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Separated Flow Surface Pressure Fluctuations and
Pressure–Velocity Correlations on Prolate Spheroid

Michael C. Goody,¤ Roger L Simpson,† and Christopher J. Chesnakas‡
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Power spectra of turbulent surface pressure � uctuationsand spatial correlation coef� cients of surface pressure–

velocity are presented for the leeside, three-dimensional, separated cross� ow over a 6:1 prolate spheroid at
ReL = 4.2 £ £ 106 for angles of attack of 10 and 20 deg. This is a complex, three-dimensional, nonequilibrium � ow
of practical interest. These results are related to the attached, separated, and reattached features of the vortical
� ow for a range of Reynolds numbers based on momentum thickness up to 1.5 £ £ 104 . The high-frequency surface
pressure � uctuation spectra scale on wall variables at low angle of attack. Near regions of separation where wall
shear stress is low, there is little high-frequency content, whereas low-frequency contributions from the outer layer
are relatively large. In regions with large surface shearing stresses, the wall region produces strong, high-frequency
spectral content. At locations with relatively small outer region mean velocity gradients, there are smaller low-
frequency contributions. Both of these features occur around the side of the body and under the large vortices
at higher angle of attack. Therefore, at these locations spectral values are nearly constant at middle frequencies.
The resulting rms pressure � uctuation distributions over the surface re� ect the importance of the high-frequency
wall region contributions. Around regions of boundary-layer separation there are local minima in rms pressure
� uctuations, whereas around reattachments and under the large vortices there are local maxima in rms pressure
� uctuations.

Nomenclature
d = pressure transducer sensing diameter, m
dlocal = model diameter at a given axial position, m
d + = pressure transducer sensing diameter

nondimensionalizedon viscous scales, u s d / m
L = model length, 1.37 m
p = pressure � uctuation at the model surface, Pa
Q 1 = dynamic pressure of � ow far upstream of model,

1
2
q U 2

1 , Pa
qe = dynamic pressure at edge of shear layer, 1

2
q U 2

e , Pa
Rpv = correlation coef� cient of wall pressure and the

� uctuating v component of velocity: pv /
p

p2
p

v2

ReL = model length Reynolds number, U 1 L / m
Re h = momentum thickness Reynolds number, U 1 h / m
r = distance from model surface along a line perpendicular

to the model axis, 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, m

U = velocity component in a plane parallel to the surface,
in the axial direction, m/s

UC = convection velocity of pressure � uctuations,m/s
Ue = total velocity at edge of shear layer, m/s
U 1 = wind-tunnel freestream velocity, m/s
u, v, w = � uctuating velocity components in the directions

of U, V , and W , respectively,m/s
u s = friction velocity, ( s W / q )1/ 2, , m/s
V = mean velocity component normal to the local model

surface, m/s
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W = mean velocity component in a plane parallel to the
local model surface and perpendicular to the axial
direction (positive in ¡ u direction), m/s

x = axial distance from the nose of the model, m
y+ = ru s / m
a = angle of attack of model relative to incoming � ow, deg
d ¤ = boundary-layerdisplacement thickness,m
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h = boundary-layermomentum thickness,m
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m = kinematic viscosity of � uid, m2/s
q = mass density of � ow, kg/m3

s W = shear-stress magnitude at surface of model, Pa
U = power spectrum of surface pressure � uctuations

(Pa2 ¢ s) such that

p2 = * 1

0

U ( x ) dx

u = circumferencialangle coordinate, from windward
side, deg

x = circular frequency, rad/s

Superscript

0 = root mean square value of a � uctuating quantity

I. Introduction

T HE pressure� uctuationsin a three-dimensionalturbulentshear
� ow on a body, particularly in regions where the � ow has sep-

arated, are a source of considerable noise and vibration. Though
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.

The � ow about a 6:1 prolate spheroid exhibits open separation
phenomena of three-dimensional� ow (Fig. 1). It is re� ected by the
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Fig. 1 Mean secondary � ow about a 6:1 prolate spheroid at ® = 20
deg and x/L = 0.600 and 0.772 (see Ref. 15); solid lines on model surface
showseparationlines1 as indicatedbyoil-� ow visualization,dashed lines
show minima in skin friction magnitude (Fig. 1 of Wetzel et al.1 ).

convergence of skin-friction lines.1 The � ow separating from the
leeside rolls up into a strong vortex on each side of the body. This
primary vortex may be accompanied by one or more smaller vor-
tices, each of which is associatedwith a separationand reattachment
line. The complex interactions between vortices result in a highly
skewed, three-dimensionalshear layer. Kreplin et al.,2 Kreplin and
Stäger,3 Meier et al.,4 , 5 and Vollmers et al.6 have documented the
surface� ow, mean surfacepressure,skin friction,and mean velocity
at several Reynolds numbers and angles of attack. The leeside � ow
has proven dif� cult for turbulence models to calculate.7 –10

The current study is part of an ongoing effort to extensively
measure this � ow� eld to increase the understanding of the � ow
physics and to provide an experimental database for comparison
with computations. The effects of Reynolds number and angle of
attack on boundary-layer transition and separation location were
studied by Ahn and Simpson.11 Barber and Simpson12 documented
the mean and turbulentvelocitiesin the cross� ow separationregion,
but the use of � ve-hole pressure probes and crossed hot wires pre-
cluded them from obtaining data within the inner boundary layer.
Previous studies of a tripped � ow at a length Reynolds number
ReL = 4.2 £ 106 byChesnakasandSimpson7,13 ¡ 15 didnot suffer this
limitation and have documented the turbulence structure, including
all Reynolds stresses and velocity triple products, from y + closer
than 7. This was possible through the use of the specially designed,
miniature � ber-optic laser Doppler velocimetry (LDV) probe de-
scribed in Chesnakas and Simpson.14 Simpson16 – 18 reviewed three-
dimensional turbulent separationin detail. Wetzel et al.1 focusedon
the measurement and quantitative description of three-dimensional
cross� ow separation.

Most fundamentalexperimentalinvestigationsof p beneatha tur-
bulent boundary layer have been con� ned to equilibrium, or near-
equilibrium, two-dimensionalboundary layers.19 – 21 In equilibrium
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, re-
spectively. Additionally, a mixed inner and outer variable scaling
has succesfully scaled the low- to middle-frequencyrange in some
cases.22,23 Recent reviews of the scaling behavior of the pressure
power spectrum have been carried out by Keith et al.24 and Bull.25

Some uncertainty in the measured behavior have been attributed
to the observed Reynolds number dependence of p 0 , limited high-
frequencyresponseof transducersdue to � nite sensingarea, and the
presence of pressure � uctuations due to nonturbulent sources, that
is, acoustics and vibrations.

Surface pressure � uctuationsbeneath a turbulent boundary layer
are relatedto velocity� uctuationswithin the boundarylayer through
a Poisson-type differential equation.26 – 28 The Poisson equation
may be integrated and shows that surface pressure � uctuations are

produced 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. The
present study extends this knowledge to the analysis of a nonequi-
librium, three-dimensional, separating boundary layer of practical
interest. Additionally, the � ows of the present study cover a large
range of Reynolds numbers. Surface pressure–velocity spatial cor-
relationcoef� cients and the extensive data on the turbulent velocity
� eld are used to explain features of p and p 0 .

II. Experimental Apparatus and Techniques
The measurements were made in the Virginia Polytechnic In-

stitute and State University Stability Wind Tunnel. This tunnel is a
continuous,closed return, subsonicwind tunnelwith a 7-m-longand
1.8-m2 test section. The regulated fan dc power source, a 9:1 area
contraction, and seven wire-mesh screens provide low freestream
turbulence levels of the order of 0.03%.

The 6:1 prolate spheroid used for these measurements is 1.37 m
long and is constructed of a machined � berglass skin bonded to an
aluminumframe. A circumferentialtrip, consistingof posts 1.2 mm
in diameter, 0.7 mm high, and spaced 2.5 mm apart, was placed
around the model at x / L =0.2. This � xed the locationof transition.
Windows of size 30 £ 150 £ 0.75 mm (Fig. 2) were placed in the
skin for optical (LDV) access to the � ow.7 , 14 , 15 The windows were
molded to the curvature of the model and mounted � ush with the
model surface to minimize � ow disturbances.Wax was used to � ll
any small gaps in the model surface.The model was supportedwith
a rear-mounted,0.75-m-longsting alignedalong the model axis and
connected to a vertical post extended through the wind tunnel � oor.
All measurements were conducted at a constant Reynolds number,
ReL =4.20 £ 106 (50.73 m/s < U 1 < 55.25 m/s) and ambient tem-
perature.

The pressure transducer used is an Endevco model 8507-C2,
which is a circular de� ection-type transducer that has a � at fre-
quency response from 0 to 70 kHz. The transducer was mounted
inside the model and � xed to one of the windows. The transducer
signal was ampli� ed by a Measurements Group model 2310 strain
gauge conditioningampli� er.

Access to the � ow� eld was providedthrougha 0.5-mm-diampin-
hole (Fig. 2). This pinhole and the associated dead volume have
a second-order frequency transfer function with a resonant fre-
quency near 12 kHz as shown from calibrations.29 Contributions
of sources that are smaller than the pinhole area are spatially inte-
gratedand therebyattenuated.This effecthasbeeninvestigated,30 –33

and Corcos30 provides a correction to the wall pressure spectrum
in terms of x d / 2UC , where x / UC is the wave number. Schewe31

foundthis correctionto be adequatefor x d /2UC < 4. More recently,
Lueptow32 reported that the Corcos30 correction recovers the true
wall pressure spectrum for x d / UC < 11.0 for a circular de� ection-
type transducer such as was used in the present study. Gravante
et al.33 report that the maximum allowablesensingdiameter to avoid
spectral attenuationat high frequenciesis in the range 12 < d + < 18
and that for d + < 27 the reduction in p 0 was “barely observable.”33

The pinholewas used to reducespatial averagingin the presentstudy
( x d / 2UC < 0.7 and 38 < d + < 92). The present � ow was nonequi-
librium, and neither Uc( x ) nor the lateral and streamwise spatial
coherency of p were measured. Therefore, the Corcos30 correction
was not applied to the spectra presented here. However, p spectra
and p 0 values with the Corcos correction applied may be found in
Refs. 29 and 34.

Another dif� culty arises in isolating p due to turbulence from p
due to other sources.Measuredpressuresignalsare usually contam-
inated by coherent, facility-related acoustic pressures and external
vibration of the transducer. To eliminate these effects a time-delay
noise cancellation technique of Agarwal and Simpson35 was used
that relies on the relatively small coherence of turbulent pressure
� uctuations in time and space. Here the signal from a single trans-
ducerwas delayedby the period of a given frequencyand subtracted
from the original signal, canceling the contributions from coherent
sources at that frequency and higher harmonics. The time delay
was chosen to be identical to the bin width of the power spectrum
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Fig. 2 Relationship between body axis (BA) coordinate system and body surface (BS) coordinate system; insert: schematics of pinholeand cylindrical
pressure transducer mount attached to double-convex curvature LDV window.

estimate. In this way, the coherent contributionsof sound and vibra-
tion are eliminated from each spectral value.

The pressure� uctuationswere sampledat 71 kHz with 12-bitpre-
cision. This sampling rate is higher than is commonly used. At each
location,25 records of 16,384 data points each were acquired. Dur-
ing postprocessing, each of these contiguous records was divided
intosubrecordsand the time-delaysubtractionwas carriedout.Spec-
tral values were calculated using at least 500 averages. Additional
bin averaging was performed to produce the � nal spectrum.36 The
spectra presented here are single sided.

Velocity measurements for the wall pressure–velocity covariance
were made radially and 1 mm windward of the pressure pinhole us-
ing a three-orthogonal-velocity-component, � ber-optic LDV probe
(55-l m spherical measurement volume) designed speci� cally for
these experiments and described in detail in Ref. 15. The probe is
mounted inside the model with all laser beams passing through a
window (Fig. 2). It can be remotely traversed §2.5 cm in both the
axial direction and normal to the major axis of the model. Position-
ing in the circumferential direction, u , is achieved by rotating the
model about its major axis on the sting.

The Doppler frequencyof each of the LDV signals was analyzed
using three Macrodyne model FDP3100 frequency-domain signal
processors operating in coincidence mode. The � ow was seeded
using polystyrene latex spheres 0.7 l m in diameter. The particle
velocity and the pressure at the window pressure tap (Fig. 2) were
sampled simultaneouslyand stored with 16-bit precision.The sam-
ple rate varied from 40 samples/s near the surface to 250 samples/s
in the outer part of the measurement region.

Boundary-layer velocity pro� les were measured at 10–14 cir-
cumferential locations from u =90 to 180 deg (see Ref. 15). Each
pro� le consisted of 17–19 radial locations from 0.007 cm above the
model surface out to 2.5–3.0 cm. At each of these locations 16,384
coincidentthree-dimensionalvelocity–surface pressurerealizations
were acquired.

The surface pressure data acquired simultaneously with the
three-dimensional velocity data were used to compute the surface
pressure–velocity covariance.They were not used to compute pres-
sure spectra. Separate surface pressure measurements were made
at a higher sampling rate (71 kHz) and used to compute the pres-
sure spectra. Pressure � uctuationsdue to acousticsand vibrationdo
not affect the surface pressure–velocity covariance because only p
contributionsdue to turbulence are related to the turbulent velocity
� uctuations.

III. Uncertainty Estimates
The uncertainty in rms velocity � uctuation measurements is

within 1.5% (Ref. 15). Note that turbulence quantities at the edge
of the boundary layer are limited by a minimum measurable tur-
bulence intensity of about 1.5%. Motion of the LDV probe in the
radial directionwas achieved by a rotary-encodedservomotor, with
repeatability of the radial position of better than §8 l m. The cir-
cumferential position was measured with a sting-mounted,vernier-
type scale and is uncertain to within 0.1 deg. The � berglass skin of
the model followed the nominal prolate spheroid shape to within
0.005 in.

The pressure measurements made simultaneously with velocity
were not adjusted for the response of the pressure transducer at
high frequencies. In consideration of the rapid decay of the pres-
sure spectrum with frequency and the loss of correlation between
surface and interior � uctuations as frequency increases, the uncer-
tainty this introduces in the surface pressure–velocity covariance is
very small. The experimentaluncertainty for the pressure spectra is
§1 dB below and §2 dB above 11 kHz, including the calibration,
� nite bandwidth, and � nite record length effects.36 Nearly all of the
uncertainty in the pressure spectra was due to frequency response
calibrationof the pressuretransducer.Gravanteet al.33 report that the
maximum allowable sensing diameter to avoid spectral attenuation
at high frequencies is in the range 12 < d + < 18. To have d + ·18
in the present study would require a pinhole diameter of 0.09 mm
which, in turn, would lower the Helmholtz resonant frequency of
the pinhole to 1860 Hz (x m /u2

s =0.07; x d ¤ / Ue =0.78). Such a low
resonant frequencywould cause signi� cant attenuationof the high-
frequency spectral values, thus offsetting any bene� t of increased
spatial resolution. The uncertainty in p 0 due to the uncertainty in
each spectral estimate is §1% and is discussedfurther in Sec. IV.D.

IV. Results and Discussion
A. Mean Flow

The velocity components are presented here as U, V , and W
in the body surface coordinate system. This is different from the
body axis coordinate system that uses x , r , and u to de� ne a
position. The difference is shown in Fig. 2. The transformation
from the body axis coordinate system to the body surface coor-
dinate system involves a rotation about the u axis. The rotations
required are 1.948 and 6.167 deg at x / L = 0.600 and 0.772, re-
spectively.The axial locations x / L =0.600 and 0.772 were chosen
for the present study because detailed LDV measurements of the
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Fig. 3 Variationof displacement thickness ±¤ , friction velocity u¿ , and
Reynolds number Reµ with Á position: ¦ , ® = 10 deg, x/L = 0.600; ,
® = 10 deg, x/L = 0.772; 4 , ® = 20 deg, x/L = 0.600; and , ® = 20 deg,
x/L = 0.772; solid symbols immediately above the Áaxis are location of
primary separation,1 open symbols immediately above the Á axis are
approximate location of the shed vortex core, and R, V, and S are loca-
tion of reattachment, secondary vortex core, and secondary separation,
respectively, for ® = 20 deg and x/L = 0.772.

three-dimensional, cross� ow separation are available at these x / L
locations.1, 7 , 13 – 15

The mean � ow and Reynolds-averaged turbulence stresses have
been previouslydiscussed.7 , 14 , 15 Figure 3 shows distributionsof u s ,
d ¤ , and Re h . Mean velocity pro� les from LDV measurements and
outer layer hot-wire anemometer data37 were used to calculate d ¤

and h (Ref. 29). The nearestwall region(y + < 50)of thepresent� ow
follows the law-of-the-wallmean velocitypro� le when expressedin
wall shearingstress coordinates.7, 14 , 15 Figures 4–7 show secondary
� owstreamlinesinterpolatedfrom the V and W data for each station.
Figures 4–7 also contain contours of the turbulent kinetic energy
(TKE) [ 1

2
q (u2 + v2 + w2)] to show qualitatively how the mean

� ow� eld and the turbulence � eld are related.
The secondary � ow� eld at a =10 deg and x / L = 0.600 is shown

in Fig. 4. Mean � ow separation, as indicated by a minimum in skin-
friction magnitude,1 is at u =145 deg, with a vortex center (zero
secondary � ow velocity) at u = 162 deg approximately 0.375 cm
above the surface. Figure 5 shows the � ow� eld at a =10 deg and
x / L =0.772. Mean � ow separation1 is at u = 137 deg,with a vortex
approximately 1.25 cm above the surface at u = 165 deg. For each
of these a =10 deg cases, the TKE near the wall is maximum at
u =90 deg and 180 deg because of large production due to large
mean velocity gradients and turbulent shear stresses. It decreases
in the middle range of u (120–150 deg). However, at any given u
location the maximum TKE remains in the near-wall region.

The � ow� eld at a =20 deg and x / L =0.600 is shown in Fig. 6.
Mean � ow separation1 occurs at u =131 deg. The separation sheet
rolls into a vortex centered at u =158 deg, approximately 1.8 cm
from the surface.Additionally,at u =140 deg there are kinks in the
streamlines and high TKE contours extend out into the � ow. Flow
visualizationshows a secondary separation to be incipient at this u
location.1

Figure 7 shows the � ow� eld at a =20 deg and x / L = 0.772. This
case has the highest degree of three dimensionality of the cases

Fig. 4 Secondary streamlines with contour levels of TKE: ® = 10 deg
and x/L = 0.600.(Note that the radial coordinater is plottedon a log scale
and that dots denote the azimuthal locations at which radial pro� les of
simultaneous velocity and surface pressure measurements were made;
irregular shape of the inner boundary of each plot is de� ned by the
measurement locations nearest the model surface.)

Fig. 5 Secondary streamlines with contour levels of TKE: ® = 10 deg
and x/L = 0.772 (see note in caption of Fig. 4).

consideredhere. The primary separation1 location has moved down
to u =115 deg and the primary vortex has moved outside the LDV
measurement region. Hot-wire data show this vortex center to be
at r = 3 cm, u =155 deg (Ref. 37). In addition, a fully formed
secondaryvortex can be seen at u = 140 deg approximately0.6 cm
from the surface.Associatedwith this secondaryvortexis separation
( u = 145 deg) and reattachment at u =135 deg.

The outward secondary � ow streamlines near regions of separa-
tion in Figs. 4–7 do not appearto agreewith the separationlocations.
The apparent discrepancy is due to the coordinate system used to
representvelocitycomponentsand is discussedby Wetzelet al.1 In a
coordinate system locally aligned with the separationline, the LDV
data show a zero cross� ow velocityvery close to the localminimum
in skin-friction magnitude.1 The vortices away from the wall have
relativelylow mean velocitygradientsand bring � uid with relatively
low TKE from the outer layer toward the wall at the most leeward
(highest) u locations.

The mean � ow at the a = 20 deg stations has a stronger effect
on the turbulence � eld. High TKE is not con� ned to the near-wall
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Fig. 6 Secondary streamlines with contour levels of TKE: ® = 20 deg
and x/L = 0.600 (see note in caption of Fig. 4).

Fig. 7 Secondary streamlines with contour levels of TKE: ® = 20 deg
and x/L = 0.772 (see note in caption of Fig. 4).

region. Pockets of highly turbulent � uid appear away from the wall
due to the separations. Additionally, each of the separations is fol-
lowed by low turbulence levels near the wall, and, where reattach-
ment is present, the levels are higher.

B. Surface Pressure Spectra
Surface pressure measurements were carried out at 5-deg incre-

ments of u . For clarity, only spectra at about half of the u locations
are presented here; the others are presented in Ref. 29. Figures 8
and 9 show p spectra for the a =10 deg stations scaled using u s as
the velocity scale and m / u s as the length scale. These inner layer
scales are those used for the familiar law-of-the-wallmean velocity
pro� le that holds nearest the wall in these � ows.

Spectra at both stations collapse at the higher frequencies,
x m / u2

s > 0.3 and approach the x ¡ 5 dependence that has been ob-
served beneath two-dimensional boundary layers.20, 26 The present
data compare well with other data sets (Figs. 8 and 9), such as those
reviewedby Keith et al.24 The u locationswith x ¡ 5 regionsare those
at which u s is smallest and m / u2

s is largest. The source of the x ¡ 5

region of the p spectrum is the smallest turbulent structures nearest
the wall.

It has been postulated,19, 21 , 26 using arguments relating the ex-
istence of an inner (viscous region) scaling and an outer (largest

Fig.8 Power spectra ofwallpressure � uctuationsscaled on inner shear
layer variables (º/u¿ , u¿ , ¿w ): ® = 10 deg and x/L = 0.600.

Fig.9 Power spectra ofwallpressure � uctuationsscaled on inner shear
layer variables (º/u¿ , u¿ , ¿w ): ® = 10 deg and x/L = 0.772.

eddy) scaling within the boundary layer, that an overlap region ex-
ists in the p spectrum beneath two-dimensional boundary layers at
high Reynolds numbers. Both inner layer and outer layer scaling
hold in this overlap region. Bradshaw19 argued that the p spec-
trum in this region decreases as x ¡ 1 . The low frequency p spectra
at a = 10 deg and x / L =0.600 (Fig. 10) vary about as x ¡ 1 for
0.07 < x d ¤ / Ue < 0.3 when normalized by outer variables (Ue , d ¤ ,
and qe ). The p spectra in the same range at x / L =0.772 do not
scale as well using these variables. Although this � ow differs from
a two-dimensional adverse-pressure-gradient separation, the spec-
tral levels are comparable to those upstreamof detachment reported
by Simpson et al.38 (Figs. 10 and 11). In the midfrequency range
around x d ¤ / Ue =2, the x ¡ 0.5 variationobservedby Simpson et al.38

is also present.
The variationof the p spectra in the midfrequencyrange may be a

Reynolds number effect. The low-frequency spectral contributions
are from the largest shear layer structures. The power spectral con-
tribution of these large structures increases with Reynolds number.
The high-frequencyscaling is Reynolds number independent.This
requires a greater decay in the power spectrum within the midfre-
quency range as Reynolds number increases.

Figures 12 and 13 show the p spectra for the a =20 deg stronger
separationcases.None of the outer variable scalingsmentionedear-
lier make the lower frequencies collapse as well as they roughly do
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Fig. 10 Power spectra of wall pressure � uctuations scaled on outer
shear layer scales (±¤ , Ue , qe ): ® = 10 deg and x/L = 0.600.

Fig. 11 Power spectra of wall pressure � uctuations scaled on outer
shear layer scales (±¤ , Ue , qe ): ® = 10 deg and x/L = 0.772.

Fig. 12 Power spectra of wall pressure � uctuations: ® = 20 deg and
x/L = 0.600.

Fig. 13 Power spectra of wall pressure � uctuations: ® = 20 deg and
x/L = 0.772.

for the a =10 deg data.29 , 34 For x / L =0.600 at 1 kHz, the spectral
value has three local maxima: one at u =130 deg that is near pri-
mary separation,one at u =145 deg that is near incipient secondary
separation, and one at u = 160 deg that is near the u location of the
center of the shed vortex. The spectral value increases with increas-
ing u to primary separation and decreases with increasing u for
160· u ·180 deg. For x / L =0.772 at 1 kHz, the spectral value in-
creases with u to reattachmentnear u =135 deg and then decreases
toward the leeward plane of symmetry (u =180 deg).

At x / L =0.600, around the primary separation and at wind-
ward locations, for 110 < u < 135 deg, there is a strong collapse
of spectral content in U ( x )Ue / s 2

w d ¤ vs x d ¤ / Ue outer variables for
2 < x d ¤ / Ue < 10 with a x ¡ 3 variation.29 Simpson et al.38 also ob-
served a x ¡ 3 variation during two-dimensional detachment and
downstream. However, those spectral levels (using s max instead
of s w ) were about 10 dB below the present levels of ¡ 10 dB
at x d ¤ / Ue = 10. At x / L =0.772, around the primary separation1

110 < u < 120 deg, an x ¡ 3 variation is also observed,but only near
x d ¤ / Ue =10. For the highest frequencies at locations around the
primary separations,u s is small enough for the measured spectra to
approach x m /u2

s =1 and show wall scaling.
Even though the a = 20 deg case is a highly nonequilibrium� ow,

there are some p spectral features that can be consistently related
to the � ow just discussed.As the � ow moves from the windward to
leeward sides ( u = 90 deg), there is low-level, low-frequency,large-
scaled turbulence content due to the thin accelerating boundary
layer with low mean velocity gradients in the outer layer. Substan-
tial high frequency ( x » u2

s / m ) content is produced by the nearest
wall-layer structure with a relatively large u s . The midfrequencies
(4 kHz < f < 10 kHz) have nearly constant,or � at, spectral values.

At more leeward locations the low-frequency content increases
because of the thickening boundary layer and the separation with
large-scale structures while the high-frequency content is much
lower because of much lower u s . Farther leeward under the large
vortex, the low-frequency content decreases because there are low
mean velocity gradients in the outer layer, whereas much larger u s

values increase the high-frequencycontent. Again, the midfrequen-
cies have nearly constant spectral values. Note that the spectra for
the u =90 and 180 deg locations are nearly identical.

The � at midfrequency spectral region is believed to occur be-
cause of 1) the lack of overlappingfrequency structure between the
larger-scale motions and the viscous-dominated region and 2) the
decrease of low-frequency content with a substantial increase in
the high-frequencylevels. The � rst reason may be due to the three-
dimensional� ow structurewhere the near-walland outer layer� ows
have different � ow histories and low spatial correlations. The sec-
ond reason just re� ects the need for a � atter spectrum to connect the
low- and high-frequencycontributions.
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C. Surface Pressure–Velocity Correlations
To examine the locations of turbulent � ow that strongly in� u-

ence p, simultaneous p and velocity � uctuation measurements
were made for three of the stations: a =10 deg, x / L =0.772; a =
20 deg, x / L =0.600; and a = 20 deg, x / L = 0.772. Only distribu-
tions of Rpv are shown here because the Poisson equation for this
� ow indicatesa strong relationshipbetween p and v . All correlation
coef� cients(Rpu , Rpv , Rpw ) for eachstationcan be found in Ref. 29.
Measured surface pressure–velocity covariances for the vicinity of
y+ =10 are expected to be low becauseof the attenuationof higher
frequency surface pressure � uctuations by the pinhole that is much
larger than the near-wall coherent structures (12m / u s ).

Figures 14 and 15 show Rpv and the � uctuating v-velocity com-
ponent, respectively,at a = 10 deg and x / L =0.772. The maximum
negative Rpv is from ¡ 0.08 to ¡ 0.11 at 160 < u < 120 deg, r ¼ 0.1–

0.2 cm, which is roughly at y+ ¼ 100–250. Highly turbulent � uid
in this case is present mainly near the wall. This maximum nega-
tive correlation occurs at the outer edge of the mean velocity pro-
� le semilogarithmicregion (in wall-shear stress coordinates7,13 ¡ 15 ).
Bradshaw19 showed that in two-dimensional boundary layers, with

Fig. 14 Secondary streamlines with contour levels of the correlation
coef� cient Rpv of wall pressure and the � uctuating v -velocity compo-
nent: ® = 10 deg and x/L = 0.772 (see note in caption of Fig. 4).

Fig. 15 Secondary streamlines with contour levels of the � uctuating
v -velocity component: ® = 10 deg and x/L = 0.772 (see note in caption
of Fig. 4).

both zero and equilibriumadversepressuregradients, the semiloga-
rithmic region of the mean-� ow velocity pro� le is the source of the
overlap region of the pressure spectrum. The magnitude of Rpv is
high at this radial location because the overlap region of the spec-
trum is the main contribution to the p2 integral for high enough
Reynolds number Re h (Ref. 19).

The maximum in Rpv in the semilogarithmicregion of the mean-
� ow velocitypro� le can be seen through the solution to the Poisson
equation relating surface pressure � uctuations to velocity � uctua-
tions within the boundary layer.Althoughthis solution is an integral
overall of the space, the in� uenceof any individualsourcedecreases
as 1/ rS . In contrast, the magnitude of the v 0 source terms are small
for small rS , where they are constrained by the wall. They increase
to a maximum toward the middle of the boundary layer. The com-
bined effect is that the semilogarithmic region is where the strength
of source terms are high, and 1/ rS is still high enough that these
sources in� uence the pressure at the wall.

Returning to Fig. 14, the high correlation at the edge of the log
layer is not evident at all u positions. In the separation region,
120 < u < 160 deg, Rpv remains low for all r . However, by con-
sidering the behavior of v2 (Fig. 15), this is to be expected. A band
of maximum v 0 exists away from the wall in the separation region.
Pressure � uctuation sources located farther from the wall have less
in� uence on p.

A layer of large negative Rpv is also present at a =20 deg
(Fig. 16). However, it is overshadowed by the presence of a local-
ized source. This localized source is associated with the secondary
vortex present at x / L =0.772, r = 0.6 cm, and u = 140 deg. Also
associatedwith the secondaryvortex is the presence of a secondary
separation at u =145 deg and reattachment at u =135 deg. Here
the term localizedsource is used to describea small range of r and u
in which Rpv is high. This particular source is where the secondary
� ow streamlines have high curvature and the streamwise � ow is
rapidly decelerating.There is a localized region of high v 0 at a =20
deg and x / L = 0.772 near r =1.5 cm and u =140 deg (Fig. 17)
that is also a localized source of p. Although this localized source
is away from the wall (y+ ¼ 2200), the presence of reattachment
causes pressure � uctuations associated with this source to be con-
vected to the surface.High negative Rpv is observednear this region
where high v 0 and reattachment is present.

D. Mean Square Pressure Fluctuations
Each of the p spectrawere integrated to obtain p2 values.To use a

more complete spectrum, a high-frequencycontributionto the mean
squareintegralwas addedto thenumericallyintegratedexperimental
spectral estimates. Because the spectra collapse when scaled on
inner variables, the high-frequencybehavior can be described by a
single curve.

Fig. 16 Secondary streamlines with contour levels of the correlation
coef� cient Rpv of wall pressure and the � uctuating v -velocity compo-
nent: ® = 20 deg and x/L = 0.772 (see note in caption of Fig. 4).
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Fig. 17 Secondary streamlines with contour levels of the � uctuating
v -velocity component: ® = 20 deg and x/L = 0.772 (see note in caption
of Fig. 4).

Fig. 18 Variation of rms wall pressure � uctuations with Á position:
¦ , ® = 10 deg, x/L = 0.600; , ® = 10 deg, x/L = 0.772; 4 , ® = 20 deg,
x/L = 0.600; , ® = 20 deg, x/L = 0.772;solid symbolsimmediatelyabove
the Á axis are location of primary separation,1 open symbols immedi-
ately above the Áaxis are approximate location of the shed vortex core,
and R, V, and S are location of reattachment, secondary vortex core,
and secondary separation, respectively, for ® = 20 deg and x/L = 0.772.

The procedureused here was to � rst numerically integrate the ex-
perimental spectral estimates.Then the last spectral estimate (high-
est frequency) was scaled on inner variables. This nondimensional
estimate served as the lower limit of an analytical integral, the inte-
grand being proportionalto x ¡ 5 . Once made dimensional, the value
of this analytical integral yields the high-frequencycontribution to
p2 .

The p 0 estimates are shown in Fig. 18 scaled on the far upstream
dynamic pressure Q 1 and scaled on the wall shear stress s w . The
s w is a local minimum at separation.1 Values of these ratios at a =
10 deg are in the range found for two-dimensional � ows.26, 38 A
local minimum in p 0 occurs very close to the separation locations,
whereas a local maximum is near the reattachment and under the
large vortex center at a =20 deg and x / L =0.772. The p 0 / s w value
magni� es the effect of the separation and follows the relative con-
tribution of the outer layer and low-frequencyspectral contribution

as compared to the viscous wall layer high-frequencycontribution.
Around the separation locations larger values of p 0 / s w occur be-
cause low-frequency contributions are relatively large, whereas s w

is much lower with a lower contribution from the viscous region.
For a = 10 deg, the high-frequencyanalytical integral contribu-

tion (AIC) to p2 is at most only a few percent of the numerically
integrated part. For a = 20 deg, the AIC varies from less than 1%
of the total p2 near separation, where p2 is lowest, to about 44%
of the total p2 at x / L = 0.600 and 50% at x / L = 0.772 at u loca-
tions under the vortex, where p2 is large. Although the AIC to p2

is large for some u locations at a =20 deg, note that the values
shown in Fig. 18 are a lower bound on the true p 0 values. There-
fore, the variation of p 0 with u that is shown in Fig. 18 is accurate.
At u locations where p 0 is small, the AIC is small. At u locations
where p 0 large, the AIC is large; however, the true p 0 , if different,
is higher than the value reported in Fig. 18. Additionally, the power
spectrum at u locations where the AIC is large are nearly � at in the
middle- to high-frequencyrange.The large AIC at these u locations
emphasizes the large contribution of the power spectrum at high
frequencies to the p2 integral. Recent measurements by Goody and
Simpson39 of the power spectrum of surface pressure � uctuationsin
another three-dimensional � ow also show nearly constant spectral
values at middle frequencies. The spectra reported by Goody and
Simpson39 extend to higher frequencies than the � at spectral region
and show that the contribution of the � at spectral region to the p2

integral can be as high as 40%.

V. Conclusions
Measurements of wall-pressure � uctuation were carried out un-

der the three-dimensional shear layer on the stern leeside of a 6:1
prolate spheroid (x / L =0.600 and 0.772) for a constant Reynolds
number of 4.20 £ 106 at 10- and 20-deg angles of attack. Pressure
� uctuation spectra p 0 and surface pressure–velocity spatial correla-
tion coef� cients were obtained and related to the � ow� eld structure
measured earlier.

The nearest wall region (y+ < 100) at the measured locations in
these � ows follows the law-of-the-wallmean velocity pro� le when
expressed in wall-shearing-stress coordinates. The wall-shearing-
stressmagnitudedecreasesto a localminima at cross� ow separation
locations and to a large local maxima at reattachments and under
vortices. The TKE levels near the wall follow these same trends.
The updrafts around the regions of separation carry the TKE away
from the wall, whereas secondary reattachments bring some TKE
back toward the wall. Outer regionmean velocitieson the windward
side of the primary separation increase continually to the inviscid
freestream, but increase and then decrease as r increases within the
vortices.

Because the surface pressure � uctuations are related closely to
the velocity � uctuation structure and particularly to v through the
Poisson equation, Rpv shows the in� uence of outer region � ow� eld
features. Windward of the primary separations and leeward of the
primary vortex, relatively large negative levels of Rpv occur around
100 < y + < 250 and indicate the strong in� uenceof v in this region.
In the outermost part of the measured � ow� eld, relatively large
positivevalues of Rpv occur, especially in the updraftof the primary
separation. Negative Rpv is large upstream of the formation of the
mean � ow secondary separation and is very large within the strong
secondary separation and reattachment.

The p spectraand p 0 at low angleof attackare comparableto mea-
surements in equilibrium � ows. Around separations with low wall
shear stresses, the high-frequency content is small, whereas low-
frequency contributions from the outer layer are relatively large. In
regionswith large surfaceshearingstresses,thewall regionproduces
strong high-frequencyspectral content. At locations with relatively
small gradients in the outer region mean velocity distribution, there
are smaller low-frequency contributions.Both of these features oc-
cur around u = 90 deg and under the large vortices. Therefore, at
these locationsspectralvaluesare nearlyconstantat middleand high
frequencies.The resulting p 0 distributionsover the surfacere� ect the
importanceof the high-frequencywall regioncontributions.Around
separations there are local minima in p 0 ; around reattachmentsand
under the large vortices there are local maxima in p 0 .
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