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Characterization of the Pressure Fluctuations
Under a Fully Developed Turbulent Boundary Layer

S. P. Gravante,* A. M. Naguib,T C. E. Wark,* and H. M. Nagibi
Illinois Institute of Technology, Chicago, lllinois 60616

Accurate measurements of the turbulent wall pressure have been difficult to achieve due to signal contamination
at low frequencies by background facility noise and/or attenuation at high frequencies due to sensor averaging
effects. The current study utilizes a new noise cancellation scheme based on an optimal filtering technique to
capture the noise-canceled time series. Furthermore, to address the high-frequency attenuation problem, a number
of pinholes are utilized along with high-sensitivity microphones to obtain measurements of the wall pressure at a
resolution down tod™* =du,/v =2. The results show that the maximum allowable nondimensionalsensing diameter
to avoid spectral attenuation for frequencies up to f = f V/u_zr =1is in the range of 12.0 < d* < 18.0. Additionally,
it is shown that the wall-pressure rms level when scaled on the wall-shear stress seems to increase slowly with
increasing Reynolds number, apparently due to the influence of large-scale structures in the outer part of the
boundary layer. On the other hand, it is demonstrated that, even though /p’' 2/q appears to become invariant with
increasing Reynolds number, p’ is not generated by structures whose velocity scale is Uj.

Nomenclature
d+ = nondimensional microphone sensing diameter, du, /v
f = frequency
K___ =kurtosis
/p’* =rms of the pressure fluctuations
9o = dynamic pressure,é pU?Z
Rey,  =Reynolds number based on momentum thickness, Uy0 /v
Re,  =Reynolds number based on friction velocity and
boundary-layerthickness, u.3/v
S = skewness
Uy = free stream velocity
u, = wall-friction velocity (t,, /0)'/?
X = streamwise coordinate
y = wall-normal coordinate
Aw't  =angular frequency resolution normalized with
the inner timescale
) = boundary-layerthickness
0 = momentum thickness
o = density
Tw = average (mean) wall-shear stress
¢, = power-spectral density of wall-pressure fluctuations
@7, =power-spectral density scaled on outer variables,
Gyt [Ty8
¢;,p, = power-spectral density scaled on inner variables,
Gy it [ThV
Du = power-spectral density of uncalibrated voltage time
series
w = angular frequency, 27 f
o’ = angular frequency normalized with the outer

timescale, w8 /u,
ot = angular frequency normalized with the inner
timescale, wv/u?

I. Introduction

URBULENT pressure fluctuations play a significant role in
many engineering applications. For example, pressure fluctu-
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ations in a turbulent boundary layer over an airplane wing or cabin
can produce unwanted structural vibrations, and/or they can be a
source of undesired acoustic noise. These problems serve as the
motivating factor in studying turbulent wall-pressure fluctuations
and their relationship to the turbulent flowfield.

A. Measuring Turbulent Wall-Pressure Fluctuations

One difficulty in accurately measuring turbulent wall-pressure
fluctuationsis the effect of freestreamdisturbances. Even for acous-
tically quiet tunnels, measurements of wall-pressure fluctuations
are susceptibleto contaminationby long-wavelengthacoustic noise
generated by the wind-tunnel fan or blower and flow unsteadiness,
e.g., see Ref. 1. These acoustic disturbances typically appear as
peaks in the wall-pressure spectrum at frequencies corresponding
to the blade passing frequency of the tunnel fan and/or as stand-
ing waves in the test section of the wind tunnel. The acoustic noise,
regardlessof its source, is superimposedonto the wall-pressurefluc-
tuationsmaskingthe turbulentsignal. This problemis typicallyover-
comeby high-passfilteringthe signaltoremove the frequencyregion
contaminated by acoustic noise. However, this method removes in-
formation regarding the large-scale turbulent structures and should
not be used when this information is desired.

A second method to deal with the unwanted noise has been a
two-transducer subtraction technique. This method has been used
for several decades and was first introduced by Wambsganss and
Zaleski.? The scheme is based on subtractingtwo wall-pressure time
series and requires that only the acousticnoise is correlated between
the two transducers. This technique, however, provides information
regarding only the second-order statistics and does not provide the
turbulent wall-pressure time series.

Alternatively, many investigations have made measurements at
Reynolds numbers high enough such that the turbulent energy con-
tent is large with respect to the energy of the acoustic noise. As
a result, there is an insufficient number of low-Reynolds-number
measurements to which direct numerical simulation (DNS) results
canbe compared. Such acomparisonwould be invaluablefor the de-
velopment of turbulence models. Specifically, DNS studies provide
information for validating models of quantities that are not easily
measured experimentally, such as the pressure-strain correlation.
Once validated, these models could be adapted to practical appli-
cations using experiments ranging from the low Reynolds numbers
achievable in DNS studies to the high Reynolds numbers encoun-
tered in practical applications.

In addition, because the range of the scales of motion increases
with increasing Reynolds number and, in most instances, the size of
the small-scale structures decreases, many high-Reynolds-number
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measurements of turbulent wall-pressure fluctuations suffer from
poor spatial resolution. It is known that, to accurately resolve the
small-scale structures of a turbulent boundary layer, the size of the
transducer must be as small as the smallest turbulent structures. For
transducers whose size is large with respect to the smallest scales
of motion, the turbulent signal is attenuated because the transducer
effectively low-pass filters the high-frequency component of the
signal corresponding to the smallest turbulent structures.

B. Review of Pertinent Literature

Three good reviews on the experimental investigations of tur-
bulent wall-pressure fluctuations are provided by Willmarth,? by
Eckelmann,* and most recently by Bull.’> However, it is still im-
portant to highlight some of the more significant work to which
the current study will make comparisons, especially in the areas of
sensor size effects and the characteristicsof turbulent wall-pressure
spectra.

Several studies have examined the effect of spatial averaging
on wall-pressure measurements, but the most notable experimen-
tal work has been by Schewe.® In Ref. 6, Schewe studied the effect
of spatial averaging on the wall-pressure statistics such as spectra,
rms level, and the probability density function. Schewe suggested
that the largest allowable value of the nondimensionalsensing diam-
eter of a transducer that can resolve the significant turbulent scales
of motion was d* =du,/v=19. However, Schewe made this de-
termination not by direct measurement but by extrapolating from
data obtained at d™ =19 (which was the smallest sensor used in
Schewe’s investigation) to an infinitesimally small transducer, i.e.,
dt=0.

Lueptow’ numerically applied a wave number filter correspond-
ing to the spatial response function of finite-size circular and square
transducers to the DNS channel flow results of Kim et al.® Using
the available time steps of the DNS database, Lueptow’ was able
to estimate the wall-pressure spectrum for various transducer sizes.
These spectrashowed insignificant wall-pressureenergy attenuation
for transducer sizes less than 20 viscous units.

Recently, Lofdahl et al.’ used a new type of wall-pressure sen-
sor based on microelectromechanicd systems (MEMS) technology
to conduct measurements of the wall pressure. With the MEMS
technologythey were able to constructtwo miniature piezoresistive
sensors with a square diaphragm measuring 100 and 300 zm on the
side.” The corresponding nondimensional diaphragm size was 7.2
and 21.6 in wall units at a boundary-layer Reynolds number Re, of
5072. Lofdahl et al.” showed that the wall-pressure spectrum mea-
sured with the larger sensor was attenuated for frequencies higher
than approximately 1000 Hz. The resulting attenuation in the total
wall-pressure rms value was about 8%.

Investigationof the scaling of the turbulent wall-pressure spectra
is a widely used method for determining locations of sources within
the boundary layer that are responsible for the generation of the
wall-pressurefluctuations. The most recent study implementing this
techniqueis by Farabee and Casarella,! where the spectraare shown
to collapse to a single curve on both inner and outer variables over
the middle range of frequencies. They attribute this region of overlap
to turbulence activity in the log layer of the boundary layer. Also,
Farabee and Casarellashow that the spectra collapse when scaled on
outer variables for the low-frequency range and on inner variables
for the high-frequencyrange. Note, however, that the measurements
of Farabee and Casarellawere made with sensors whose sizeis larger
than d* = 26.

The behavior of the wall-pressure spectrum has been predicted
using scaling arguments by various researchers. Some of the more
significant contributions to this area have been by Bradshaw'® and
Panton and Linebarger,'! where it was predicted that the spec-
trum should obey a power law behavior of w~! over the frequency
range where the spectra collapse on both inner and outer variables.
Panton'? discusses the Reynolds number dependence of the over-
lap region and identifies the locations of turbulent sources con-
tributing to the overlap region. Other predicted power law fea-
tures of the turbulent spectra include an w~"/3 behavior for the
range 0.4 < " <0.8 by Monin and Yaglom'* and @~ behavior
by Blake!* for the highest frequencies in the spectrum.

C. Objectives

The current study employs a new methodology to remedy the
classical problems that occur when measuring the turbulent wall-
pressure fluctuations (as discussed in Sec. I.B). 1) Specifically, to
avoid low-frequencyacoustic noise contaminationof the transducer
signal, a new noise cancellation scheme is utilized to remove the
background tunnel noise at low frequencies while providing the
noise-canceledtime series. For the details of the noise cancellation
technique, see Ref. 15. 2) To avoid spatial averaging effects at the
higher Reynolds numbers, a combination of highly sensitive micro-
phones and pinholesis used to obtain measurements of the turbulent
wall-pressurefluctuations with aresolutionof d* = 2. Note that pin-
holes have been used by other researchers, e.g., Bull and Thomas'¢
and Farabee and Casarella,! as a means for decreasing the sensing
area of the microphone and thereby increasing its spatial resolu-
tion. Our main objective is to use this new methodology to obtain
accurate measurements of the turbulent wall pressure. It will then
be possible to verify the results of earlier studies, which may suffer
from one or more of the problems mentioned.

Specifically, the Reynolds number effect on the rms level, skew-
ness, and kurtosis will be examined and compared with previously
published results. Also, the characteristics of the turbulent wall-
pressure spectra will be examined, including scaling and power law
behavior.

II. Experimental Facility

The experiments were conducted in the Mark V. Morkovin Wind
Tunnel at the Illinois Institute of Technology. The reader is referred
toRef. 17 foradescriptionof the wind tunnel and the boundary-layer
test plate.

A. Instrumentation

Measurements of the wall pressure are made under a zero pres-
sure gradient, flat plate, fully turbulent boundary layer with a low
freestream turbulence of less than 0.3%. This value includes both
acoustic and turbulenceeffects. Farabee and Casarella' have shown
that, evenin their low-noise facility, the major source contaminating
measurements of the wall pressure is the acoustic, rather than the
turbulence, freestream fluctuations. Also note that freestream tur-
bulence influences on the wall-pressure spectrum are anticipated to
scale with Uj. As will be seen later, at no frequency in the measured
wall-pressure spectra does U, represent the appropriate velocity
scale. Again, this suggests that freestream turbulence has negligi-
ble, if any, effects on the current results.

The pressure measurements are done using a Knowles EM-3068
Electret microphone. The microphone has a 0.7-mm sensing diam-
eter, which minimizes signal attenuation due to spatial averaging
effects. The microphone also has a high acoustic sensitivity that
typically measures about 15 mV/Pa at 1000 Hz. (Note that this is
approximately 10 times more sensitivethana typical Bruel and Kjaer
i-in. microphone.) This high sensitivity allows the microphone to
detect the extremely small turbulent pressure fluctuations, whose
rms level is on the order of 100 mPa at low Reynolds numbers.

The main disadvantage of the EM-3068 microphone is that it
has a nonuniform frequency response. The microphone’s response
is flat (within 5 dB) from 1000 to 5000 Hz but is attenuated out-
side this region. In addition, no phase response for the Knowles
EM-3068 microphone is available. This requires that the EM-3068
microphone be dynamically calibrated to account for variations in
its sensitivity and phase with frequency. The calibration procedure
follows the one used by Snarski'® with modifications to enhance its
accuracyand range, as described by Gravante.'® The method simply
uses a microphone of known amplitude and phase response to cal-
ibrate a microphone of unknown amplitude and phase response by
exposing both microphones simultaneouslyto the same sound field.
Provided that the amplitude of the incoming sound wave is the same
at both microphones and relative phase difference between them is
zero, the method is capable of dynamically calibrating the unknown
microphone. Because of limitations in the signal-to-noiseratio, the
calibration procedure is valid only in a frequency range from 35 to
about 12,000 Hz.

Figure 1a is the amplitude response of a Bruel and Kjaer (B&K)
4193 %-in. microphone obtained using the calibration procedure
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Fig.1 Comparisonof the a) calibrated amplituderesponse of the B&K
4193 microphone with factory-specified calibration curve and b) cali-
brated amplitude response of the Knowles EM-3068 microphone for
various pinhole sizes.

already briefly described. Also plotted is the factory-measured re-
sponse of that same microphone. The close agreement between the
two curves indicates the capability of the calibration procedure
to measure the amplitude response of the microphone accurately.
Figure 1b gives the amplitude response of the Knowles EM-3068
microphone with a 0.7-, 0.318-, and 0.150-mm sensing diameter.
The error bars represent the uncertainty in the amplitude response
with a90% confidencelevel using a Gaussian distribution, where the
standarddeviationis computed from 10 independentmeasurements.

B. Experimental Setup and Procedure

The experimental setup consists of two Knowles EM-3068 mi-
crophones mounted flush with a flat plate in one of three removable
wall plugs. The microphones are placed at the same streamwise lo-
cation but separated in the spanwise direction by 63.5 mm for all
measurements made during this investigation. The number of mi-
crophones and the spanwise separation distance are chosen to meet
the requirements of the noise cancellation procedure described in
Naguib et al.!’

Measurements of the wall-pressure fluctuations under a turbu-
lent boundary layer are obtained for the range of Reynolds numbers
1577 < Rey <7076, which are shown in Table 1 along with the
corresponding boundary-layer parameters and data acquisition fre-
quencies. Note that the boundary-layer parameters are based on
measurements by Naguib. 2’

To ensure that the Reynolds number effect observed in the cur-
rent results is free from sensor averaging effects, the measurements
are repeated for different microphone sensing diameters. This is ac-
complished by placing the Knowles EM-3068 microphone under
pinholes of varying size. The pinholes are carefully designed such
that the Helmholtz resonance frequency is not located in the fre-
quency range of interest and the pinhole itself does not introduce
significant disturbances into the flow. In addition, any effect the
pinhole may have on the frequency response of the microphone in
both amplitude and phase is accounted for in a dynamic calibration
proceduredescribed by Gravante.!* The following cases are studied

Table1 Boundary-layer parameters for Reynolds numbers covered
in this experiment?®

Rey X, m Uy, m/s Uy, m/s 6, mm 8§, mm facq» Hz
1,577 3.25 4.8 0.22 5.0 49.4 3,200
1,805 2.49 6.6 0.28 4.3 41.3 6,300
1,955 3.86 4.7 0.21 6.2 57.5 3,200
2,953 3.25 7.2 0.29 6.3 54.8 6,300
2,972 3.86 6.5 0.27 6.9 61.1 6,300
3,509 2.49 10.6 0.41 5.2 45.8 10,000
4,548 3.25 10.7 0.40 6.6 58.4 10,000
4,972 2.49 15.7 0.58 5.0 44.9 25,000
4,986 3.86 104 0.40 7.3 63.8 10,000
6,241 3.25 15.7 0.57 6.2 53.9 25,000
7,076 3.86 15.3 0.57 7.0 62.9 25,000

4Parameters based on measurements by Naguib.20

Table2 Nondimensional microphone sensing
diameters (d*) covered in this investigation

Rey 0.7 mm 0.318 mm 0.150 mm
1577 10.1 4.6 2.2
1805 12.9 5.8 2.8
1955 9.6 4.4 2.1
2953 13.3 6.0 2.9
2972 124 5.6 2.7
3509 18.8 8.5 4.0
4548 18.3 8.3 3.9
4972 26.6 12.1 5.7
4986 18.3 8.3 3.9
6241 26.2 11.9 5.6
7076 26.2 11.9 5.6

for the Reynolds number range given in Table 1: 0.7-, 0.318-, and
0.150-mm-diam pinhole. The corresponding range of nondimen-
sional sensing diameteris 2 < d* <27 and is given in Table 2 as a
function of Reynolds number.

C. Data Processing and Experimental Uncertainty

All time series used in computing the turbulent statistics were
409,600 points in length and were antialiasedfiltered at the Nyquist
frequency. The power spectrum was computed using 200 ensem-
bles, each 2048 points long, which provides a spectrum frequency
resolution Aw* of about 0.005. The probability density function
(PDF) was computed using 100 bins, with width of 4./p’2/100.
The selection of the number of records for spectrum averaging and
the number of bins for PDF estimation were such that the scatter
in the results was comparable with other published data, e.g., see
Fig. 2.

The momentum thickness is an integral quantity whose uncer-
tainty is less than 1%. The friction velocity was obtained using a
Clauser fit, the uncertainty of which is approximately +3%. This
uncertainty is based on a parametric study by Hites?' of the ran-
dom uncertainty in u, obtained using the Clauser fit procedure.
The boundary-layer thickness was obtained by using a spline fit to
the mean velocity profile and determining the location where the
velocity was 0.995U,. Uncertainty in the turbulent wall-pressure
spectrum is primarily due to the statistical convergenceerror, which
is inversely proportional to the number of ensembles used in spec-
tral averaging and the error in determining the transfer function of
the Knowles microphone. This uncertainty is largest at frequencies
greater than 10,000 Hz, where it is approximately £7% (see Fig. 1).

Finally, two types of error bars appear in the figures containing
the rms, skewness, and kurtosis: 1) error bars showing the mini-
mum and maximum values of the plotted quantity obtained from
three independent measurements and 2) error bars representing the
uncertainty for 90% confidence level using a Student-¢ distribution
along with the standard deviation in the measured quantity (based
on three independentmeasurements). As will be seen, the latter type
of error estimate tends to be more conservative to account for us-
ing only three independent observations in estimating the standard
deviation of repeated trials of the same measurement. Also, both
error bars could be viewed as providing the bounds on the actual
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Fig.2 Comparison of a) the spectra obtained in the current investiga-
tion to that of previous researchers at comparable Reynolds numbers
and b) the signal and noise spectra for the smallest and largest Reynolds
numbers in this study.

uncertaintyin the repeatability of the measurements under the same
flow conditions.

ITII. Results and Discussion
A. Spatial Averaging Effects on Turbulent Wall-Pressure Statistics

It has been known for some time that the ratio of the sensingdiam-
eter of a pressure transducer to the smallest length scale in the flow
should be as small as possible to minimize the effects of signal atten-
uation due to spatial averaging. Signal attenuation occurs when the
size of the pressuretransduceris large withrespectto the lengthscale
of the dynamically important turbulent structures. Specifically, the
transducer acts as a low-pass filter where the high-frequencyregion
of the spectrum corresponding to the smallest turbulent structures
is attenuated because the energy contribution of the small scales is
averaged over the surface of the transducer.

The current investigation complements the work of Schewe® by
extending the range of sensing diameters over which the turbulent
wall-pressure fluctuations are measured. The range of nondimen-
sional sensingdiameterscoveredin thisinvestigationis2 < d* < 27,
which overlaps the range covered by Schewe, 19 <d* < 333.

To understand the effects of signal attenuationdue to spatial aver-
agingon the shape of the spectrum, it is useful to compare the power
spectraldensity (PSD) obtained at the same flow conditionsbut with
variouslysized transducers.Figure 3 shows the PSD of the turbulent
wall-pressure fluctuations measured with three sensing diameters:
dt ~26.0 (bottom row), d*~ 18.0 (middle row), and d* ~12.0
(top row). Also plotted is the spectrum obtained at the same flow
conditions but with the smallest pinhole used in this investigation.
The sensing diameter of these spectrais less than 6.0 for all cases.
From Fig. 3, it can be seen that the spectra obtained at d* ~ 26.0 are
attenuated for frequencies f > 2000 Hz relative to the spectra ob-
tained atd™ ~ 5.6. The same trend is evidentin the spectraobtained
at d* =~ 18.0, but it is not nearly as significant. Finally, there is no
visible differencein the spectraobtained at d* = 12.0 relative to the
spectra obtained at d* ~5.6. Therefore, it can be concluded that
the smallest transducer required to measure the spectrum with no
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Fig. 3 Comparison of the PSD measured with d* =12.0 (top row),
d* =18.0 (middle row), and d* =26.0 (bottom row) to that obtained
with d* < 6.0 under the same flow conditions.

signs of spatial averaging effects is in the range 12.0 <d* < 18.0.
However, because the spectral attenuation at d* = 18 is barely de-
tectable, to observe the proper scaling of the turbulent wall-pressure
spectra, e.g., the spectra collapse to a single curve when scaled on
innervariables, it is sufficient to measure the spectrawith d* < 18.0.
This conclusion is in agreement with the results of Lueptow’ and
Schewe.’

Figure 4a shows the wall-pressure spectrum for Re, = 7076 plot-
ted in a semilog format: f' ¢, (f) vslog,,( f). By plotting the spec-
trum in this way, it can be shown that the area under the curve is
p'?. This plotting format allows one to visually determine the frac-
tion contribution to p’2 from different frequency ranges. From
Fig. 4a, it can be seen that, for frequencies larger than 2000 Hz,
the spectral attenuation due to spatial averaging effects results in
a reduction in area under the spectrum measured with d* = 26.0,
when compared to the area under the spectrum corresponding to
d*=11.9 and 5.6. However, this area reduction is barely observ-
able, and therefore, it may be concludedthat, though spatial averag-
ing has an effect on the shape of the spectrum at high frequencies,as
seen in Fig. 3, its effect on the total energy content of the turbulent
wall-pressure signal is negligible for d* < 27.0.

To understand the effects of spatial averaging on higher-order
statistics of the wall pressure, it is useful to examine the effect
spatial averaging has on the PDF. It is known that the higher-order
statistics (skewness and kurtosis) are strongly influencedby the tails
(large deviations from the mean value) of the PDF; therefore, by ob-
serving changes in the tails of the PDF for differentnondimensional
sensing diameters, the effect on the skewness and kurtosis may be
inferred. Figure 4b shows the PDF at Re, = 7076 corresponding
to the 0.7-, 0.318-, and 0.150-mm pinhole cases, whose respective
nondimensional sensing diameters are 26.2, 11.9, and 5.6. A Gaus-
sian PDF is included in Fig. 4 for comparisonpurposes. From Fig. 4,
it can be seen that there is close agreement among the PDFs for all
nondimensional sensing diameters considered in this investigation.
Therefore, it appears that spatial averaging has a minimal effect on
the PDF and the associated higher-order statistics for d* < 27.0.
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Comparing the negative tail of the PDF of the wall-pressure fluc-
tuations to the positive one, there is no significant difference in
the probability levels. This implies that the skewness of the wall-
pressure signal is close, if not equal, to zero. Finally, comparing
the tails of the PDF of the turbulent wall-pressure fluctuations to
the PDF of a Gaussian-distributed random variable, it can be seen
that large amplitude as well as very small amplitude fluctuations
of the wall-pressure signal occur more frequently than in the case
of a Gaussian-distributed random variable. Hence, the kurtosis of
the wall-pressure fluctuations is expected to be larger than that of
a Gaussian random variable (K =3.0). The skewness and kurtosis
will be discussed in more detail in the next section.

B. Reynolds Number Effect on Turbulent Wall-Pressure Statistics

Having demonstrated that spatial averaging does not significantly
affect the wall-pressure statistics for the range of d* values covered
here, it is now possible to interpret any observed changes in the
statistics with Reynolds number based on momentum thickness Re,
as being only due to changes in Reynolds number. This is unlike
the work by Karangelen et al.,”> Farabee and Casarella,' and Bull
and Thomas,'® where the effects of spatial averaging and Reynolds
number were coupled, making it unclear whether changes in the
statistical quantities with Reynolds number based on momentum
thickness Re, were solely a Reynolds number effect or due, in part,
to a spatial averaging effect. _

The Reynolds number variationof ./ p’? has been discussedin de-
tail by Farabee and Casarella' and more recently by Bull.> Figure 5a
shows /p’? normalized by the dynamic pressure go = pUZ/2 and
plotted as a functionof Reynoldsnumberbased on momentum thick-
ness Re,. Note that the dashed lines in Fig. 5 (and in Figs. 6 and 7)
represent the minimum and maximum values obtained from three
independentmeasurements, whereas the error bars representthe un-
certainty fora 90% confidence level (see Sec. II.C for more details).
Figure 5 also contains data from Schewe,® Karangelen?® Farabee
and Casarella,! and Bull and Thomas!® for comparison. Schewe’s
results were obtained from measurementsat a single Reynolds num-
ber for variously sized transducers, but only the result obtained
with a sensor size of d* =19 is shown. The data of Karangelen?
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Fig.7 Kurtosis of the turbulent wall-pressure fluctuationsas a function
of Reynolds number based on momentum thickness Reg.

Farabee and Casarella,! and Bull and Thomas'® were obtained at
various Reynolds numbers while the size of the transducer was kept
constant. Hence, for those studies the nondimensional size of the
transducer increases with increasing Reynolds number.

Upon comparison of the different data sets shown in Fig. Sa, it
can be seen that the results from the current study are generally in
agreement with those of previously published results. In addition,
because the data set of the present study does not suffer from sig-
nificant spatial averaging effects, as demonstrated in Figs. 3 and
4, a Reynolds number trend can be inferred, and it is shown that
the quantity «/p’2/q, appears to become invariant with increasing
Reynolds number. Figure 5b shows the same data as in Fig. 5a but
with the rms of the turbulent wall-pressure fluctuations normalized
by the wall-shear stress 7,,. As observed in Fig. 5b, the data of the
present investigation are in good agreement with those of previ-
ously published results and show a slow variation with increasing
Reynolds number. _

To further investigate the asymptotic behavior of /p’> when
normalized by ¢, or 7,,, the spectra are normalized such that the
area under the curve represents p'2/gZ or p'2/t? and are shown in
Figs. 8aand 8b, respectively.Itcanbe seen from Fig. 8a thatthere are
two competing effects that contribute to changes in </p'2/qo with
Reynolds number: a low-frequency effect where the spectrum level
decreases with increasing Reynolds number and a high-frequency
effect where the spectrum level increases with increasing Reynolds
number. The combination of these gives the appearance that the
quantity v/ p’? /g, becomes invariantwith increasing Reynolds num-
ber. However, it is clear that 4/ p’? does not scale with the dynamic
pressure because the spectra in Fig. 8a do not collapse to a single
curve.

Figure 8b shows the spectra scaled such that the area under
the curve gives the quantity p'2/72. It is clear from Fig. 8b that
/P'%/7, increases, albeit slowly, with increasing Reynolds num-
ber due to the rise in the energy of the low-frequency region of the
spectra. Hence, the quantity +/p’?/t,, does not scale, i.e., become
Reynoldsnumberindependent,on 7,, eitherbutcontinuesto increase
slowly with Reynolds number, as was first seen in Fig. 5b. This find-
ing is in agreement with the conclusion of Farabee and Casarella,!
who utilized their own results along with those from other inves-
tigators to show that the ratio p’2/t, increases proportionally to
the natural log of Reynolds number based on friction velocity and
boundary-layerthickness Re, for Re, values larger than 333. This
logarithmic behavior was predicted earlier by Bradshaw'® and re-
cently supportedin a review paper by Bull.’

Figure 6a shows the skewness measured in the current study
as a function of Reynolds number. Also plotted are the results of
Schewe,® Kim,** and Karangelen? (Note that Ref. 24 is a DNS of
fully developed channel flow at Re, = 179.) From Fig. 6a it can be
seen that the results of both Schewe® and Karangelen®* indicate that
the turbulent wall-pressure fluctuationshave a negative skewness of
approximately —0.2. In addition, Karangelenindicates that with in-
creasing Reynolds number the skewness begins to approach that of
a Gaussianrandom variable, i.e., zero. However, the currentdata set
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Fig. 8a Wall-pressure spectra plotted in semilog format to examine
the scaling of /p’'2 on the dynamic pressure.
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Fig.8b Wall-shear stress.

shows both negative and positive skewness ranging from approxi-
mately —0.05 at the lowest Reynolds number to approximately 0.05
skewness at the highest Reynolds number.

The PDFs for both Rey = 1577 and 6241, whose skewness values
are equal to —0.05 and 0.05, respectively, are shown, along with a
Gaussian PDF, in Fig. 6b. As shown by Fig. 6b, the expected asym-
metry in PDFs with a skewness of —0.05 or 0.05 is not evident.
Therefore, the conclusion to be drawn is that the skewness values
observed in current and previous results of the wall-pressure fluc-
tuations for this Reynolds number based on momentum thickness
Re, range are essentially equal to zero.

Figure 7 shows the values of kurtosis obtainedin the currentstudy
as a function of Reynolds number along with the results of Schewe,®
Kim,?* and Karangelen?® From Fig. 7, it can be seen that there is
a general agreement with previously published data. Both the cur-
rent study and that of Schewe® and Karangelern?® predict a higher
flatness value than that of a Gaussian random variable. The cur-
rent study indicates that the kurtosis of the turbulent wall-pressure
signal is consistently around a value of 4.5 for all Reynolds num-
bers. The data of Karangelen show that the value of kurtosis de-
creases with increasing Reynolds number, but as stated earlier, the
effect of spatial averaging and Reynolds number have not been sep-
arated in these results. Hence, it cannot be concluded whether the
trend observed in the data of Karangelen is a true Reynolds num-
ber effect or a manifestation of the signal attenuation due to spatial
averaging.

C. Characteristics of the Wall-Pressure Spectra

Conventionally, investigations of the turbulent boundary-lay-
er scaling issues have predominately focused on inner- and outer-
scaling characteristics. It is assumed that the wall layer scales on v
and u,, whereas the outer layer of the boundary layer scales with
8 (or 0) and u,. These are not universally accepted as the proper
scales for the turbulent boundary layer, e.g., see Refs. 9, 25, and
26; however, we have used the classical description here. Of course,
the inner-layer structures and the outer-layer structures, as well as
structures in the overlap region, can contribute to the various fre-
quency ranges of the wall-pressure spectrum. For this investigation,
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wall-pressure quantities scaled on inner variables use t,,, v, and u,
to form all of the appropriatelength scales and timescales, whereas
outer scaling uses 7, §, and u,.

1. Comparison of the Wall-Pressure Spectra

Figure 2a shows the wall-pressure spectraobtained in the current
investigationat Re; =2953 and 7076 scaled on inner variables. Also
plotted are the spectra of Farabee and Casarella,! Olivero-Bally et
al.,”” and Schewe.® The currentresults seem to agree very well with
those from the other investigations. This is particularly encouraging
given that all four investigations were conducted in different facil-
ities and utilizing different measurement techniques. Of particular
interest is the agreement with the results from Schewe® because he
did notuse a pinholein conductinghis investigation. This reinforces
the argument pointed out by Farabee and Casarella! that carefully
designedand calibrated pinhole microphones provide accurate mea-
surements of p’. This argument was questioned earlier by Bull and
Thomas'® and more recently by Lofdhal et al.’

Lofdhaletal.® were able to utilize a flush-mounted MEMS sensor
to conduct wall-pressure measurements. The inner-scaled spectrum
results from Lofdhal et al. coincided with the measurements of both
Farabee and Casarella! and Schewe® at a single point only. Lofdhal
etal.? attributedthe discrepancywith Farabee and Casarella’s results
to the utilization of a pinhole in their measurements.! However, the
same argumentcould not be used to explain the discrepancy with the
results of Schewe® (which agree well with Farabee and Casarella’s
results), who also used a flush-mounted sensor for his investigation.
Infact,inadiscussionofthe Lofdhalet al. paper’ by Bandyopadhyay
et al.,”® concerns regarding the equilibrium nature of the flowfield
of Lofdhal et al. were raised.

The voltage spectra obtained at the lowest and highest Reynolds
numbers in this investigation, prior to application of the noise can-
cellation scheme and microphone calibration, are shown in Fig. 2b.
Also plotted is a wind-off spectrum representing the background
electrical noise, which sets the limit on the level of pressure fluc-
tuation that can be resolved. It can be seen that the spectrum at
Re, =7076 is more than three orders of magnitude above the elec-
tronic/ambient noise spectrum for the full frequency range of ac-
quisition. However, the spectrum obtained at the lowest Reynolds
number suffers from a poor signal-to-noiseratio at the highest fre-
quencies; therefore, the valid information is contained only at fre-
quencies approximately less than 700 Hz. This is also true for the
measurements at Re, = 1805 and 1955.

2. Turbulent Source Identification of the Wall-Pressure Spectra

The current investigation examines the scaling characteristics of
the turbulent wall-pressure spectrum. Both inner (z,, u,, v) and
outer (t,, 4., 8) scaling is implemented to determine which tur-
bulent structures are the dominant motions for a given frequency
range in the spectrum.

Figures 9 and 10 show the turbulent wall-pressure spectra ob-
tained using the 0.318-mm pinhole normalized on inner and outer
variables, respectively. Figure 9a contains all of the spectra of the
currentinvestigationscaled on inner variables. Figure 10 shows the
same spectra but normalized using outer variables. In Fig. 9a, for
the frequency range of w® < 0.1, the inner-scaled spectra show a
Reynolds number variation where the energy content of the spec-
tra increases with increasing Reynolds number. This effect can be
better seen in Fig. 9b, where only three cases are plotted. Note that
the horizontal error bar in Fig. 9b represents an uncertainty of £6%
along the w™ axis due to normalization by u,, whose uncertainty is
+3%, as discussedin Sec. II.C. A similar error bar along the ¢;,p,
axis is unnoticeable because of the linear scale.

In Fig. 10, the corresponding frequency range, when normalized
on outer variables, is approximately w® < 70.0. In this frequency
range the spectra collapse to a single curve. This indicates that
the low-frequency range of the turbulent spectra scales on outer
variablesand that the pressure fluctuations associated with the large-
scale motion dominate that region of the spectrum. A second feature
is the peak in the turbulent spectra when scaled on outer variables.
Although the peak region is rather broad, it is observed at a nondi-
mensional frequency of w® 2 55.0 for all Reynolds numbers. This
result is in agreement with the observations made by Farabee and

20 e —— —rrr —
10 Re9=1577 —
== Re, = 1805
[ #——@Re, = 1955
"& 0} 4——aARe,=2953 -
o | +——<Re,=2972
= ¥—¥ Re, = 3509
8 -10 | »——>Re,=4548 -
| ——xRe,=4972
G——oORe, = 4986
20 | @——8Re,=6241 .y
| o——0Re,=7076
.30 Ll R R |
0.01 0.1 1
a) Y
20 T ' R ' R
10 | -
®&—@Re,= 1577
T 0} ¥—¥ Re, = 3509 N
(="
e o——= Re, = 7076
F;
s -0} .
20 b +- 6% H ]
.30 | ] M |
0.01 0.1 1
b) o

Fig.9 Wall-pressure spectra obtained under the 0.318-mm-diam pin-
hole scaled on inner variables: a) all of the cases and b) three cases
to demonstrate the Reynolds number variation in the low-frequency
region.
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Fig.10 Wall-pressure spectra obtained under the 0.318-mm-diampin-
hole scaled on outer variables.

Casarella,! who found the peak in the turbulent spectra to occur at
o’ =50.

The spectra, for the range of Reynolds numbers investigated,col-
lapse to a single curve when scaled on inner variables for ot > 0.2
or when scaled on outer variables for w” < 200.0 (Figs. 9 and 10).
This region is typically referred to as the overlap region. It can be
shown that the size of a turbulent eddy that scales with both inner
and outer variablesis proportionalto the location of the eddy above
the wall. In other words, the length scale of such a turbulent eddy
scales on its height y in the boundary layer. These eddies are known
as attached eddies®® and have been argued, e.g., by Perry et al.,>°
to be the dominant turbulent motion in the logarithmic part of the
boundary layer. Thus, it is reasonable to expect the contribution to
the spectrain the middle-frequencyrange to be primarily due to tur-
bulent motions in the logarithmic part of the boundary layer. This
conclusion has also been pointed out by Farabee and Casarella.!
As discussed by Panton,'? the lower bound, in w*, and the upper
bound, in w?, for the overlapregion is Reynolds number dependent.
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In other words, for increasing Reynolds number a larger range of
the spectra collapses on both inner and outer variables.

The third frequencyrange of interestbegins at the end of the over-
lap region and shows that the wall-pressure spectra collapse when
scaled on inner variables but exhibit a Reynolds number trend when
normalized by outer variables, where the energy level increases with
increasing Reynolds number. This trend is also in agreement with
that observed by Farabee and Casarella.!

3. Power Law Features in the Wall-Pressure Spectra

In addition to the scaling characteristics, the shape of the tur-
bulent spectrum is used by researchers to develop models of the
wall-pressure signature. Over the years, different researchers have
shown, using scaling arguments, that the wall-pressure spectrum for
a certainfrequencyrange should obey a power-law type of behavior,
ie., ¢, (w) ~ ", where n is dependenton the frequency range of
the turbulent spectrum.

The scaling analysesby Bradshaw'? and Panton and Linebarger'!
predict a region where the spectra collapse on both inner and outer
variables.In addition,they have shown that thisregionshouldexhibit
an w~! behaviorandit can be associated with pressure sourcesin the
logarithmic part of the boundary layer. Figure 11 shows spectra ob-
tained at Re, = 1577 (left-hand panel) and Re, = 7076 (right-hand
panel) scaled on inner variables. From Fig. 11 (right-hand panel), it
can be seen that the current results show that a rather significant por-
tion of the spectrum exhibits an w~! behavior for 0.16 < w* < 0.4.
Recall that the lower bound, in w™, is Reynolds number dependent.
Therefore, the frequency range over which the spectra exhibits the
™! behavior decreases with decreasing Reynolds number. This is
seenin Fig. 11 (left-hand panel), where the extent of the w~! region
is smaller or even nonexistent. Recent results from Olivero-Bally et
al.?” also show a significant region of @™~ over the frequency range
of 0.07 < w® < 0.5 that is in agreement with the current study. In
addition, the current results are in agreement with the results of
Farabee and Casarella' in that both investigations show an overlap
region. However, Farabee and Casarella do not show as wide of a
range of w ™! behavior, possibly due to the noise cancellationscheme
used in their investigation !

Monin and Yaglom'? theorized an w~"/> behavior for locally
isotropic turbulence. More recently, Olivero-Bally et al.”’ have
shown that this portion of the spectrum receives contributions from
pressure sources in the highest part of the buffer zone of the bound-
ary layer. In Fig. 11, it can be seen that there is a small region in
the turbulent wall-pressure spectra that exhibits this behavior for
the frequency range of 0.4 < @™ < 0.7. This is in agreement with
Schewe,® who observed this power law behavior over the range
0.4 < w™ < 0.8, and with Olivero-Bally et al..”” who also show this
behavior for the frequency range of 0.5 < w™ < 1.0. However, one
could debate whethera —% slope existsin the presentdata. We show
a —% slope on the spectrum plot for the sake of completeness and
comparison with the results of other researchers.

Finally, Blake'* theorized an w3 scaling behavior in the high-
frequency region of the turbulent wall-pressure spectrum. He as-
sociated this behavior with sources in the boundary layer below
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Fig.11 Power law features present in the wall-pressure spectra.

¥y =yu, /v ~20 (Ref. 27). The current results show this ™ be-
havior for the frequency range of 1.0 < w™ < 3.0 (Fig. 11) and are
in agreement with the w~° region observed by Olivero-Bally et al.,
whose spectra exhibited this behavior for the frequency range of
1.0<w™ < 1.6.

IV. Conclusions

The effect of spatial averaging on wall-pressure measurements
was studied by measuring the wall-pressure fluctuations with a mi-
crophone under pinholes of various size in the range 2 <d* <27.
It was found that the maximum allowable nondimensional sens-
ing diameter to avoid spectral attenuation for frequencies up to
ft=fv/u’=1isin the range 12.0 <d* < 18.0. This spectral at-
tenuation resulted in a barely observable reduction in the overall
rms level of the wall pressure for d* < 27.0. For the same sensor
size range, it was also shown that there was no significant effect on
the skewness and kurtosis.

The variation of turbulent wall-pressure statistics with Reynolds
number was also studied. It was found that both /p'2/q, and
/P'%/ 7, varied with Reynolds number and that scaling of the spec-
tra has shown that the structures responsible for the generation of
the pressure fluctuations at the wall do not scale with the freestream
velocity or the wall shear stress. Also, it was found that the wall-
pressure fluctuations have a kurtosis value of approximately 4.5,
which is larger than a Gaussian variable, and skewness very close
to zero.

Turbulent source identification by spectral scaling methods has
indicated that turbulence activity in the outer part of the boundary
layer is responsible for the contributionto the low-frequencyrange
of the wall-pressure spectrum. In addition, the middle-frequency
range of ¢, is seen to scale on both inner and outer variables,
indicating that pressure sources in the logarithmiclayer are respon-
sible for contributions to this region of the spectrum. Finally, the
high-frequency region of the spectra was seen to scale on inner
variables, indicating that the wall region of the boundary layer is the
dominant source of the high-frequency pressure fluctuations. These
findings agree with previously published results.

Turbulent wall-pressure spectra exhibited the power law be-
havior predicted by previous researchers. Specifically the spec-
tra were shown to have a —1 slope for the frequency range of
0.16 < @™ < 0.4. Furthermore, an w~> behavior was seen in the
high-frequency region of the spectra for 1.0 < w® < 3.0.
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