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Surface Pressure Fluctuations Beneath Two- and
Three-Dimensional Turbulent Boundary Layers

Michael C. Goody¤ and Roger L. Simpson†

Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061-0203

Surface pressure � uctuation measurements were made in two-dimensional turbulent boundary layers at two
Reynolds numbers (Reµ = 7:3 £ £ 103 and 2:34 £ £ 104) and pressure-driven three-dimensional turbulent boundary
layers at two Reynolds numbers (approach Reµ = 5:94 £ £ 103 and 2:32 £ £ 104 ). The collapse of spectral levels at
middleand highfrequencies and the effects of innerandouter boundary-layerscalingvariablesare shown fora wide
rangeof Reynolds numbers (1:4 £ £ 103 < 2:34 £ £ 104 ) for the two-dimensional� ows. Such scaling parameters do not
collapse the pressure spectra beneath three-dimensional � ows, which have a nearly constant, or � at, midfrequency
range, and at some measurement stations and spectral levels within the � at- and high-frequency spectral ranges
that signi� cantly raise p 0 . Additionally,dimensional spectral levels within the � at-frequency range are independent
of Reynolds number. Analysis based on the Poisson equationshows that the variationof the high-frequency spectral
levels is related to the variation in near-wall mean velocity gradients and v2 structure due to the spanwise pressure
gradient.

Nomenclature
d = pressure transducer sensing diameter
d + = u s d / m , nondimensional
d X = differential volume element
d X + = d X u3

s / m 3, nondimensional
f = frequency, Hz
k1, k3 = wave number vector components in the x and z

directions, respectively
k +

1 , k +
3 = u s k1 / m and u s k3 / m , nondimensional

p = pressure � uctuation at the surface (wall)
Qe = dynamic pressure at the edge of the boundary

layer, 1
2
q U 2

e
Re d = boundary-layerthickness Reynolds number,u s d / m
Reh = momentum thickness Reynolds number, U 1 h / m
rS = distance between a point on the surface where

pressure � uctuations are measured and the point
in the � ow that is the source of the pressure
� uctuations

r +
S = u s rS / m , nondimensional

t = time
tmax = maximum thickness of the wing, 7.17 cm
U, V , W = mean velocity components in the x , y, and z

directions, respectively
UC = magnitude of the convection velocity

of pressure � uctuations
UC1 , UC3 = convection velocity vector components in the x

and z directions, respectively
Ue = total velocity at edge of the boundary layer
U + , V + , W + = U / u s , V /u s , w / u s , respectively,nondimensional
U 1 = wind-tunnel freestream velocity
u, v, w = � uctuating velocity components in the x , y, and z

directions, respectively
u s = friction velocity, ( s W / q )1/ 2

u + , v + , w + = u /u s , v / u s , and w /u s , respectively,
nondimensional

v x = amplitude of the v-� uctuating velocity
component at a particular frequency
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x = streamwise coordinate
y = wall-normal coordinate
y+ = u s y / m , nondimensional
z = spanwise coordinate
b FS = freestream mean � ow angle measured relative

to the wind-tunnel centerline
b W = near-wall mean � ow angle measured relative

to the wind-tunnel centerline
D = boundary-layerthickness based on the velocity

defect law, Ue d
¤ /u s

d = boundary-layerthickness; distance from the wall
where (U 2 + W 2)1/ 2 / Ue =0.995

d ¤ = boundary-layermagnitude displacement
thickness,

1

0

1 ¡
p

U 2 + W 2

Ue
dy

h = boundary-layerstreamwise momentum thickness,

1

0

1 ¡
U

Ue

U

Ue
dy

m = kinematic viscosity of air
q = mass density of � ow
s W = shear-stress magnitude at the surface (wall)
U = power spectrum of surface pressure

� uctuations such that

p2 =
1

0

U ( x ) dx

U 0 = U u s / s 2
W d , nondimensional

U + = U u2
s / s 2

W m , nondimensional
x = circular frequency, rad/s
x 0 = x d /u s , nondimensional
x + = x m / u2

s , nondimensional

Superscript

0 = root mean square value of a � uctuating quantity

I. Introduction

T HE pressure� uctuationsin a three-dimensionalturbulentshear
� ow on a body are a source of noise and vibration. Though
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common, the sources of p are not well understood and are dif� cult
to model. An increased understanding of the physics of this � ow-
� eld may improve the calculation,and perhaps control, of the noise
generated by undersea vehicles and the handling characteristics of
aircraft at high angle of attack.

Most practical� ows encounteredin natureare three dimensional.
Therefore, an understanding of the complex � ow physics of three-
dimensional � ow are of practical engineering interest. The velocity
� eld of each of the three-dimensional,pressure-driven� ows of the
present study is well documented for a wide range of Reynolds
numbers. Detailed references are given by Ölçmen and Simpson,1

Simpson,2 and Fleming and Simpson.3 Previous studies of the
surface pressure � uctuations in the three-dimensional � ow of the
present study are con� ned to the highly unsteady � ow near the
wing–body junction in front of the nose of the wing. Rife et al.4 ex-
amined the relationship between the bimodal velocity and surface
pressure � uctuations and Ölçmen and Simpson5 studied the effect
of wing shape on surface pressure � uctuations in the nose region.
The presentstudy investigates p in the three-dimensional� ow away
from the wing–body junction.

Most fundamental experimental investigations of p beneath a
turbulent boundary layer have been con� ned to equilibrium, or
near-equilibrium, two-dimensional boundary layers.6 ¡ 8 In equilib-
rium boundary layers, velocity-pro�le similarity scales based on
inner and outer boundary-layervariables have been shown to scale
high- and low-frequency regions of the surface pressure spectrum,
respectively.9,10 Recent reviews of the scaling behavior of the pres-
sure power spectrum have been done by Keith et al.11 and Bull.12

Some uncertaintyin themeasuredbehaviorhas been attributedto the
observed Reynolds number dependence of p 0 (Refs. 6 and 10), the
limited high-frequency response of transducers due to � nite sens-
ing area,13 ¡ 16 and the presence of pressure � uctuations due to non-
turbulent sources, that is, external acoustic and vibration.7,10,17

Surface pressure � uctuationsbeneath a turbulent boundary layer
are relatedto velocity� uctuationswithin the boundarylayer through
a Poisson-typedifferentialequation.18 ¡ 20 The Poissonequationmay
be integrated and shows that surface pressure � uctuations are pro-
duced from large regions of the � ow. However, the in� uence of a
given source falls off as 1/ rS .

Much analysis of surface pressure � uctuations beneath equilib-
rium, two-dimensionalboundary layers exists in the literature;how-
ever, the same is not true for complex three-dimensionalboundary
layers. Panton21 reformulated the two-dimensional spectral model
of Witting22 to three dimensions by converting frequency to phase
velocity and assuming two distinct convection velocities: one for
the inner boundary layer and another for the outer boundary layer.
He concluded that the conversion from frequency to phase velocity
and convectionvelocitywas viable; however, a continuousfunction
for the convectionvelocity across the boundary layer was likely re-
quired, rather than only two distinct values. More data, such as the
present study, are needed to quantify features of surface pressure
� uctuations that are unique to three-dimensional � ows. Such data
are directly related to the noise and vibration produced by practical
three-dimensional� ows.

II. Experimental Apparatus and Techniques
The measurementswere made in the boundary-layerwind tunnel

of the Aerospace and Ocean Engineering Department at Virginia
Polytechnic Institute and State University. The tunnel has a 24-ft-
long test section with a rectangular cross section that is 3 ft wide
with variable height to adjust the streamwise freestream velocity.
The nominal freestream air speed was 27.5 m/s for the two lower
momentum thickness Reynolds number � ows and 32.0 m/s for the
two higher momentum thickness Reynolds number � ows. All mea-
surements were made at ambient pressure and a temperature of
25±C § 1±C.

The pressure-driven,three-dimensionalturbulent boundary layer
was produced by a wing–body junction geometry. The wing used
has a 3:2 elliptical nose, NACA 0020 tailed wing pro� le. It has
a maximum thickness of 0.0717 m, a chord length of 0.305 m,
and a height of 0.232 m. The wing was mounted at zero angle
of attack with the leading edge 0.302 m downstream of the test

Fig. 1 Wing shape and measurement stations.

section entrance in the Reh = 5.94 £ 103 � ow and 0.707 m down-
stream of the test section entrance in the Reh =2.32 £ 104 � ow. A
0.0037-m gap was left between the ceiling of the test section and
the top of the wing model to prevent the formation of a second
horseshoevortex. Measurements of p were made at 10 stations that
traverse one side of the wing (Fig. 1) and are away from the wing–

body junction horseshoevortex. In Fig. 1 solid arrows are the wall-
shear-stress direction in the Reh =5.94 £ 103 � ow (b W in Table 1).
Open arrows are the freestream direction in the Reh =5.94 £ 103

� ow (b FS in Table 1). The y coordinate is normal to the paper,
forming a right-handed coordinate system. The measurement sta-
tions were chosen based on the existence of previously reported
mean velocity, Reynolds stress, triple products, and skin-friction
measurements.1,23 ¡ 27 Some relevant � ow parameters are given in
Tables 1 and 2. The two-dimensional zero-pressure-gradient � ows
were produced by removing the wing. In the Reh =7.3 £ 103 � ow,
measurements were carried out 0.303 m downstream of the test
section entrance. In the Reh =2.34 £ 104 � ow, measurements were
carriedout 0.696m downstreamof the test sectionentrance.Stream-
wise traverses showed a closelyconstantfreestreamvelocity (§2%)
when the wing was removed.25

The pressure transducerwas an Endevco model 8507-C2, which
has a � at-frequency response from 0 to 70 kHz. The transducer
signal was ampli� ed by a Measurements Group Model 2310 strain
gauge conditioning ampli� er and stored to 12-bit precision by an
IBM-typepersonalcomputer.The surfacepressure� uctuationswere
sampled at 67 kHz. At each location,512 recordsof 32,768 contigu-
ous samples per record were acquired. The total sampling period at
each measurement location was 16 min to ensure that all relevant
timescaleswere measured. (A time intervalwas allowed to elapse in
betweentheacquisitionofeachcontiguousrecordof datato lengthen
the total sample period. These time intervals were not necessarily
equal to one another.)

Access to the � ow� eld was provided through a 5 £ 10 ¡ 4 m diam
pinhole, which was used to decrease spatial averaging.The pinhole
and associated dead volume have a second-order transfer function
that is � at within the frequency range of interest here with a res-
onant frequency near 28 kHz. The sensitivity was calibrated by
applying a known constant pressure to the pressure transducer and
measuring the output voltage. The pinhole was used to increase
spatial resolution; otherwise, contributions to the pressure � uctua-
tion from sources that are smaller than the transducer sensing area
would be spatially integrated and, thereby, attenuated. This effect
has been investigated,13 ¡ 16 and Corcos13 provides a correction to
the wall pressure spectrum in terms of x d /2UC , where x / UC is the
wave number. Schewe14 maintains that this correction is adequate
for x d /2UC < 4.Recently,Lueptow15 reportedsimilar results.In the
present study, x d /2UC < 2.5, assuming that UC = 14u s (Ref. 28).
Gravante et al.16 asserted that the maximum allowable sensing di-
ameter to avoid spectral attenuation at high frequencies is in the
range12 < d + < 18, and for d + < 27 the reduction in p 0 was “barely
observable.”16 In the present study, 26 < d + < 40. To have d + ·18
here would require a pinhole diameter of 2.25 £ 10 ¡ 4 m, which in
turn would lower the Helmholtz resonant frequency of the pinhole
to 12.6 kHz. A resonant frequencyof 12.6 kHz would signi� cantly
affect the measured high-frequencyspectral values and, thus, offset
any bene� t of better spatial resolution.
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Table 1 Some relevant boundary-layer parametersa

@C p

@(x / tmax )
W C

@C p

@(z / tmax)
W C

Station Ue , m/s d ¤ £ 103 , m Qe , Pa b W , deg b FS , deg

Reh = 7.3 £ 103 (two-dimensional) and 5.94 £ 103 (three-dimensional)b

Two-dimensional 27.1 6.20 399 —— —— —— ——
0 26.4 N/A 379 N/A N/A ¡ 6.1 ¡ 1.7
1 24.9 6.90 340 0.069 0.112 ¡ 11.5 ¡ 2.6
2 24.8 7.54 337 ¡ 0.054 0.208 ¡ 24.0 ¡ 4.8
3 25.3 6.86 351 ¡ 0.378 0.146 ¡ 33.7 ¡ 8.6
4 27.3 5.53 409 ¡ 0.449 ¡ 0.097 ¡ 30.6 ¡ 9.5
5 29.5 5.37 477 ¡ 0.416 ¡ 0.218 ¡ 19.7 ¡ 7.7
6 30.5 5.24 511 ¡ 0.287 ¡ 0.400 ¡ 7.2 ¡ 5.1
7 31.0 5.20 528 0.042 ¡ 0.480 ¡ 3.5 ¡ 2.7
8 30.9 5.08 524 0.085 ¡ 0.320 2.6 1.0
9 30.5 5.68 511 0.080 ¡ 0.159 4.7 2.8

Reh = 2.34 £ 104 (two-dimensional) and 2.32 £ 104 (three-dimensional)c

Two-dimensional 31.3 15.8 543 —— —— —— ——
0 31.0 N/A 532 N/A N/A N/A N/A
1 29.3 22.8 470 0.049 0.100 ¡ 10.8 ¡ 2.2
2 28.7 18.4 451 ¡ 0.049 0.168 ¡ 23.1 ¡ 4.7
3 29.0 16.8 462 ¡ 0.320 0.131 ¡ 31.2 ¡ 7.7
4 31.1 17.3 530 ¡ 0.391 0.020 ¡ 25.7 ¡ 8.8
5 33.0 13.7 598 ¡ 0.336 ¡ 0.159 ¡ 16.3 ¡ 8.0
6 34.7 17.2 660 ¡ 0.268 ¡ 0.317 ¡ 10.3 ¡ 5.7
7 35.5 12.9 694 0.007 ¡ 0.255 ¡ 3.8 ¡ 2.7
8 35.2 13.0 682 0.028 ¡ 0.162 4.2 0.6
9 34.3 13.5 650 0.061 ¡ 0.117 6.6 2.3

aPressure gradients are in wall-shear-stress coordinates. bFlow data of Ölçmen and Simpson.24 cFlow data of Ölçmen et al.25

Table 2 Some relevant boundary-layer parameters

Reh = 7.3 £ 103 (two-dimensional) and Reh = 2.34 £ 104 (two-dimensional) and
Locationa 5.94 £ 103 (three-dimensional)b 2.32 £ 104 (three-dimensional)c

Station x £ 102 , m z £ 102 , m u, m/s m , m2/s ( £ 105 ) s w , Pa d + u s , m/s m , m2 /ss ( £ 105 ) s w , Pa d +

Two-dimensional —— —— 0.98 1.69 1.04 29.5 1.03 1.66 1.17 31.5
0 ¡ 11.40 ¡ 3.35 1.15 1.69 1.44 34.6 N/A 1.66 N/A 30.6
1 ¡ 8.89 ¡ 3.68 0.86 1.68 0.818 26.2 0.91 1.68 0.906 27.5
2 ¡ 5.82 ¡ 4.45 0.87 1.68 0.821 26.2 0.92 1.68 0.918 27.7
3 ¡ 3.38 ¡ 5.18 0.96 1.68 1.00 29.0 1.09 1.68 1.31 33.2
4 ¡ 1.19 ¡ 6.55 1.11 1.67 1.35 33.7 1.24 1.68 1.68 37.5
5 0.66 ¡ 7.47 1.15 1.67 1.45 34.9 1.21 1.67 1.60 36.7
6 3.02 ¡ 8.38 1.16 1.67 1.48 35.3 1.21 1.67 1.60 36.7
7 5.51 ¡ 8.97 1.20 1.67 1.58 36.5 1.30 1.67 1.88 39.8
8 9.30 ¡ 9.35 1.02 1.67 1.15 31.1 1.13 1.67 1.40 34.4
9 13.11 ¡ 9.30 1.01 1.67 1.12 30.7 1.10 1.66 1.35 33.8

aLocations of the measurement stations given in coordinate system with an origin and orientation identical to Fig. 1 and are the same for both Reynolds number � ows.
bData taken from Ölçmen and Simpson.24

cData taken from Ölçmen et al.25

The pressure transducer was mounted within a housing unit de-
signed for these experiments. The housing unit was mounted � ush
with the surface of the test section and supported from the � oor be-
neath the wind tunnel. The diameter of the unit was 1.55 £ 10 ¡ 2 m,
and the hole in the test surface was 1.65 £ 10 ¡ 2 m in diameter. The
resultinggap between the housingunit and the test surface mechani-
cally isolated the housingunit from the wind tunnel. This prevented
tunnel vibration from contaminating the surface pressure measure-
ments. The gap was covered with 3 £ 10 ¡ 5 m thick cellophane tape
to provide continuity of the surface while maintaining mechanical
isolation of the housing unit. The tape did not contribute to sur-
face roughnessbecause the thickness of the tape is smaller than the
viscous sublayer (·2.3 m /u s ).

Another techniquewas used to further isolate p due to turbulence
from � uctuations due to other sources. Measured pressure signals
are usually contaminated by coherent, facility-related acoustic in-
puts and external vibration of the transducer.The noise cancellation
technique used by Ölçmen and Simpson,5 which is similar to those
used by Agarwal and Simpson17 and McGrath and Simpson,7 was
used to eliminatethese effects.Noisecancellationtechniquesrelyon
the relativelysmall coherenceof turbulence-producedp in time and
space. In the present study, the signal from a single transducer was
delayed by the period of a given frequencyand subtracted from the

originalsignal, canceling the contributionsfrom coherentsourcesat
that frequencyand higher harmonics. The time delay was chosen to
be identical to the bin width of the power spectrum. In this way, the
coherent contributions of sound and vibration are eliminated from
each spectral value.

III. Uncertainty Estimates
The experimental uncertainty for the spectral power density

of surface pressure � uctuations is within §0.7 dB including the
calibration, � nite bandwidth, and � nite record length effects.29 The
uncertainty in p 0 due to the uncertainty in each spectral estimate is
§10%. The uncertainty is §0.075 in U / u s , §0.05 for W / u s , and
§0.029forv2 /u2

s for the lowermomentumthicknessReynoldsnum-
ber � ows.24 The uncertaintyis §0.63 in U /u s , §0.29 for W/u s , and
§0.11 for v2 /u2

s for the highermomentum thicknessReynoldsnum-
ber � ows.25 The uncertaintyin u s at measurementstations0–7 in the
lower momentum thickness Reynolds number, three-dimensional
� ows (given by Ailinger23) is §5%. The u s values at all of the other
measurement stations in the three-dimensional � ows were calcu-
lated in Refs. 24 and 25 using a curve-� t procedure that is discussed
in Secs. IV.A and IV.B. The analysis of Madden30 shows that the
curve-� t procedureyields values of u s that are repeatable to within
§5%.
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IV. Results and Discussion
A. Two-Dimensional Flows

Relevant boundary-layer � ow parameters are given in Tables 1
and 2. The velocity � eld measurements of the lower Reh (=
7.3 £ 103 ) two-dimensional boundary layer are reported by
Ölçmen and Simpson24 and of the higher Reh (=2.34 £ 104) two-
dimensional boundary layer by Ölçmen et al.25 Figures 2 and 3
include pro� les of U + , and Figs. 4 and 5 show pro� les of the v +2

Reynolds stress. The U + pro� les exhibit law-of-the-wallsimilarity,

U + = (1/ j ) (y + ) + C (1)

where j and C are constants. Ölçmen and Simpson24 calculated u s

in the lower-Reynolds-number� ow by � tting the U data to Eq. (1)
using Coles’s31 constants j =0.41 and C =5. Ölçmen et al.25 cal-
culated u s in the higher Reynolds number � ow by averaging the u s

determinedby � tting the U data to Eq. (1) usingColes’s31 constants,
the u s determined by � tting the near-wall U data to Eq. (1) using
the constants of Fernholtz et al.32 ( j = 0.4 and C =5.1), and the u s

determined by � tting the near-wall U data to a near-wall law of the
wall33:

U = ay ¡ by4 (2)

where a = u2
s / m .

Fig. 2 U+ meanvelocity pro� les inwall-shear-stress coordinates (Reµ =
5:94 £ £ 103 ); numbers denote measurement station (data from Ölçmen
and Simpson24 ).

Fig. 3 U+ mean velocity pro� les in wall-shear-stress coordinates
(Reµ = 2:32 £ £ 104); numbers denote measurement station (data from
Ölçmen et al.25).

Fig. 4 Parameter v+2 Reynolds normal stress pro� les in wall-shear-
stress coordinates (Reµ = 5:94 £ £ 103 ); numbers denote measurement
station (data from Ölçmen and Simpson24 ).

Fig. 5 Parameter v+2 Reynolds normal stress pro� les in wall-shear-
stress coordinates (Reµ = 2:232 £ £ 104 ); numbers denote measurement
station (data from Ölçmen et al.25).

1. Spectral Scaling of Surface Pressure Fluctuations
Scaling characteristicsof the power density spectrum of p show

which turbulentstructuresaredominant for a given frequencyrange.
For the following comparisons, the spectra presented are single
sided. This required multiplying the power spectra of McGrath and
Simpson,7 Blake,9 and Farabee and Casarella10 by a factor of 2 (or
equivalently adding 3 dB) to make them consistentwith this de� ni-
tion.Additionally,the data of McGrathandSimpson7 presentedhere
is an unpublishedrereductionof the original data by Shinpaughand
Simpson that corrected for the low-frequency response (<100 Hz)
of their transducer.

The high-frequency end (x + > 0.15) of the p spectra collapse
to within measurementuncertaintywhen nondimensionalizedusing
innerboundary-layervariables( m /u s , u s , and s W ) andagreewith the
earliermeasurementsat comparablemomentumthicknessReynolds
numbers (Fig. 6). This indicates that the high frequency p is due
to inner layer turbulent motions near the wall. Note that no spatial
resolution correction, that is, Corcos correction,13 has been applied
to the spectra presented here. The favorable comparison with other
data (Fig. 6) indicate that a correction is not required. The spectra
decrease as x ¡ 5 for x + > 0.8. The high frequency x ¡ 5 decay has
been postulated and observed beneath two-dimensional boundary
layers.7,18

The discrepancy between the inner-scaled spectra for x + > 0.5
can be attributed to transducer resolution limitations. Contributions
to p from sources that are smaller than the transducer sensing
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Fig. 6 Spectral power density of p beneath two-dimensional � ows
scaled on inner boundary-layer variables (v/u¿ , u¿ , ¿W ).

area are spatially integrated and, thereby, attenuated.For x + > 0.5,
the lower spectral values are reported by Blake9 (d + > 43) and
the higher spectral values are the present data at Reh = 2.34 £ 104

(d + =31). A lowervalueof d + indicatesbetter transducerresolution
of small-scale, high-frequency � uctuations.

There is generalagreement in the literatureon the proper time and
pressure scales for the p spectrum at high frequencies. The same
is not true for the p spectrum in the low- and middle-frequency
ranges. Many researchers, such as Blake9 and Keith et al.,11 have
used Qe as a pressure scale and d ¤ / Ue as a timescale in addition
to s W as a pressure scale and d ¤ / Ue as a timescale. Farabee and
Casarella10 and Gravante et al.16 used s W as a pressure scale and
d /u s as a timescale.

In the present study, the p spectra for various investigations
that cover a wide range of Reynolds numbers (1.4 £ 103 < Reh <
2.34 £ 104) were made nondimensional using the length scales d
and d ¤ , velocity scales u s and Ue , and pressure scales s W and Qe.
None of the eight possible scaling combinations successfully col-
lapsed the p spectra at the lowest frequencies presented here. Note
that the data of Farabee and Casarella10 collapseusing Qe as a pres-
sure scale and d ¤ / Ue as a timescale for x d ¤ / Ue < 0.03, which is
outside the frequency range of all other p spectra presented here.
Within the middle-frequency range, the p spectra collapse when
non-dimensionalizedusing s W to scale pressure independentof the
timescale used. Figure 7 shows the p spectra scaled on s W and
d /u s as an example. The spectra collapse in the frequency range
100 < x 0 < 500, which is the lower end of the overlap range of
Farabee and Casarella.10

It has been postulated,6,8,18,34 using arguments relating the exis-
tence of an inner scaling and an outer scaling, that an overlap region
exists in the p spectrum beneath two-dimensional boundary layers
at high Reynolds number. Both an inner and an outer boundary-
layer scaling collapse the power spectrum in the overlap region.
(The theoretical arguments that support the existence of an over-
lap region require speci� c forms for the inner- and outer-scaling
laws. See Refs. 6, 8, 18, and 34 for further discussionof this issue.)
Bradshaw6 argued that the p spectrum in this region decreases as
x ¡ 1 and is due to universal turbulent motions within the log layer
where the convection velocity approaches the local mean velocity.
The size/existence of this region increases as boundary-layerthick-
ness Reynolds number increases and is related to Kolmogorov’s
hypothesis35 of an energy cascade.

The p spectrum for the higher momentum thickness Reynolds
number � ows (Reh > 1.88 £ 104 ) exhibit an overlap region. For the
present data at Re =2.34 £ 104 the frequency range 0.03 < x + <
0.06 corresponds to 250 < x 0 < 500. Examination of Figs. 6 and 7
reveals that both scalings collapse the p spectra and follow a power
law decay within this range. An x ¡ 1 decay is included in Figs. 6
and 7 because it has a theoreticalbasis.However, the observedspec-
tral decay is closer to x ¡ 0.8 . Blake9 observed an x ¡ 0.75 decay, and

Fig. 7 Spectral power density of p beneath two-dimensional � ows
scaled on outer boundary-layer variables (±, u¿ , ¿W ).

Fig. 8 Root mean square of p as a function of Reynolds number based
on boundary-layer thickness.

McGrath and Simpson7 observed an x ¡ 0.7 decay within the overlap
region. Note that exact slopes are dif� cult to measure. Also notable
is that the size of the middle-frequencyrange in which the p spectra
exhibita power law decay increaseswith Reynoldsnumber.The low
Reh (=1.4 £ 103) p data of Schewe14 only tangentially approach a
power law decay whereas the high Reh (=2.34 £ 104 ) p data of the
present study exhibit a power law decay for 30 < x 0 < 2000.

2. Root Mean Square of Surface Pressure Fluctuations
Each of the p spectra was integrated to obtain p2 values. Figure 8

shows p 0 / s W as a function of boundary-layer thickness Reynolds
number. Although there is scatter in p 0 / s W values due to trans-
ducer resolution limitations and accumulated experimental errors
in individual frequency-spectral values, there is a general trend
of increasing p 0 / s W with boundary-layerthickness Reynolds num-
ber. Previous investigations6,8,10,12 have found that p 0 / s W increases
logarithmically with Reynolds number. Farabee and Cassarella10

propose an equation for p2 / s 2
W (solid line in Fig. 8):

p2

s 2
W

=
6.5 (Red · 333)

6.5 + 1.86 (Red / 333) (Red > 333) (3)

by numerically integrating their measured spectra and accounting
for the Reynolds number dependence of the overlap region. The
trend shown in Fig. 8 is consistent with a logarithmic increase
in p 0 / s w with Reynolds number; however, the level proposed by
Farabee and Casarella10 is lower than most of the data shown in
Fig. 8.
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Table 3 Variation of p2 and p0 for the lower Reynolds number � ows and low- and high-frequency contributions to the p2 integrala

Contribution to p2 integral, Pa2

Station p2 , Pa2 < 1 kHz >1 kHz p 0 / s W p 0 / Qe p2, Pa2 Non� at

Reh = 7.3 £ 103 (two-dimensional) and 5.94 £ 103 (three-dimensional)
Two-dimensional 12.9 5.4 42% 7.5 58% 3.44 0.0090 —— ——
0 13.7 7.3 53% 6.4 47% 2.57 0.0098 —— ——
1 14.8 8.3 56% 6.5 44% 4.71 0.0114 —— ——
2 17.5 10.8 62% 6.7 38% 5.10 0.0124 —— ——
3 21.4 14.7 69% 6.7 31% 4.61 0.0132 —— ——
4 27.7 13.1 47% 14.6 53% 3.90 0.0129 21.9 79%
5 17.6 10.1 57% 7.5 43% 2.89 0.0088 15.8 90%
6 20.7 8.2 40% 12.5 60% 3.08 0.0089 17.1 82%
7 28.7 8.1 28% 20.6 72% 3.39 0.0102 20.2 70%
8 30.6 7.9 26% 22.7 74% 4.80 0.0106 23.2 76%
9 33.0 9.5 29% 23.5 71% 5.12 0.0113 23.2 70%

Reh = 2.34 £ 104 (two-dimensional) and 2.32 £ 104 (three-dimensional)
Two-dimensional 25.8 11.4 44% 14.4 56% 4.32 0.0094 —— ——
0 26.8 15.4 57% 11.4 43% 4.67 0.0097 —— ——
1 27.8 17.3 62% 10.5 38% 5.81 0.0112 —— ——
2 33.8 23.6 70% 10.2 30% 6.34 0.0129 —— ——
3 40.1 30.2 75% 9.9 25% 4.82 0.0137 —— ——
4 34.2 24.6 72% 9.6 28% 3.48 0.0110 —— ——
5 29.5 18.7 63% 10.8 37% 3.39 0.0091 26.2 89%
6 30.2 15.2 50% 15.0 50% 3.43 0.0083 23.3 77%
7 36.1 13.6 38% 22.5 62% 3.20 0.0087 24.2 67%
8 38.8 12.6 32% 26.2 68% 4.44 0.0091 23.3 60%
9 41.3 13.2 32% 28.1 68% 4.77 0.0099 28.3 68%

aValues of p2 calculated by integrating the p spectra.

B. Three-Dimensional Flows
The complexity of the skewed three-dimensionalboundary layer

(Fig. 1) necessitates the use of multiple coordinate systems. The
tunnel coordinate system is right handed with the x axis parallel to
the tunnelcenterlinepointingdownstreamand the y axis perpendic-
ular to the tunnel � oor pointingup. The wall-shear-stresscoordinate
system is right handed with the x axis in the shear-stress direction
at the wall as approximatedby the measured mean-� ow angle clos-
est to the wall.1,26,27 The y axis is normal to the wall, pointing up.
Details of the velocity � eld are given in the following sections as
they relate to p. Discussionof the velocity � eld alone may be found
elsewhere.1,23 ¡ 27

Relevant boundary-layer � ow parameters are given in Tables 1
and 2. The velocity measurements of the lower Reh (=5.94 £ 103)
boundary layer are reported by Ölçmen and Simpson24 and of the
higher Reh (=2.32 £ 104 ) boundary layer by Ölçmen et al.25 The
u s at measurement stations 0–7 in the lower momentum thickness
Reynolds number boundary layer were measured by Ailinger23 us-
ing oil-� lm interferometry.The u s at measurement stations 8 and 9
in the lower momentum thicknessReynolds number boundary layer
were calculated by Ölçmen and Simpson24 by � tting the near-wall
U data in wall-shear-stresscoordinatesto a near-wall law of the wall
[Eq. (2)]. The u s at all of measurementstationsin the highermomen-
tum thickness Reynolds number boundary layer were calculatedby
Ölçmen et al.25 by � tting the near-wall U data in wall-shear-stress
coordinates to a near-wall law of the wall [Eq. (2)].

1. Root Mean Square of Surface Pressure Fluctuations and Features
of the Velocity Field

Each of the p spectra was integrated to obtain the p2 values given
in Table 3. For the lower momentum thickness Reynolds number
� ow(Table 3) p 0 / s W and p 0 / Qe beneaththe three-dimensional� ows
are higher than beneath the two-dimensional� ow and increasewith
station number for stations 0–3 due to adverse pressure gradient
effects on the lower frequencies.36 Also Table 3 indicates that most
of the p 0 is due to low-frequency ( f < 1 kHz) � uctuations, which
increase in magnitude with station number. The p2 from low fre-
quencies at station 3 is double the low frequency p2 at station 0.
The high-frequency ( f > 1 kHz) contribution to p 0 at stations 0–3
is nearly constant.

The lateralpressuregradient in wall-shear-stresscoordinates(Ta-
ble 1) pushes the � ow away from the wing at stations 0–3. Ölçmen

Fig. 9 Spectral power density of p [Reµ = 7:3 £ £ 103 (two dimensional)
and5:94 £ £ 103 (three-dimensional)]; numbersdenotemeasurement sta-
tion in three-dimensional � ow.

and Simpson24 report that at stations 0–3 the mean � ow angle
changes monotonically from near the wall to the freestream by
4.4 < j b FS ¡ b W j < 25 deg (Fig. 1). Examination of Table 3 and the
dimensional p spectra (Figs. 9 and 10) suggest that the montonic
(in y) turning of the mean � ow at stations 0–3 has little effect on
high-frequency p (which have a lower spectral level than the two-
dimensionalat comparablemomentum thicknessReynoldsnumber,
but increase the low frequency p substantially.

The lateral pressuregradient in wall-shear-stresscoordinates(Ta-
ble 1) changes sign between stations 3 and 4. At stations 4–9 the
lateralpressuregradientpushes the mean � ow backtoward thewing.
ÖlçmenandSimpson24 (page7)observedthat“At station4 the W / u s

values are close to zero up to y + ¼ 40. Above this y location,values
montonically increase. At stations farther downstream the effect of
the sign change of the lateral pressure gradient is felt most near the
wall. This results in negative W /u s values . . . . The pressure force
is most effective on the near-wall � ow where the momentum of the
� ow is lowest.” Figures 11 and 12 show the W /u s mean velocity
pro� les in wall-shear-stress coordinates. Note that the location of
maximum W propagatesoutward from the wall at successivedown-
stream stations.24,25
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Fig. 10 Spectral power density of p[Reµ = 2:34 £ £ 104 (two-dimension-
al) and 2:32 £ £ 104 (three-dimensional)]; numbers denote measurement
station in the three-dimensional � ow.

Fig. 11 W+ mean velocity pro� les in wall-shear-stress coordinates
(Reµ = 5:94 £ £ 103); numbers denote measurement station (data from
Ölçmen and Simpson24 ).

For stations 4–8 the mean velocity at the boundary-layer edge
accelerates(Table 1). The magnitude displacement thickness d ¤ de-
creases as well as the p2 contribution from low-frequency � uctua-
tions ( f < 1 kHz) (Table 3). Whereas the detailsof the preceding p2

discussion is con� ned to the Reh =5.94 £ 103 � ow, similar trends
are present in the Reh =2.32 £ 104 data.

2. Features of the Dimensional Power Spectra
The most signi� cant feature of the spectral power density spec-

trum of surface pressure � uctuations(Figs. 9 and 10) at stations 4–9
is the constant (or nearly constant) spectral levels in the frequency
range 2 < f < 5 kHz. A � at midfrequency spectral region has been
previously observed in the three-dimensional � ow on the leeside
of a prolate spheroid at angle of attack.37 Goody et al.37 attributed
the � at-midfrequencyspectral region to the lack of overlappingfre-
quency structure between the large-scalemotions of the outer layer
and the viscous-dominatednear-wall region. A similar situationex-
ists in the present study. The lateral pressure gradient imposed by
the presence of the wing skews the the near-wall, low momemtum
mean � ow. The larger near-wall velocity gradients associated with
the skewed � ow produces high-frequency pressure � uctuations as
prescribed by the Poisson integral.18

The effect of the � at spectral region on p2 is signi� cant. Table 3
shows the effect on p2 of removing the spectral contribution that
makes the region � at. Figure 13 shows the p spectrum at station 8,
Reh = 2.32 £ 104 as an example.At station 8, the � at spectral region
accounts for 40% of the p2 integral (Table 3). The non� at spectrum

Fig. 12 W+ mean velocity pro� les in wall-shear-stress coordinates
(Reµ = 2:32 £ £ 104); numbers denote measurement station (data from
Ölçmen et al.25).

Fig. 13 Spectral power density of p at stations 7 and 8; station 7 data
are multiplied by 10 for clarity.

shown in Fig. 13 was determined by extending the power law decay
of the spectrum at frequencies below the � at region and tacking on
the high-frequency spectral variation at the end. Details are given
by Goody.38

The physicalmechanismthat producesthe � at spectral region ap-
pears to be independentof, or at least slowly varyingwith, Reynolds
number.As stationnumber increasesfrom 0 to 3, the p spectral level
beneath the lower momentum thickness Reynolds number � ow ap-
proaches the p spectral level beneath the higher momentum thick-
ness Reynolds number � ow at middle frequencies. The p spectra
generally overlap at stations 4–9 for 300 Hz < f < 3 kHz. An ex-
ample of this is station 7 (Fig. 13) where the overlap extends to
7 kHz. Ölçmen et al.27 discuss Reynolds number effects for the
� ows studied here. They found that, although the magnitude of the
shear stresses (normalized on u s ) increases with Reynolds number,
below y + =100 the stresses tend to overlap.

3. Spectral Scaling of Surface Pressure Fluctuations
The p spectra at the three-dimensional stations do not collapse

when made nondimensional using boundary-layer parameters that
collapse the p spectra in two-dimensional � ows. The lack of scal-
ing parameters that collapse the p spectra is not surprisinggiven the
complexity of these three-dimensional � ows. In two-dimensional
equilibrium boundary layers, similarity parameters exist that scale
the velocity, for example, law of the wall and defect law. In the
three-dimensional � ows of the present study, the only scaling that
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collapses any part of the velocity pro� le is U + = y + near the wall
(y + < 5), when the velocity is expressed in wall-shear-stress coor-
dinates. Additionally, the frequency/wave number dependence of
the wave speed of p is exacerbated in this three-dimensional � ow
because turbulent structures travel in different directionsdepending
on the distance from the wall.28 To be successful, scaling parame-
ters for p beneath three-dimensional � ows must incorporate more
detailed velocity � eld information through the Poisson equation.

Previous analysis of two-dimensional� ows6,8,18 have shown that
the Poisson integralis dominatedby the mean-shear-turbulenceterm
in the form

p ¼
q

p
X

@U

@y

@v

@x

d X

rS

(4)

For the present � ow, it is assumed that the high frequency p is
generated by small-scale velocity � uctuations near the wall. In a
study of three-dimensional turbulent boundary layers, Ölçmen and
Simpson39 showed that the near-wall region of the mean velocity
pro� le follows a two-dimensionalwall law reasonablywell. There-
fore, it is assumed here that, as with two-dimensionalboundary lay-
ers, high-frequencycontributions to the Poisson integral are domi-
nated by the mean-shear-turbulenceterm and that derivativesof the
mean velocity in the x and z direction are negligible. Because the
y derivative of the W component of velocity is not always negligi-
ble in the present � ow, the two-dimensional approximation of the
Poisson integral [Eq. (4)] is modi� ed in the form

p ¼
q

p
X

@U

@y
@v

@x
+

@W

@y
@v

@z
d X

rS

(5)

Consider the variation of Eq. (5) from station to station with the
goal of describing the high-frequencyend of the p spectra beneath
the three-dimensional� ows of the present study.

Some simplifying assumptions must be made to evaluate Eq. (5)
with the data available. It is assumed that the small-scale turbulent
structuresnear thewall are homogenousin planesparallelto the wall
and behave as traveling waves, which is similar to a recent model
for the p spectrum under a three-dimensional boundary layer that
was proposed by Panton.21 Therefore, v = v x cos( x t ¡ k1x ¡ k3z),
where v x is v at a particular frequency and k1 = x / Uc1 and
k3 = x / Uc3 are the wave numbers in the x and z directions, re-
spectively. The traveling wave model results in

@v

@x
= k1v x sin( x t ¡ k1x ¡ k3z), which varies like k1v x

@v

@z
= k3v x sin( x t ¡ k1x ¡ k3z), which varies like k3v x (6)

High-frequencycontributionsto the p spectrum primarily originate
in the near-wall region, where the � ow closely scales on the wall
variables m /u s and u s . Rewriting Eq. (5) with these considerations
in mind results in

p

s W
¼

1
p X +

k+
1 v +

x

@U +

@y+
+ k +

3 v +
x

@W +

@y +

d X +

r +
S

(7)

Because near-wall turbulent structureshave small spatial extent and
in lightof the 1/ r +

S dependenceofEq. (7), it is assumed that the vari-
ation of p / s W at a particularhigh frequencyresults mainly from the
variationof the integrandofEq. (7). Furthermore,the variationof the
integrandof Eq. (7) at a particularwave number (or frequency) may
be approximatedby the variationof v + (@U + / @y + + @W + / @y+ ) at a
particulardistance from the wall. Figures 11 and 12 show the varia-
tionof @W + / @y + in wall-shear-stresscoordinatesnear thewall from
station to station. Figures 2 and 3 show the variation of @U + / @y+

and Figs. 4 and 5 show the variation of v +2 in wall-shear-stress
coordinates near the wall from station to station.

Modi� cation of the inner variable scaling shown in Figs. 14a and
15a is required to account for the variation of the Poisson integrand
[approximated by v + (@U + / @y+ + @W + / @y + )] near the wall from
station to station. With the knowledge that each spectral value of

a)

b)

Fig. 14 Nondimensional p spectra [Reµ = 7:3 £ £ 103 (two-dimensional)
and5:94 £ £ 103 (three-dimensional)]; numbersdenotemeasurement sta-
tion in three-dimensional � ow: a) scaled on inner boundary-layer vari-
ables (v/u¿ , u¿ , ¿W ) alone and b) scaled using inner boundary-layer
variables and Poisson equation term ratio evaluated at y+ = 50.

the p spectrum is the contribution of p within a narrow frequency
band to p2, a Poisson equation term ratio P R is formed as

P R =
p2

s 2
W 3-D

p2

s 2
W 2-D

= v +2
@U +

@y +
+

@W +

@y +

2

3-D

v +2
@U +

@y +

2

2-D

(8)

The wall-shear-stress coordinate system was used because it is
aligned with the near-wall � ow. Therefore, phase errors that are
introducedby the approximationsof the turbulentvelocity structure
in the x and z directions are minimized. Also, a spectral ratio U R of
U + ( x + = 1) at each measurement station in the three-dimensional
� ow to U + ( x + = 1) in the two-dimensional� ow at comparablemo-
mentum thickness Reynolds number is used as a measure of the
variation of the high-frequencypressure spectral levels. By evaluat-
ing P R at various near-wall y+ locations, the change in P R closely
tracked the change in U R from station to station. An example is
shown in Figs. 14b and 15b, where P R is evaluatedat y + = 50. Fig-
ures 14 and 15 show that the variationof the high-frequencyspectra
in the present nonequilibrium three-dimensional � ows result from
features of the near-wall velocity � eld that change P R from station
to station. It is also signi� cant that the complex variations in the
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a)

b)

Fig.15 Nondimensionalp spectra [Reµ = 2:34 £ £ 104 (two-dimensional)
and2:32 £ £ 104 (three-dimensional)];numbersdenotemeasurement sta-
tion in three-dimensional � ow: a) scaled on inner boundary-layer vari-
ables (v/u¿ , u¿ , ¿W ) alone and b) scaled using inner boundary-layer
variables and Poisson equation term ratio evaluated at y+ = 50.

high-frequencypressure spectrumare trackedby a relativelysimple
term, P R , which only requires mean velocity and Reynolds stress
data.

V. Conclusions
Surfacepressure� uctuationmeasurementsbeneathtwo Reynolds

number two-dimensional turbulent boundary layers and high-
Reynolds-number three-dimensionalboundary layers were presen-
ted. For the two-dimensional� ows the p spectra collapsewithin the
frequency range 100 < x 0 < 500 when scaled on outer boundary-
layer variables and collapse at high frequencies ( x + > 0.15) when
scaled on inner boundary-layer variables. Additionally, both scal-
ings collapse the p spectra within a midfrequency range. The size
of the frequency range of spectral overlap increases with Reynolds
number. The two-dimensionalscaling behavior shown holds for for
a large range of Reynolds number (1.4 £ 103 < Reh < 2.34 £ 104)
and is consistent with other researchers.

Scaling parameters that collapse the pressure spectra beneath
two-dimensional� ows do not collapse the pressure spectra beneath
three-dimensional� ows. The � ows decelerate at stations upstream
of the wing, which increases the magnitude of low frequency p sig-
ni� cantly, but has little effect on the high frequency p. The � ow
turns and accelerates at stations to the side of the wing, which de-
creases the magnitude of low frequency p and increases the magni-
tude of high frequency p. Spectral levels of p at these stations are

nearly constant and do not change appreciablywith Reynolds num-
ber within a middle-frequencyrange. A � at-midfrequencyspectral
region has been previously observed in the three-dimensional� ow
on the leeside of a prolate spheroid at angle of attack.37 Analysis
based on the Poisson equation shows that the variation of high fre-
quency p is tracked by the variation of mean velocity gradientsand
v2 structure near the wall. The increased spectral levels at high fre-
quenciesincrease p 0 signi� cantly.Therefore,accuratemeasurement
of p 0 requires the accurate measurement of high frequency p par-
ticularly when large changes in near-wall mean velocity gradients
and v2 structure are present.
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