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Fig. 3 Variation of phase-averaged lift coefficients for several values
of reduced frequency for R - 0.70.
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(t/T= 0.25) and becomes very strong in the middle of the cycle
when the freestream velocity is minimum (t/T=Q.5). With in-
creasing freestream velocity, this vortex is washed away from
the wing (t/T= 0.75).

In Fig. 3, the phase-averaged lift coefficient, defined as

is shown as a function of time over a cycle for several values of
the reduced frequency at # = 0.70. Note that all phase-
averaged lift curves collapse during the acceleration (0.8 <t/
T< 1.0) due to attached flow. This phenomenon has been
observed and studied by Shin.10 For £ = 0.70 (corresponding
to the flow visualization photographs), the phase-averaged lift
coefficient increases as the size of the separation vortex in-
creases (see Figs. 2). At the middle of the cycle, //r=0.5, the
leading-edge separation vortex reaches its climax and is
located just above the wing. The size of the vortex is about one
chord length. The phase-averaged lift coefficient can be as
high as 14 at this moment.

High lift coefficients cannot be explained by acceleration
dU/dt (or added mass effect) since the highest lift coefficient
during a cycle occurs around t/T=0.5, (when the acceleration
of the freestream is zero). At this instant, the large separation
vortex (Figs. 2) produces highly convex streamlines over the
wing and causes a high pressure gradient in the normal direc-
tion to the wing surface. Consequently, this greatly increases
the suction on the upper wing surface and explains the large
lift coefficient at */r=0.5. The value of the lift coefficient at
f/r=0.75 (when the acceleration is maximum) suggests that
the effect of acceleration is small. Moreover, it can be argued
that there is no influence of acceleration on time-averaged
force (see Fig. 1) since the average value of the acceleration
terms is zero (assuming that the load due to acceleration can
be written as a dU/dt, where a is a constant).
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I. Introduction

FOR more than a decade, evidence has been accumulating
that certain modifications of the geometry of the bound-

ing surface of turbulent shear flows can passively reduce vis-
cous drag. An effective and relatively easy to manufacture mod-
ification is a surface of grooves, known as riblets, aligned with
the mean flow direction. Although such riblets considerably
increase the wetted surface to planform area ratio, they have
shown significant net reductions in viscous drag when com-
pared to a similar flow over a flat plate. Their use in the most
recent America's Cup regatta caught public attention, and
they have been shown to be effective under commercial flight
conditions.1

A number of investigators have made comparative measure-
ments and computations of the total drag and of the mean and
fluctuating velocity fields above riblet and smooth flat-plate
surfaces in attempts to document and explain the drag reduc-
ing effect of riblets. Walsh and his co-workers,2"6 using a drag
force balance, reported up to 8% drag reduction for triangular
riblets of height and span about twice the sublayer thickness, a
result later confirmed by the drag balance measurements of
Bechert et al.7 and by pipe flow pressure measurements of
Nitschke.8

Wallace and Balint9 compared the Streamwise turbulence
intensity profiles from various experiments for smooth and
riblet surfaces, accounting for the effect on the profiles of
Reynolds number variation as documented for smooth sur-
faces by Purtell et al.10 With the exception of data of Bacher
and Smith,11 riblets appear to significantly reduce the turbu-
lence intensity over most of the boundary layer, a result that
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has been recently confirmed by detailed measurements of
Choi.12 However, none of the measurements compared were
able to approach very close to the riblet surface.

Both Bacher and Smith11 and Hooshmand13 show little
change in the skewness and flatness values of streamwise fluc-
tuations over the riblet surfaces. However, these measure-
ments also were not made very close to the riblet surface. The
new results reported in the following sections reveal in detail
how much these streamwise fluctuation statistical characteris-
tics are altered by riblets near their bounding surface.

Since changes in turbulent momentum transport must be the
cause of the reduced mean velocity gradients at the riblet wall,
measurements very near the wall are particularly important.
Although Reynolds stress measurements are not reported
here, conclusions about the effect of riblets on vertical mo-
mentum flux can be inferred from streamwise velocity mea-
surements, as discussed below.

0 .2 .4 .6 .8 1
U/U.

Fig. la Mean velocity profiles above the smooth and riblet surfaces
normalized with the boundary-layer thickness 5 and the freestream
velocity U^: + smooth surface; A riblet valley; O riblet peak. The
hot-wire sensor is shown to scale in the sketch above the riblet valley.

—

(dU/dy)| wall

u/u.

Fig. Ib Data of Fig. 3a with the profiles over the peak and valley
shifted vertically so that their surfaces are at the same vertical coor-
dinate origin (y/b = 0) as the smooth flat plate. Solid straight line rep-
resents the mean velocity gradient at the wall determined by choosing
ur to best fit the logarithmic law.

II. Experimental Facilities and Conditions
The measurements were carried out in a low-speed wind

tunnel designed to produce a very thick boundary layer with
large scales of turbulence. The boundary layer was tripped at
the end of the tunnel contraction by a 5-mm-diam wire and de-
veloped on the lower wall of the tunnel over an 8-m fetch. The
test surface was the downstream 1 m of this wall where smooth
or riblet plates could be interchanged. Both surfaces were
made of plastic to reduce heat conduction when the hot wire
was brought very close to them. The riblet plate had stream-
wise aligned triangular grooves of height h = 5 mm from peak
to valley and span 5 = 1 0 mm between adjacent peaks. These
dimensions, normalized by the viscous length scale v/ur =
0.29 mm for the comparison smooth-plate flow with the same
freestream speed, are h+ = 17.5ands+ = 35(or/z/6 = 0.037
and s/d = 0.074), respectively. Here, v is the kinematic viscos-
ity, ur the friction velocity, and 6 the boundary-layer thick-
ness. It was not possible to estimate very accurately the span
averaged viscous length scale for the riblet plate flow because
the span averaged value of ur is difficult to estimate. Based on
the data that follow, it appears to have been larger than that
for the smooth plate, bringing these riblets within the net drag
reducing range. At the upstream end of the riblet test plate,
the peaks were aligned flush with the tunnel wall. All measure-
ments were made 15 cm upstream of the downstream end of
the test plates. To create the thickest developed boundary
layer possible in this wind tunnel, which would allow us to use
the largest riblets still within the drag reducing range, the tun-
nel was operated at nearly its lowest stationary speed of 1.23-
m/s freestream velocity. This produced a 13.55-cm-thick
boundary layer at the measurement location and provided a
momentum thickness Reynolds number of Re « 103. That the
flow was fully turbulent is evident from the mean and turbu-
lent fluctuation moment profiles for the smooth-plate flow.

The single tungsten hot-wire sensor used for the measure-
ments was 0.5 mm long and 2.5 //, in diameter supported by
thin nickel plated tungsten prongs. The probe was fabricated
in our laboratory by microwelding the sensor to the prongs
followed by briefly nickel plating the sensor and the tips of the
prongs to make the probe robust. This allowed us to actually
touch the sensor to the peak of the riblet and to the smooth
plate surface in order to locate the reference vertical position
of the measurements. A sketch showing the probe to scale,
positioned within the riblet valley, is shown in Fig. la.

To make the measurements as close to the surface as possi-
ble while minimizing wall proximity errors, the hot wire was
operated at the very low resistance overheat ratio of 1.10. This
necessitated careful correction of the sensitivity of the probe's
measured output voltages to ambient temperature changes in
the flow that occurred during the course of the measurements.
With the probe in the calibration position at the center of the
tunnel in the freestream, the voltage of the constant tempera-
ture anemometer was measured for a range of mean speeds
chosen to match those in the near wall layer as the temperature
of the flow slowly changed over the temperature range en-
countered during the boundary-layer measurements. This
nearly linear variation was subsequently used to correct all of
the instantaneous boundary-layer data to an arbitrary reference
temperature. To minimize this correction, the open return tun-
nel was operated long enough for the temperature in the room
to reach a nearly equilibrium state before the boundary-layer
measurements began. For all of the data reported herein, the
temperature never varied more than 0.2°C.

The anemometer circuits used were constructed after the
design of Kaplan14 and had a flat frequency response up to
about 5000 Hz at this tunnel speed. The instantaneous velocity
and temperature data were digitized at a rate of 1000 Hz for
sample lengths of 30 s.

The probe was calibrated in the freestream over the range of
speeds to be encountered in the boundary layer just before and
just after each vertical profile was taken. These data were fit-
ted to King's law, E2 = A + B(U)QS. It was necessary to use
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Fig. 2 Turbulence intensity profiles of the streamwise velocity fluc-
tuations above the smooth and riblet surfaces; y/d = 0 is located as in
Fig. Ib. Symbols as in Fig. la.

three separate sets of values of the constants A and B for three
overlapping segments of the calibration data in order to get
the best linear regression calibration fit over the entire range.
On completion of the first calibration for each profile, the
probe was moved close to the surface by the laboratory com-
puter and positioned, while viewing the sensor with a stereo-
scopic microscope, so that the hot-wire sensor just touched the
peak of the riblet surface or the smooth-plate surface, depend-
ing on which plate was in the tunnel. This position was then
the reference position of the probe with respect to the surface.
The probe was subsequently raised 0.1 mm and the measure-
ments commenced. After the probe had been moved vertically
to all of the measurement locations for a given profile, it was
recalibrated.

III. Results
A. Mean Velocity Profiles

For comparison purposes and to test the accuracy of the
measurements using this low overheat ratio, data were ob-
tained over the smooth surface. Figure la shows the smooth-
plate mean velocity profile normalized with the boundary-
layer thickness d and the freestream velocity £/«, and compared
to the two velocity profiles over the riblet surface in the planes
of symmetry above the peak and valley. In this figure, the ori-
gin of the vertical coordinate for the profiles, y/d = 0, has
been located at the midlevel between the riblet peak and the
valley. The y/d = 0 position for the surface of the smooth
plate is made to coincide with this location in this figure for com-
parison. If each of the profiles in the figure is extrapolated to
zero velocity, each one intersects the surface at each respective
location quite well, neglecting the two points closest to the wall
of the smooth-plate profile that exhibit wall proximity effects.

The same data are replotted in Fig. Ib, where the profiles
over the peak and valley have been shifted vertically so that
their surfaces are at the same vertical coordinate origin (y/d =
0) as the flat plate. Although the profiles farther from the wall
naturally do not match as well as in Fig. la, this shift allows
better comparison of the slopes of the mean velocity gradients
at the respective surfaces. These slopes show the variation of
the local wall shear stress at the peak and at the valley of the
riblet surface compared to the value for the smooth surface.
The solid straight line in the figure, which passes through the
flat-plate data near the wall, is the mean velocity gradient at
the smooth surface determined from the value of ur = 0.0554
m/s, which gave the best fit to the well-established profile in
the logarithmic region. The ratio wr/(700 = 0.045, found from
this fit, is a quite reasonable value at the low Re of this experi-
ment.

The mean velocity gradient, and thus the local shear stress
over the riblet peak, is clearly larger than that over the smooth

surface; the increase is approximately 85%. It is not possible
to estimate accurately the wall velocity gradient for the valley
profile, but it appears to almost vanish to zero at the valley
surface. These peak and valley profiles, just above and within
the grooves, are quite similar in shape to those calculated by
Bechert et al.,15 but do not show the linear variation above the
riblets that their calculation assumes.

B. Turbulence Intensities
The rms values of the streamwise velocity fluctuations have

been normalized by the freestream velocity and are plotted in
Fig. 2 against y/d. The smooth-plate profile compares very
well to that of Purtell et al.10 at a similar low Reynolds
number. It is quite evident that at a fixed distance above the
respective surfaces for.y/6 < 0.05, for example at y/d = 0.02,
the intensity of turbulence dramatically increases spanwise
from the valley to the peak. In the valley of the riblet below
the midlevel ( y / d < 0.02), the streamwise turbulence intensity
almost completely vanishes, never exceeding a value of 1% of
t/o,,. Comparison of the turbulence intensity above the peak
for y/d < 0.02 with that at the same y/d location above the
smooth plate shows a small relative increase over the peak.
This latter result is intuitively expected because the riblet sur-
face, which is inclined away from the peak on each side, is less
effective in damping the fluctuations.

C. Skewness and Flatness Factors
The third and fourth normalized moments of the stream-

wise fluctuations, i.e., the skewness and flatness factors, have

Fig. 3a Skewness factors of the streamwise velocity fluctuations
above the smooth and riblet surfaces; y/d = 0 is located as in Fig. Ib.
Symbols as in Fig. la.

Fig. 3b Flatness factors of the streamwise velocity fluctuations
above the smooth and riblet surfaces; y/d = 0 is located as in Fig. Ib.
Symbols as in Fig. la.
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also been obtained from these data. The three skewness factor
profiles are shown in Fig. 3a with the same peak and valley
profile shifts as described earlier. The smooth-plate profiles
agree well with most data in the literature except that the
values for the three locations nearest the wall appear to be
somewhat too large because of wall proximity effects (see
Alfredsson et al.16). At y/d = 0.02, the skewness factor in-
creases dramatically span wise from the peak to the valley. The
smooth-plate skewness factor values lie between these two ex-
tremes. At about y/d > 0.04, the unshifted data collapse ap-
proximately to a single curve/indicating that the effects of the
riblets on this statistic are confined to the region very close to
the surface. This was also seen in Fig. la for the mean veloc-
ities. The flatness factors above the three surfaces are shown
in Fig. 3b and exhibit similar trends. For the unshifted flatness
factor profiles, above y/d = 0.04 all of the data collapse to a
single curve.

The extremely large positive skewness and flatness values
seen in Figs. 3a and 3b in the riblet valley around the midlevel
(y/d « 0.02), when considered together with the small turbu-
lence intensity values in that region in Fig. 2, indicate rare but
large amplitude positive streamwise velocity fluctuations due
to occasional penetration of fluid from higher in the flow.
Below the midlevel, however, the intensity and the skewness
and flatness factors in the valley decrease precipitously, show-
ing that the streamwise velocity fluctuations there are almost
symmetric and of extremely small magnitude deep within the
grooves.

IV. Conclusions
The effects of the riblet surface on the mean and fluctuating

streamwise velocity field are clearly exhibited in the R0 « 103

boundary-layer data shown earlier. The most dramatic effects
are confined to within about 4% of the boundary layer above
the riblets measured from the midlevel of the grooves. The
local wall shear stress varies greatly in the spanwise direction,
from about 85% greater than the smooth-plate value at the rib-
let peak for flow with the same freestream velocity, to van-
ishingly small at the riblet valley. The turbulence intensities
and skewness and flatness factors of the streamwise velocity
fluctuations all indicate that the turbulence nearly vanishes be-
low the midlevel of the grooves. Occasionally, relatively large
positive streamwise fluctuations occur in the region between
the midlevel and peak of the grooves due to the penetration of
the higher velocity fluid from above. However, unlike the ver-
tical momentum transport over the smooth surface, this high
momentum fluid rarely gets close to the riblet surface except
near the peaks. Thus, the wall stress is lower than the flat-plate
value over much of the span. When the resulting spanwise av-
erage shear stress is sufficiently lower than that for the smooth
plate, more than compensating for the increased wetted sur-
face area of the riblets, net drag reduction occurs.
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Introduction

T HE efficient design of aerospace vehicles requires an
understanding and appreciation for the many factors af-

fecting the vehicle's performance. One of the more significant
of these factors is the transition of a moving fluid from a
smooth, laminar state to one of turbulence. The control of this
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