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character. For this reason this source is only likely to be iden-
tified experimentally in static tests when microphones are
placed close to the appropriate Mach wave propagation angle.
However, on a flyover there will be a period when the levels on
the flight path may be dominated by this type of highly direc-
tional source.
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Spectral Measurements of
Pressure Fluctuations on Riblets
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Naval Underwater Systems Center,

New London, Connecticut

Introduction and Experimental Apparatus

A RECENT summary of riblet research is given by Wilkin-
son et al.1 of NASA Langley. The authors state, "Of all

the nonplanar surface approaches to turbulent viscous drag
reduction, riblets are the best established, with little, if any,
remaining doubt regarding their effectiveness. The main thrust
of the initial Langley riblet research was to verify riblet drag
reduction and optimize its level. This effort culminated in the
selection of a symmetrical V-groove as the optimal design
(h+=S+ = 15.8 percent drag reduction)." The investigation
reported here was aimed at determining if any measurable
changes are induced by riblets in the autospectral density, the
streamwise cross-spectral density, and the convection velocity
of the fluctuating wall pressure field. Due to the attenuation
resulting from spatial averaging, only scales associated with
the outer region of the turbulent boundary layer were resolved.

The experiments were conducted in the rectangular test sec-
tion of the quiet water tunnel at the Naval Underwater Systems
Center, New London Laboratory. The water tunnel is a recir-
culating flow facility, with acoustic isolation provided by rub-
ber hoses between the test section, plenum chambers, and
centrifugal pump. The interior of the test section is 83 in. long,
12 in. wide, and increases in height linearly from 4 in. at the
inlet to 4.41 in. at the exit, resulting in a zero pressure gradient
flow to within ±0.005 psi. Two piezoelectric pressure trans-
ducers fabricated of PZT-5H Type 2 material, of diameter
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0.08 in. , were flush mounted in the bottom wall, with a stream-
wise separation of 0.4 in. center to center. The output voltage
signals were amplified 20 dB by an Ithaco Model MSN pream-
plifier, an additional 20 dB by an Ithaco Model 455 amplifier
with an adjustable high pass filter (set at 1 Hz), and were then
input to a Spectral Dynamics Model SD375 spectrum analyzer.
All of the spectra were computed from 500 ensemble averages.
Measurements of the mean streamwise velocity u(y) were
made using a TSI model 9100 laser Doppler velocimetry sys-
tem. The riblet coating, which was identical to that used on the
yacht "Stars and Stripes," was manufactured by the Scotch
3M Corporation. The symmetrical V-grooves had height (h)
and peak-to-peak spacings (5) of 0.0045 in., and a base thick-
ness of 0.0025 in. Following the baseline measurements, the
entire bottom wall of the rectangular test section was covered
with one continuous layer of riblet material. The riblets ex-
tended a distance upstream approximately 60 d from the mea-
surement location.

Experimental Results
The turbulent boundary-layer mean velocity profiles were

measured at a streamwise location coincident with that of the
pressure transducers, 61.4 in. from the test section inlet and
6 in. from each side wall. The displacement thickness 6* and
momentum thickness 6, determined by numerical integration,
are given in Table 1. Based on the Re values and velocity
profiles, a fully developed turbulent boundary layer existed at
both Reynolds numbers. The turbulence intensity in the free-
stream was 1.597o. In order to determine the mean wall shear
stress rw, the boundary-layer profiles and static pressures were
measured at streamwise locations along the test section. Values
for TU were then determined from a momentum balance analy-
sis. The velocity defect [(£/«» — w(y)]/H* was plotted for both
Reynolds numbers investigated and was found to agree well
with Kama's2 empirical expression for zero pressure gradient
flat-plate turbulent boundary layers, given as 9.6(1— y/d)2.
The nondimensional scales of the riblets S+ and pressure
transducers d + are given in Table 1 . The freestream velocity of
10 ft/s provided an optimum turbulent boundary layer for the
performance of the riblets, based on the results of Wilkinson
et al.1

Corcos3 derived a method to correct autospectra for the
attenuation due to spatial averaging associated with circular-
faced transducers. The baseline measurements of the corrected
autospectral density $(w) nondimensionalized on outer flow
variables d* and £/<» are presented in Fig. 1 . Also shown are the
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Fig. 1 Nondimensional autospectra *(w)/p26*t/«. Corrected for
spatial averaging, — £/oo = 10 (ft/s), — £/oo = 20 (ft/s),
o = results of Bakewell et al.4
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Table 1 Turbulent boundary-layer parameters and inner scales

t/oo (ft/S)

10
20

6 (in.)
1.14
1.01

6* (in.)
0.17
0.14

B (in.)
0.12
0.11

Re
l .OOxlO4

1.83X104

v/u* (in.)
3.2xlO~4

1.5xlO~4

S+=Su*/v
14.1
30.0

d+=du*/r
250.0
533.3

Table 2 Comparison of parameters with Bakewell et al.4

Bakewell
(air)
Present
investigation
(water)

C/oo (ft/S)

178

10

20

6 (in.)
1.75

1.14

1.01

Rs
1.50X105

0.95 xlO5

1.68X105

d/d*
0.04

0.07

0.08

Prms/Q

4.60 X10~ 3

3.95 X l0~ 3

3.90X10-"3

Prms/q
corrected

4.90xlO~3

4.85 x!0~3

4.69xlO~3
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Fig. 2 Nondimensional convection velocity Uc/U<x,
— t/» = 10 (ft/s), — f/oo = 20 (ft/s), o = results of Willmarth.6
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Fig. 3 Normalized longitudinal cross-spectral density ^4(<o£/t/c),
£/«> = 10 (ft/s), — = baseline, — = riblets, o = results of Willmarth.6

corrected measurements of Bakewell et al.,4 which were made
in a fully developed turbulent pipe flow of air. The mean
square of the fluctuating pressure p(t) may be expressed as

p(t)2

where $(0?) is the single-sided autospectral density of the pres-
sure fluctuations. The root-mean-square pressure coefficient
Prms/<2> where Ams=/?(02'/2 and <7=pt/£/2, was determined
at each Reynolds number by subtracting the background
noise from the measured autospectra and integrating over
the non-dimensional frequency range 0. 18 <w5 */£/<»< 6. 23.
Table 2 contains a comparison of both the corrected and un-
corrected values of prms/Q for this investigation with those
of Bakewell et al. The frequency range for Bakewell et al. was
0.14<w6VC/oo<9.87.

Corcos3 proposed the following model for the longitudinal
cross-spectral density function ^(o/):

where o>£/C/c is a similarity variable with £ the separation be-
tween the two stream wise measurement locations, and Uc the
convection velocity of the pressure-producing eddies. From
this relationship, the function A (u%/Uc) may be defined as the
magnitude of the normalized longitudinal cross-spectral den-
sity. Following SmoPyakov and Tkachenko,5 the convection

velocity was found from the phase 0(o>) of the cross-spec-
tral density function ^(w), where Uc = a;£/</>(co). The quantity
Uc/Uao is presented as a function of co6*/l/a> in Fig. 2 for both
Reynolds numbers, along with WiHmarth's6 results. The func-
tions A(w%/Uc) are shown in Figs. 3 and 4. The experimental
error in the magnitude of A(u%/Uc) is ±0.01. Corcos3 has
estimated the correction in the measurement of the cross-spec-
tral density for spatial averaging to be small compared to that
for the autospectra.

All of the measurements were repeated with the riblet coat-
ing installed. The presence of an elastomeric coating above a
pressure transducer causes an attenuation of the convected
high wave number pressure disturbances. Previous measure-
ments, made with the same type of transducer mounted such
that 0.031 in. of urethane covered the face, showed a maxi-
mum attenuation of approximately 5 dB in $(/) at the highest
frequencies measured at each Reynolds number. If we assume
an average thickness for the riblet material of 0.005 in., the
maximum attenuation at the highest frequencies measured
here is less than 1 dB.

The autospectra <£(/) measured beneath the riblet coating
are shown in Figs. 5 and 6 along with the baseline measure-
ments. No significant change was measured for either of the
Reynolds numbers. The small reductions at the highest and
lowest measured frequencies at £/» = 10 ft/s are attributable to
slight variations in the background noise. At frequencies
greater than 100 Hz, the background noise was electronic, and
below 100 Hz the source was acoustic waves generated by the
centrifugal pump and transmitted by the working fluid. The
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Fig. 4 Normalized longitudinal cross-spectral density A (o>£
t/oo = 20 (ft/s), — = baseline, — = riblets, o = results of Willmarth.6

CM
CO

CL
=1

C* 110

CD
O

° 90
200 400

FREQUENCY (Hz)
600

Fig. 5 Autospectral density *(/), t/oo = 10 (ft/s), — = baseline,
•• = riblets, — = background noise.

spectra in Figs. 5 and 6 have not been corrected for spatial
averaging. For the case of ^=1.0xl04, the attenuation
(based on Corcos' correction) was 4.1 dB at 350 Hz and 10.7
dB at 700 Hz. For Re = 1.8 x 104, the attenuation was 4.1 dB at
800 Hz and 11.0 dB at 1600 Hz. The measured convection
velocities were identical to within ±0.5% with those of the
baseline measurements, shown in Fig. 2. A small but measure-
able increase in the magnitude of A(w£/Uc) occurred at low
values of o>£/(7c, as shown in Figs. 3 and 4, with the effect
being greater at the higher Reynolds number. Blake7 measured
a broadband decrease in the magnitude of A(uZ/Uc), a de-
crease in the convection velocities, and an increase in $>(o>) due
to roughness elements, with heights on the order of 150 to 300
viscous lengths. He concluded that correlation distances were
significantly reduced, due to the roughness elements. Blake's
measurements qualitatively suggest that a reduction in drag
due to skin friction would accompany an increase in the mag-
nitude of A(w£/Uc), as measured here. A limitation of this
investigation is the lack of resolution of convected wave num-
bers with scales associated with the wall region of the turbulent
boundary layer. Riblets may induce changes in these wave
numbers that lead to changes in the levels of the autospectra at
the associated frequencies. The results presented here show
that the net contribution to the autospectra as well as the
convection velocities from wave numbers associated with the
outer region of the turbulent boundary layer is not signifi-
cantly changed by the presence of riblets.
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Fig. 6 Autospectral density *(/"), £/<» = 20 (ft/s), — = baseline,
— = riblets, — = background noise.
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Introduction

D ISCRETE line vortices have been used in the past to
model symmetric1'2 and asymmetric3 vortx separations at

zero sideslip in the leeward side of a body. In these
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