay where goth are
small and negative. This result implies that the velocity disturbance
which is correlated with the wall pressure also acts to create at least

part of the turbulent shear. Further investigation is needed, however,
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before the exact relationship between the turbulent shear and the fluc-

tuating wall pressure will be known.



V. SPACE-TIME CORREIATION OF PRESSURE WITH THE TIME
DERIVATIVE OF THE VELOCITY FLUCTUATION NORMAL TO THE WALL
In incompressible flow the equation of continuity can be combined
with the equations of momentum to give a Poisson equation for the pres-
sure,

aZ(i a'uj

an Bxl ’

VP = -op (7)

in tensor notation. ép and X represent the total pressure and total
velocity respectively. The equation for the fluctuating pressure can be
obtained by setting each flow quantity equal to a mean falue plus a fluc-
tuation, expanding the derivative, and subtracting the equation for the
mean pressure from the total equation. Kraichnanl2 has shown that the

dominant term in the equation for the fluctuating pressure is

BU BV (8)

72 = - 2p = =%
b pByax

Since the wall pressure p is produced by the values of the deriva-

3
tive Sz'which exist throughout the velocity field, a measurement of the
X
correlation of p with gz will show which regions of the fluctuating ve-
X

locity field do not contribute to the wall pressure. The cross-corre-

. C o .
lation coefficient vaX, where vy = S5 is defined by

R P(XJY)Z§t)Vx<X+Xl,y+X2,Z+X3,'t+T)

PV T — —
\/pg(x,y,zst)\/ ve (xtx1,y+xe,z+xa;t)
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This correlation is difficult to measure experimentally. However, if the
velocity disturbance is convected past the hot wire with little distortion
(see Section VI), the equation

ov _ _ 1 v (10)

3x U, Ot

can be used to relate space and time derivatives. In this case

= =R .
RPVx v

where v = %%. The cross-correlation coefficient

R. = p(x,¥,23 )% (x+x1 , y+x2,2+Xa; t+7)

(11)

DY — —
\lpz (X,y,Z;t)J ¥ (x+x1,y+x2,2+Xa;t)

can be easily measured by differentiating the velocity signal electrically
and correlating the result with the wall pressure.
The measured values of this correlation coefficient are shown in

Figs. 29 through 31, again plotted versus the non-dimensional time delay

UQ(T'T'). A vertical line on each curve for g% > 0 shows the true origin
8%

Uso T ] .

gi‘ = 0. These measurements again illustrate the fact that the convection

speed of the velocity disturbance which is correlated with the wall pres-
sure 1s equal to the local mean speed.
A very simple mathematical relationship exists between the correla-

tion coefficients R s and R

D pv’




25

The decrease in the slope of va as the distance from the wall increases
means that velocity fluctuations far from the wall have comparatively
little effect in producing pressure fluctuations at the wall. However,
these velocity fluctuations are correlated with the wall pressure because
they are correlated with the velocity fluctuations near the surface which

do produce the pressure (see Section IV-B).

A. ERRORS IN THE MEASUREMENTS

As in the measurement of the pressure-velocity correlations, the
probable errors which arise from the averaging process are estimated to
be * 5% of the maximum value of the correlation.

During the measurement of va the frequencies corresponding to

%Ef-< 0.13 were filtered out as before. An analysis of the low-frequency
filtef effect, based on the assumption of a constant wave number spectral
density below the filter cut-off point as before, is given in the appendix.
This direct filter effect of destroying the correlation at low frequencies
is found to be negligible.

The indirect effect of the filter reduces the size of the normali-
zation factors at all values of time delay. The measured values of

Rpg are increased approximately 6% by the filtering. This error is com-

parable to those occurring in the pressure and velocity measurements.

B. RESULTS OF THE MEASUREMENTS

The curves of Rpﬁ given in Figs. 29 through 31 are normalized on

the local values of the fluctuating velocity field. When normalized on
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the velocity at one point, the data exhibits the same general behavior.
A maximum in the peak value of the correlation is reached at a short dis-
tance from the wall; the peak value then decreases with increasing dis-
tance from the wall and becomes negligible for gf > 4.08.

The convection speed of the disturbance which gives rise to va
is the local mean speed in the boundary layer as pointed out at the be-
ginning of this section. On the other hand the convection speed of the
wall pressure disturbance has been determined in Ref. 5 to vary from
0.56 Us to 0.8% U, as the spacing between the measuring points is in-
cregsed. ©Since the wall pressure fluctuation, p, is an integral over
all space of the velocity fluctuation derivative, g%, the final value
of the convection speed of the wall pressure disturbance which is at-
tained at large transducer spacing should not exceed the local speed in
the bdundary layer where va becomes negligible. At g% = 4.08 the local
speed is approximately 0.9 of the free-gstream speed and the restriction
on the convection speed is satisfied. The speed 0.8% Uy, occurs as the
=2.25 (

local speed in the boundary layer at T 0.22).

o<

I
X3



VI. CONTOURS OF CONSTANT CORRELATION

The statistical structure of the turbulent velocity field which
creates the turbulent wall pressure 1s shown by the spatial correlation
contours of R , and R

A direct measurement of enough data

pu’ va Ve

points to allow the construction of these contours would be extremely
time consuming; furthermore, it was found during the experimental meas-
urements that interference effects between the hot wire probe and the
pressure transducer made it impossible to obtain reliable data with the
hot wire ahead of the pressure transducer, x; < O. The measurements for
x1 2 O show that the rate of decay is slow and that the convection speed
is the local speed as pointed out in Section IV. Hence, it is possible
to obtain approximate spatial correlation contours from the measured

time -delay correlations at zero longitudinal separation by using the con-

vection transformation

SC‘.

X1 _ T

" . (13)

8C‘4|C1

The correlation contours obtained by the use of this transformation
are shown in Figs. 32 through 40 where the origin of the coordinate system
is located at the point where the wall pressure was measured. The values
of the correlation coefficients which are shown have been standardized
using the root-mean-square values of the velocity fluctuations at

y/3% = 0.51 as normalization factors; i.e., at any position

27
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R' =
pu

R' =
v

R'. =

The ratios of the root-mean-square velocities and velocity derivatives are

obtained from the intensity profiles in Figs. 5 and 6.

A. ERRCRS CAUSED BY THE CONVECTION HYPOTHESIS

The validity of the convection hypothesis clearly depénds upon the
spatial rate of change (growth or decay) of the velocity disturbance.

The velocity spectral measurements reported in Section III-B-4 above show
that the u velocity disturbance decays slowly and lend support to this
hypothesis.

The amount of error introduced can be determined at those values of
§% for which data were taken by comparing the measured values of the spa-
tial correlation at zero time delay with the values predicted By the con-
vection hypothesis.

These data show that the use of the transformation is most in error
near the wall. This is to be expected since the high frequency (small
scale) velocity fluctuations which make a measurable contribution to the

correlation near the wall decay more rapidly than the lower frequency

fluctuations farther from the wall. The u velocity spectra discussed
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previously in Section III-B also tended to show that the hypothesis of
convection is most in error near the wall at the high frequency end of
the spectrum.

The measurements also show that the error introduced in va by the-

convection transformation near the wail is greater than that introduced
in Rpu. This effect is also apparent in the velocity correlation data
obtained by Grant2 which shows that correlation of the wvelocity component
normal to the surface decays much faster than the correlation of the
longitudinal component parallel to the surface (see also Section ITI-B-k4),
The reason for this behavior is not known at the present time.

The maximum error in the correlation near the peak value of va is

approximately * 20% of the peak value near the wall; for y/S* > 0.2 the

error is * 10% or less. The errors in Rpu near the peak values are * 10%

or less of the peak value for all heights in the boundary layer. A few
points measured at large values of g%-shOW'that the errors in the tails
of the curves for large time delay are also approximately * 10% of the
peak value.

Since R_. is the derivative of va, the error in R_- near its peak

o v
value can be obtained by extrapolating the va data which were measured

X
at various values of g% to g% = 0 and comparing the slope obtained to

the slope predicted by the convection hypothesis. The results show that

X
the error in va is a maximum near the wall at g% = 0.1 and is at most

+ 30%. At all other spacings the error in va is less than * 10%.
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B. THE STRUCTURE OF THE CORRELATTION FIELDS
A few general remarks can be made about the shapes of the correla-
tion contours. The contour curves of Rpu and va in the x;-x2 plane
(Figs, 32 and 35) show that the scale perpendicular to the wall is slightly
larger downstream from the pressure transducer than upstream. This is also
shown in the contours in the xo-x3 plane (Figs. 33 and 36). The va con-
tour curves in the x1-xs plane (Fig. 37) show that near the wall the con-
tours bend upstream. The Ry contours (Figs. 38 through 40) are related
to the va contours through the differentiation noted previously. The
region of negative Rpﬁ (corresponding to positive vax) has a slightly
larger scale in the transverse than in the longitudinal direction.
The spétial extent of the turbulent velocity field which is corre-
lated with the wall pressure can be put on a quantitative basis by de-
fining integral scales. The integral scalegs of Rpu and va in the xy-

direction are defined to be

s+ 2 () 103

PU|max

1 @ et Xi
gy = A L e (5) 2 (5
PV imax

For the scale normal to the wall the integration extends from zero to
infinity.

Calculation of this basis shows that:

1. The longitudinal scales of Rpu and va are approximately equal

to the boundary layer thickness, 8, being slightly smaller near
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the wall and slightly larger near the middle of the layer.
2. The transverse scales parallel to the wall and perpendicular to
the mean velocity increase with distance from the wall and reach
a maximum value of approximately 0.25 at a height of approxi-
mately 0.28 in the layer. Beyond this height the scales decrease.
3. The scales normal to the wall are a maximum at xg = 0. The scale

of R, is approximately 0.28 and that of va is 0.%% at

pu

X

g% = - 1.25; these scales are approximately 10% larger at
X1

5% = + 1.25.

These results demonstrate that the region of the velocity field which
is correlated with the wall pressure is comparatively long in the longi-
tudinal direction and narrow in the other two perpendicular directions.

. . . 2

A spatial scale for the velocity correlations measured by Grant

3,k

and Favre can be defined by

- () (h). 59

Using this equation, Grant's longitudinal scale is calculated to be
approximately 0.4% and Favre's to be approximately 1.08. In the trans-
verse direction both investigators find a scale of approximately 0.3%8.
The reason for the discrepancy in the longitudinal scale is unknown at
the present time but probably involves the differences in the tripping
devices used in the two experiments.

These results show that even though a fundamentally different meas-

urement is involved, the velocity-velocity correlation scales are of the
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same order as the pressure-velocity correlation scales.
The spatial scales of va are defined in a similar way to those of
Rpu and va by
Upiy 1 e R (X_1_> | d("_i) (17)
&% IRP‘G/'lmax = TPV ASX &%
These scales are smaller than the corresponding scales of the pressure-
velocity correlations. Calculation shows that
1. The longitudinal scale is approximately 0.25.
2. The maximum transverse scale is approximately 0.158 at a height
of 0.18.
3. The scale normal to the wall, a maximum at x3 = O, is approx-
imately 0.158 at x31 = 0.
A gcale for the wall pressure correlation reported in Ref. 5 can

be defined by

The longitudinal scale of the pressure-pressure correlation calculated
in this way is approximately 0.25%; the transverse scale is slightly
larger than this.

Hence, the integral scales of Rpp and va are nearly the same.
Since the wall pressure is an integral of the velocity derivative over
all space, this result shows that the present data is consistent with
the data obtained in Ref. 5.

The scale of va normal to the wall is only about one-half of the
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scale of va normal to the wall. This lends support to the hypothesis
(Section IV-B) that even though only the derivatives of the velocity
fluctuations near the wall create the wall pressure, these velocity fluc-

tuations are part of an eddy system which extends farther outward into

the flow.



VII. VECTOR FIELD OF THE CORRELATIONS

The correlation vector field shown in Fig. 41 has been constructed

with the origin at the pressure transducer such that:

[ 2
1. the length of the vector at any point is given by Rpu+R§v,

where the correlations are based on the local root-mean-square
values of the velocity fluctuations, and
2. the direction of each vector, measured from the positive x;-axis,
is given by tan™t EEE where the wall pressure pulse is assumed
pu
to be negative.
It is known that part of the velocity field which produces the fluc-
tuating wall pressure 1s convected at the local speed in the boundary
layer with a slow rate of decay. The wall pressure p depends upon the

dv
values of T— in the vicinity of the wall. The velocity fluctuations are

ox
caused by a collection of vortex filaments with random orientation. It
is hypothesized that those filaments which lie along the xa-direction

make the major contribution to R, as the velocity field is convected

D
along the wall, but it is admitted that further experiments are needed
to clarify this point. Furthermore, it is known from the measurements
of RpVX reported in Section V that only those filaments whose influence
extends to the vicinity of the wall act to generate the wall pressure.
On this basis it is further hypothesized that the velocity field

which 1s correlated with the wall pressure is generated by a system of

eddies of all sizes which are in contact with a layer of fluid very close

3l
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to the wall (see also Section IV-B). The correlation vector field shown
in Fig. 41 is believed to represent the velocity field which is generated
by a superposition of these eddies. As pointed out above, the field was
mapped by assuming the pressure pulse to be negative. The rotation of
the vector field in Fig. 41 is then clockwise which is reasonable from

a consideration of the mean shear.

There is some evidence in the va and va correlation contours in
the x31-xs3 plane (Figs. 37 and 40) that near the wall the vortex filaments
which generate the vector field bend upstream.

Further experimental investigation is needed to positively confirm

or deny the hypothesis of the hierarchy of eddies which is set forth here,

but all of the present data support it.



VIII. CONCLUDING REMARKS

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

1. 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 Grant2 and Favr'e3’lL shqw 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 im-
posed by the tripping device.

The results of the present investigation with natural transition of
the boundary layer are believed to be universal because no tripping de-
vice was required to make the boundary layer fully turbulent.

2. The convection speed of the velocity disturbance which is cor-
related with the wall pressure disturbance is the local mean speed.

3. The Rpu and va correlation coefficients are of opposite sign.
This implies that the part of the velocity field which is correlated with
the wall pressure also acts to produce turbulent shear stress in the

boundary layer.
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4. The measurement of va shows that most of the wall pressure is
produced by velocity fluctuations near the surface.

5. Velocity fluctuations far from the wall are correlated with the
wall pressure because they in turn are correlated with the velocity fluc-
tuations near the wall which do produce the wall pressure.

6. Present measurements of the va correlation show that the con-
vection speed of the wall pressure disturbance should not exceed 0.9 U,
the local speed at y/& = 0.4. The measurements of Ref. 5 showed the
value of this convection speed to be 0.83 U, at large transducer spacing
and the restriction is satisfied. The speed 0.83 U, occurs in the bound-
ary layer profile at y/3 = 0.22.

7. The integral scales of Rpu and va are approximately the same
as the integral scales of Ry, measured by other investigators. The
longitudinal scales of Rpu and va are approximately equal to the bound-
ary layer thickness, 8. The transverse scales are approximately 0.28
and the scales normal to the plate are approximately 0.28 and 0.3%% for
Rpu and va respectively.

8. A vector field of the pressure-velocity correlation data is
presented. The hypothesis is made that this field represents the
velocity field generated by a superposition of eddies of all sizes

whose axes lie parallel to the wall and perpendicular to the mean ve-

locity which are in contact with a layer of fluid near the wall.
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LOW-FREQUENCY FILTER EFFECT

During the analysis of the experimental data it was found that it
was necessary to filter out the low frequency energy, %%i < 0.13. Here
an expression will be derived for the amount of correlation in the fre-
guency band below the cut-off point which is destroyed by the filtering.
It is assumed that the ane number cross-spectral density in a frame of
reference moving at the convection speed is a slowly varying function of
time so that it can be approximated by a constant below the wave number
corresponding to the filter cut-off frequency.

Take the Fourier transform of the cross-correlation coefficient

va, say, in one dimension in the fixed coordinate system.
Fpv ( ;7)== [T Ryl j)e HELXL (
pvlki,x2,Xa37) = 2= [ "Rpy(xa,xe,xg57)e dxy 1)
The inverse relation is
9] ik
va(xl;X2)X85T) = f va(kl}XE)XBST)el ledkl (2)
-0

Let the coordinates in a reference frame moving at the local con-
vection speed be denoted by (xi,x2,x4). Then the two coordinate systems
are related by

1
X1 = X1 + UCT

-
o

X2 =

X3 = X3

In terms of the new coordinates

59



Lo

. . 1
R Xi+UcT)Xé;Xé3T> f F kl)XQ)XS) ) lkUCTelleldkl (u)

1

PV(

) 1k1Xi

]

f Gpy(k1,%2,%3;7 dky (5)

The last equation serves to define a new spectral function Gpv which is
the transform of va in the moving frame. Let
Gpy = Upy + 1 Vpy (6)

Since va is a real-valued function, ﬁﬁv and va must be respectively even

and odd in ki, allowing the correlation function to be written as

Roy(x1#0ct,x2,%3;7) = 2 [7 Upy(ki,x2,%x3;7) cos kaxadks
0]

-2 [7 V_(ki,x2,%357) sin kixidka
(e}

The filter acts to truncate the spectrum at some wave number k; = Kj.

If it is assumed that ﬁ?v and V§V are constant below this wave number, one

can write

1

- X
2 UpV(Kl,xé,xé;T) 7t cos kixidk:
o

K
2 va(Kl,xé,xé;T) g b sin kixidk; (8)

ARPV(Xi+UcT,Xé,Xé;T)

- 20 sin Kix1 - o7 1-cos Kixj

v 1
P Xi v X1

This equation is the expression for that part of the cross-correlation
coefficient which has been destroyed by the filtering process, under the

assumption that the cross-spectral density is constant for wave numbers

below Kl.
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The formulas for the calculation of U and va at the wave number

pv

K1 are
— ) 1 0
Upy(Ka,xe,xa57) = == Rpy(xitU 7,x2,x3557) cos Kix1dx1 (9)
va(Kl,Xé,Xé;T) = - é%-ICDRPV(Xi+UcT,Xé,Xé;T> sin Kixidxy (10)

Since the correlation va has been measured in the time domain, the com-
putation of the spectfal densities can be simplified by transforming
Egs. (9) and (10) into the time domain.

If x3, the distance between the transducers in the fixed frame of

reference, is taken as a parametric constant, the wave number in the

moving frame of reference can be related to the frequency by

The coordinate transformation relating x; and xivis [from Eq. (5)]

XJ'. = X1 - UpT; (12)
for x; constant,

dxp = - Ugdr (13)

Using Eqs. (11), (12), and (13), the expressions for ﬁfv and Vo,

can now be written in terms of fixed coordinates and time delay as
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— U
Upv(xl,X2,x3;wl) = éi.fqaRpV(xl,X2,x3;T) cos aﬁ_(E%—- ;> ar  (1k)
=00 c
Voo (x Xg;W01) = - Ue fm Ry (X1,X2,X5;T) sin @ XL ) dr (15)
v 1,X2,X3,W01 = oot oo v 1, 283 1 UC

The expression for the increment in the correlation coefficient becomes

U
) C
X1

2
MRpy(x1,%2,%3;7) = T Upy(xa,xe,%3501
c X1 _
o, ~ "
L (16)
1l - cos w; —->
EL-V (x X330y ) e
- Uc v 1,X2,X3;0 X1 T

Ue

A similar analysis leads to an equation for ARpu with ﬁﬁv and va
replaced by ﬁfu and Véu respectively. Note that the hypothesis of con-
vection which has been used leads to the conclusion that a constant wave .
number spectrum for ki < Ky implies that the frequency spectrum is a con-
stant for w < w;.

The results of the calculation using (16) have been reported in
Section IV-A.

The effect of the filtering on Rpﬁ can be obtained by differentiation.

One can write

PV




b3

A direct calculation shows that AR, is negligible in all cases.

1Y
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