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Flow Alteration and Drag Reduction by Riblets in a Turbulent
Boundary Layer

Seong-Ryong Park* and James M. Wallacet
University of Maryland, College Park, Maryland 20742

Detailed measurements with a miniature single-sensor hot-wire probe of the streamwise velocity field within a
riblet groove of dimensionless size #* = 14 and s* =~ 28 (based on the riblet surface average friction velocity) have
been made. The wall shear stress, when integrated over the riblet surface, yields about 4% drag reduction com-
pared with a smooth surface with the same projected area. This is largely due to the greatly diminished wall
shear stress near the bottom of the riblet valley. Four-sensor hot-wire probe measurements reveal that riblets sig-
nificantly reduce the vertical flux of streamwise momentum within the riblet valley.

Introduction

HAT, under certain conditions, configuring the boundary be-

neath a turbulent flow into small grooves aligned with the
mean flow direction, called riblets, will reduce viscous drag has
been well documented for over a decade.!»> However, very few de-
tailed measurements of the flowfield within and just above these
riblet grooves have been made for the obvious reason that they are
very difficult. In most laboratory air boundary layers the physical
dimensions of such riblets are considerably less than 1 mm, and the
velocities to be measured are extremely small. Vukoslavievi¢ et
al.> have, however, measured properties of the streamwise velocity
field along the vertical planes of symmetry above the valley and
above the peak of a triangular riblet surface in an air boundary layer
at Ry = 1.0 X 10°. These measurements showed that the mean ve-
locity gradient at the valley surface is much lower than at a compar-
ison smooth flat plate surface for flows with the same freestream
velocity. The mean velocity gradient over the peak was so,mewhat
greater than that over the smooth surface. Vukoslavcevic et al.3
also determined that the turbulence intensity of the streamwise ve-
locity fluctuations was greatly reduced deep in the riblet valley.
The skewness and flatness factors indicated that the turbulence
only rarely penetrates deep into the valley from the layers above.
These measurements, however, were not made normal to or at a
sufficient number of stations along the riblet wall surface to esti-
mate whether and, if so, how drag reduction was achieved. Further-
more, no measurements of the vertical velocity fluctuations v were
made, and so information about the vertical flux of streamwise mo-
mentum could only be inferred indirectly.

Chu et al.* and Choi et al.> have carried out direct numerical
simulations of flow over riblet walls in channel flows. Most of the
conclusions made from the laboratory experiment reported herein
are qualitatively consistent with their simulation results, although
there are some quantitative differences in detail, as will be dis-
cussed later when comparisons are made.

Experimental Facilities and Instrumentation

‘Wind Tunnel

The experiments were performed in an open-return, low-speed
wind tunnel. The last 0.94 m of the lower wall of this tunnel is the
test surface, where the smooth and riblet surfaces can be inter-
changed. The smooth surface and the peaks of the riblet surface
were carefully aligned with the upstream lower wall of the tunnel
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test section, and a gradual transition of about 3 cm in length was
made with pliable clay for the riblet surface. The boundary layer
was tripped just downstream of the contraction and developed over
the 8-m-long test section. The tunnel freestream speed can be var-
ied from about 1 to ~5.5 m/s, with a freestream turbulence level
of about 0.7% at the lowest speed.

For all the single-sensor experiments reported here, the free-
stream velocity was maintained at 1.29 m/s corresponding to a
momentum thickness Reynolds number Ry for the smooth surface
of about 1.2 X 10%, a Reynolds number R, based on the friction
velocity, u, = \l‘cw/ p, and the boundary-layer thickness, 8, of 502.
Here t,, is the wall shear stress, and p is the fluid density. The fric-
tion velocity was 0.055 m/s, and 8 was about 14.5 cm. The ratio of
the smooth surface friction velocity to the freestream velocity U,
was 0.43, in good agreement with the tabulation of this ratio as a
function of R, given by Blackwelder and Haritonidis.® The mea-
surements were done at a location on the axis of the tunnel approx-
imately 15 cm upstream of the tunnel exit, where no exit effects
occur. Selected measurements were repeated over the riblet sur-
face 20 cm further upstream of this location to verify that the flow
had reached equilibrium conditions, which proved to be the case.

The four-sensor probe measurements were made with two dif-
ferent sensor wire configurations. For these measurements the
freestream velocities were maintained at 2.4 and 2.9 m/s, respec-
tively, corresponding for the smooth surface to Ry = 2.1 X 10% and
2.5 X 10° and R, = 8.33 X 10? and 9.66 X 10°. These higher
speeds were needed for these more complex probes to perform sat-
isfactorily. The corresponding friction velocities were 0.097 and
0.114 m/s, and the boundary-layer thicknesses were about 13.5 and
13.2 cm at these higher speeds.

Riblet Surface

The riblet surface, which had the same projected area as the
smooth surface, was constructed with low thermal conductivity
fiberglass with symmetric grooves of triangular cross section, 5
mm high and 10 mm span between the peaks, and with walls
inclined at 45 deg to the horizontal. Knowledge of the friction
velocity and the location of the origin of the vertical direction y is
essential for the analysis of experimental data above both the
smooth and riblet surfaces. The friction velocity of the smooth sur-
face can be found directly by obtaining accurately measured veloc-
ities in the sublayer region and then determining the linear velocity
gradient there. However, the velocity gradient in the direction nor-
mal to the riblet surface varies with location along the riblet wall.?
Thus an average value i, should be used. The origin of y for the
smooth surface is unambiguous. However, to avoid the ambiguity
of origin of y for the riblet surface and to obtain the velocity gradi-
ent at several locations along the surface, a single-sensor probe
was traversed along four equally spaced lines normal to one riblet
sidewall in the y, direction of Fig. 1. These lines of data will be
referred to as line 1 (beginning near the peak) to 4 (beginning in
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Fig. 1 Single-sensor probe locations and symbols over riblet surface.
Probe length shown to scale at the base of line 4.
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Fig. 2 Four-sensor probe locations and symbols over riblet surface.
Probe size shown to scale above riblet valley: [, square-shaped probe;

A,V , measurement locations; +, cross-shaped probe; and 4,V , mea-
surement locations.

the valley). The symbols used for these lines of data over the riblet
wall in Figs. 5,7, 9, and 11 for the single-sensor measurements are
shown in Fig. 1, where the length of the sensor is also shown to
scale at the base of line 4.

Four-sensor probe measurements were made by traversing the
probes along lines in the planes of symmetry above the riblet peak
and above the valley, respectively, as had been done with the sin-
gle-sensor probe of Vukoslavdevi¢ et al.? The measurement loca-
tions are shown in Fig. 2, where the four-sensor probes are also
indicated, to scale, at the bottom of the riblet valley. In all of the
figures displaying this data and comparing it with that of others,
the vertical coordinate y will be referenced to the respective sur-
faces: smooth, riblet peak, or riblet valley.

For the freestream velocity of 1.29 m/s and using an estimation
of the smooth surface friction velocity u,, we first chose the nor-
malized dimensions of the riblets to be 4" = 18 and s* = 36. These
were larger than the best viscous sizes for 45 deg-riblets of /" = 9
and s* = 18 found by Walsh,” but were still well within the range to
yield net drag reduction. (A later paper by Walsh® indicated that
these riblets might be drag neutral.) Furthermore, the average fric-
tion velocity along the riblet wall was anticipated to be smaller
than the smooth surface value at this freestream speed, and sc
these values were considered upper bounds on the normalized
height and spacing of the riblet used. After the average riblet fric-
tion velocity was found, as discussed later, the sizes, based on it,
were determined to be At = 14 and s* = 28. For the higher
freestream velocities of 2.4 and 2.9 m/s, these sizes were estimated
to be At = 23 and 24 and s* = 46 and 48, i.e. outside of the drag-
reducing range but still sufficiently small to demonstrate momen-
tum flux alteration by the riblets.

Hot-Wire Probes

The single-sensor probe was of tungsten wire, approximately
0.5 mm long, with a 2.5-um diameter, and was microwelded to the
supporting prong tips. After welding, the probe tip was submerged
briefly in a nickel-plating solution. This was done to make the

probe robust enough so that the wire could be touched to the riblet
peak, which was necessary to locate the sensor with respect to the
riblet surface. The plating only reduced the sensor resistance by
about 10% and only slightly reduced the frequency response of the
anemometry system. The probe was calibrated in a small jet by
varying the speed of its uniform flow over the range to be encoun-
tered in the experiment. Calibrations were made both before and
after each boundary-layer set of measurements to check for any
drift in the response of the hot-wire sensor. These calibrations
were very repeatable, indicating that errors due to electronic drift
and sensitivity to small ambient temperature changes were within
the accuracy requirements of the experiment. To minimize these
drift errors, experiments were conducted as quickly as possible and
repeated three times to verify the statistical values measured. To
survey locations close to the wall and to make measurements along
lines normal to it, the probe was pitched down approximately 5
deg and, for the riblet surface, rolled 45 deg.

The first four-sensor probe used for the simultaneous stream-
wise u and vertical v fluctuating velocity component measure-
ments was arranged so that the projection of the sensor wires on
the cross-stream plane is in a square 0.5 mm on each side, as seen
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Fig. 3 Instantaneous streamwise velocity time series signals above

smooth surface and at four different locations above the riblet sidewall
with a single-sensor probe: a) y,/3 = 0.004 and b) 0.011.
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Fig. 4 Mean velocity within the viscous sublayer and buffer layer
above smooth surface, normalized with the friction velocity u..
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in Fig. 2; thus it is, in effect, configured as two orthogonal X-
arrays. Each wire was oriented at about 45 deg to the mean flow so
that they were about 0.7 mm long and had 2.5-pum diameters. This
four-sensor array was chosen in an attempt to also simultaneously
measure the spanwise velocity fluctuations w as well as the
streamwise vorticity ®,. Park® describes, in detail, the operation of
this probe. He found that the rms streamwise vorticity fluctuations
measured with this probe were much too large, consistent with the
results of Vukoslavéevi¢ and Wallace,!© and that the mean veloc-
ity gradient adversely affected the spanwise velocity component w
near the wall. Therefore, a second four-sensor array, as seen in Fig.
2, with the wires of the same dimensions but arranged in a cross-
shape projection on the cross-stream plane, was used for w and a
second set of u measurements. This configuration is, in effect, two
orthogonal V-arrays.

Data Acquisition

The measurements were made with constant temperature AA
Lab Systems hot-wire anemometer circuits. The frequency re-
sponse of the anemometer system for the highest flow speeds en-
countered was flat up to about 5 kHz, which is much greater than
the highest frequency, of about 500 Hz, at which there is any sig-
nificant energy in the flow at the operating speeds investigated.
Output signals of the probe were digitized at a rate of 1000 Hz, and
continuous sample lengths were obtained for 180 s for thé four-
sensor hot-wire probe data and for 90 s for the single-sensor hot-
wire probe data.

To make the measurements as close to the wall as possible and
to minimize wall proximity effects such as free convection, sen-
sors were operated in the viscous sublayer with a very low temper-
ature overheat ratio of 1.1. Above the viscous sublayer, an over-
heat ratio of 1.2 was used. When the bridge is operated at such low
overheat ratios, the voltage outputs of the anemometer circuits are
especially sensitive to any temperature variations in the flow. For
all of the data reported here, the temperature never varied more
than 0.2°C over the course of the entire experiment; the high de-
gree of repeatability of the calibrations before and after the turbu-
lent flow data acquisition demonstrated that these temperature
changes were acceptably small. The data were acquired with a 12-
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Fig. 5 Comparison of mean streamwise velocity distribution above
smooth surface with distributions along lines 1-4 above riblet surface.
Symbols as in Figs. 1 and 4.
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Fig. 6 Contours of constant mean streamwise velocity, normalized by
the riblet average friction velocity, u. .
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Fig. 7 Comparison of rms streamwise velocity fluctuation intensity
distribution above smooth surface with distributions along lines 14
above riblet surface. Symbols as in Figs. 1 and 4.
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Fig.8 Contours of constant rms streamwise velocity fluctuations,
normalized by the riblet average friction velocity, u. .

bit DATA Translation simultaneous sample and hold A/D con-
verter operated by a DEC LSI 11/21 microprocessor and stored on
a hard disk, before being transferred to the disk of a Sun 3/260
minicomputer for postprocessing.

Results
Single-Sensor Probe Measurements

Instantaneous Time Series Signal

Figure 3 shows samples of the instantaneous streamwise veloc-
ity U() at a) y,/8 ~ 0.004 (first location above the wall) and b)
0.011 (sixth location) on the four measurement lines normal to the
sidewall of a riblet groove and above the smooth surface. The am-
plitudes of the fluctuations in the signals become smaller as the
riblet valley is approached, very nearly vanishing on line 4 at these
locations. The amplitudes of the signal fluctuations in the data
sample for the smooth surface at both positions are very similar to
those somewhere between lines 1 and 2. These observations will
help explain the measured statistical properties discussed later.

Mean Velocity Profiles

Measurements were performed over the smooth surface, for
comparison to the riblet surface resuits. They were also made to
determine the accuracy with which such data could be obtained
within the very low speed flow of the viscous sublayer, since mea-
surements are rarely attempted there for a boundary layer in air.
Figure 4 shows the mean velocity variation within the smooth sur-
face viscous sublayer and buffer layer, scaled with the friction ve-
locity u, and the kinematic viscosity v. The friction velocity was
obtained from a least-squares fit of the points below the estimated
height of the sublayer (y = 2 mm), not using in the fit the first
point, which was obviously influenced by proximity to the wall.
All of the data were corrected by a 0.2-mm vertical position shift
to meet the no-slip wall condition. This systematic error was pre-
sumably due to a combination of positioning inaccuracy and ex-
cess acceleration of the flow through the prongs when the probe is
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Fig.9 Skewness factor distributions along lines 1-4.

Fig. 10 Contours of constant skewness factor in riblet cross-stream
half-plane.

positioned very near the wall. After this correction, the agreement
with'the linear law in the viscous sublayer is excellent, except for
the point at y* ~ 3, which is slightly high, indicating the onset of
other wall proximity effects as noted earlier.

The riblet surface velocity profiles along lines 1-4, normal to
the riblet wall, were also obtained and are shown in Fig. 5, where
they are compared with the smooth surface data. The data have
been normalized with the freestream velocity U,, and the bound-
ary-layer thickness 8. The excessively large mean velocities in Fig.
5, for the locations along lines 3 and 4 very close to the wall in the
valley, are due to wall proximity effects. Vukoslavéevi¢ et al.?
also showed data that deviated from linearity near the wall because
of these wall effects, even when a very low overheat ratio is used.

To decide which data points were affected by the wall and thus
not usable to obtain the slope dU/dy for each line, all of the data
on each line, including the zero value at the wall, were fitted by a
high-order polynomial. By systematically discarding the measured
values near the surface until a minimum least-squares error was
obtained, the coefficients for each polynomial were found. When
these wall proximity affected points were removed, the slope
passed through the origin within the acceptable positioning accu-
racy, which was then corrected. The wall slope of the velocity pro-
file was then obtained by evaluating, at the wall, the differentiated
polynomial fitted to the remaining data.

The region within the riblet groove was subsequently evenly
spaced in the y, and z, directions of Fig. 1, and the velocity values
were evaluated at each node of this grid using the polynomials on
lines 14 and interpolating between these lines. Additional high-
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Fig. 14 Fluctuating velocity component turbulence intensity distribu-
tions obtained with square-shaped and cross-shaped four-sensor
probes. Symbols as in Fig. 2 for the riblet sarface and with O for the
square-shaped and + for the cross-shaped four-sensor probes for the
smooth surface.

order polynomials were then fitted to the values on the grid lines
normal to the surface and between the original lines of data (1-4).
Finally, the slope at the wall was obtained for each line, yielding
an estimate of the local riblet wall shear stress, which was aver-
aged along the z; direction to obtain the average riblet friction ve-
locity of u., = 0.046 m/s. The average riblet wall shear stress cor-
responded to about 4% drag reduction (with a +2% estimated
error) compared with the smooth surface drag on the same pro-
jected area, in good agreement with the early results of Walsh.”

In Fig. 5 the mean velocity gradient at the wall near the riblet
peak (line 1) is clearly a little larger than the one over the smooth
surface, indicating greater local shear stress there. The smooth sur-
face velocity profile is similar to that at the location one-quarter of
the distance below the peak (line 2). At positions lower in the val-
ley (lines 3 and 4), mean velocity gradients at the wall are much
smaller than the smooth surface value, indicating the large reduc-
tion in local shear stress deep within the riblet valley. The reason
for this reduction will be discussed later. The local shear stress
must, in fact, go to zero at the very bottom of the riblet valley be-
cause of the no-slip condition on the opposite riblet sidewall.

Contours of constant mean velocity inside a single riblet groove
were obtained, using the symmetrical geometry of the riblet and
the no-slip boundary condition. From these contours, shown in
Fig. 6 where they are normalized with 4, , one sees more clearly
the velocity distribution in the riblet groove from the valley to the
peak. The mean velocity in the valley, at a fixed y, position normal
to the riblet wall, is greatly reduced compared with the locations
near the peak and necessarily goes to zero at the opposite riblet
sidewall. The contour closest to the riblet surface has a velocity of
only about 5 cm/s, demonstrating the difficulty of the measure-
ments. "l;he spanwise variation of the mean velocity is negligible
above y, =20, in very good agreement with the results of Hoosh-
mand et al.!" The horizontal and vertical dimensions in this figure
and in Figs. 8, 10, and 12 are referenced to the riblet valley, de-
noted by the subscript v, and are made nondimensional with u;,
and v.
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Fig. 16 Peak and valley data of four-sensor probes from Fig. 15 com-
pared with the 60-deg riblet direct numerical simulation resuits of
Chu et al.* at R, =131 X 102 with s* = 17.1 (peak, — — A~—; valley,
~-=V--)

Turbulence Intensities

The distribution of measured rms streamwise fluctuation veloc-
ity values u” across the buffer and sublayers for the smooth surface
flow are shown in Fig. 7, normalized by U, and 8. These are com-
pared with the values obtained along lines 1-4 normal to the riblet
sidewall. It is quite evident that the turbulence intensity increases
with distance up the riblet wall from the valley toward the peak at a
fixed distance, y, /9, above the surface. For example, at 2% of the
boundary thickness, the streamwise turbulence intensity near the
valley on line 4 drops to 2% of U.,, whereas at the peak on line 1
for the same v, /5, the rms. is six times larger. Vukslavéevié et al.?
observed a similar trend in measurements along the vertical planes
of symmetry above the peak and valley. The turbulence intensity of
the streamwise fluctuations is reduced compared with the smooth
surface values, for fixed y, /8, within more than the lower three-
quarters of the groove.

Contours of constant rms streamwise velocity fluctuation u”
within the riblet, normalized by u., are shown in Fig. 8. Similar to
the influence on the mean velocity contours, the effect of the rib-
lets on the rms values of the fluctuations is bounded by y: =~18. It
is quite apparent that the fluctuations drop to very low levels deep
in the riblet groove.

Higher Moments

The normalized higher moments of the streamwise fluctuating
velocity component, i.e., the skewness and flatness factors, were
obtained. Skewness and flatness factor distributions above the
smooth surface and along line 1 are similar, as seen in Figs. 9 and
11. Deeper in the riblet groove, the maximum values are much
greater than the smooth surface values for fixed y, /3 a little less
than 0.02. Contours of constant skewness factor are shown in Fig.
10 for the riblet cross-stream half-plane. They show that the peak
values of the skewness factor are located in the region between
line 2 and line 3 above the wall, as well as on the plane of symme-
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try at about the midpoint above the valley. These conclusions con-
form with and extend those of Vukslavéevié et al.?

Like the skewness, for y, /0 a little less than 0.02, the flatness
factor increases as the valley is approached as seen in Fig. 11. In
Fig. 12, contours of the constant flatness factor are shown within
the cross-stream half-plane of the riblet. The maximum values of
these contour plots occur near the maximum values in the skew-
ness contour plots. When combined with the small turbulence in-
tensity in these regions, as shown in Fig. 8, the large values of
skewness and flatness indicate that, occasionally, wallward-di-
rected fluid with large-amplitude, positive, streamwise fluctua-
tions penetrates to just above the midlevel of the riblet at yj = 10,
but seldom reaches much deeper into the valley.

Probability Density Functions

Probability density functions (PDFs) of the streamwise velocity
fluctuations u were determined for the smooth surface and the four
different spanwise locations on the riblet surface. Figure 13 shows
PDFs for y, /0 ~ 0.004 on each of the lines 1-4 and above the
smooth surface. The PDFs of the streamwise velocity fluctuations,
although remaining asymmetric, become very narrow when the lo-
cation is at the riblet midlevel or below. This further confirms the
observation that the high-speed wallward-directed fluid seldom
penetrates below y: = 10 while still retaining much streamwise
momentum.

Four-Sensor Probe Measurements

Turbulence Intensity Measurements

In Fig. 14 turbulence intensity distributions are shown for all
three components of the velocity vector above the smooth surface
and along the vertical lines of symmetry above the riblet peak and
valley, normalized with U,, and 8. The values of u’ and v’ were
measured with the square-shaped probe and of 1’ and w” with the
cross-shaped probe. Two observations can be made. First, the val-
ues of u” from each of the respective probes agree rather well with
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each other for both smooth and riblet surfaces. Second, all three
components show significantly higher intensities over the peak
and lower intensities over the valley, as the surface is approached,
compared with the smooth surface values. This latter observation
for u” agrees with the single-sensor probe measurements discussed
earlier but also shows that the cross-stream components are af-
fected similarly to the streamwise components.

To compare our results with the simulation results of Chu et al.*
and Choi et al.,’ our laboratory data in Fig. 14 is replotted in Fig.
15 and normalized with the smooth surface friction velocity u,,
and v. This scaling is necessary for the comparison because the
differences between the channel flow simulations and the bound-
ary-layer experiment make U, and 8 inappropriate scales, and the
riblet surface friction velocity u,, was not accurately determined

in the four-sensor probe experiments. The trends observed in Fig.:

14 are also observed here with this scaling. Included are the renor-
malized single-sensor probe values of u” taken along the vertical
plane of symmetry above the valley from the contour values of
Fig. 8; they agree very well with the four-sensor probe data. Our
peak and valley rms data from Fig. 15 are compared with those
from the simulation of Chu et al.* in Fig. 16. Although the trends
of the data, i.e., higher rms values over the peak and lower values
over the valley, are the same for all three components, their values
have smaller magnitudes than ours, particularly in the valley. It
should be noted, however, that their triangular riblet geometry is
one with the walls forming a 60-deg angle with the horizontal, i.e.,
with &+ = s* = 17.1, based on the riblet average friction velocity. In
addition, our three experimental Reynolds numbers R, were, re-
spectively, 3.8, 6.4, and 7.4 times greater than their value of 1.31
X 102 In Fig. 17 our peak and valley data from Fig. 15 are com-
pared with two cases of Choi et al.” Both cases are for 45-deg rib-
lets, but in case A #* = 16.4 and s* = 32.8, based on the riblet sur-
face average friction velocity, whereas in case C these dimensions
are it = 8.2 and 5" = 16.4. Our three experimental Reynolds num-
bers R, were respectively, 2.8, 4.6, and 5.4 times greater than their
value of 1.8 X 102 They found that case C with the smaller riblets
gave a 5% drag reduction, but case A gave a 2% drag increase. Our
riblet dimensions for the single-sensor probe measurements are a
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Fig. 18 Distributions of Reynolds shear stress, normalized with the
freestream velocity and obtained with the square-shaped four-sensor
probe, near the smooth surface (), above the riblet peak (A), and
above the riblet valley (V).
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Fig. 19 Reynolds shear stress experimental data from Fig. 18 com-
pared with the peak and valley simulation results of Chu et al.* at R, =
1.31 X 10%, with s* = 17.1 (peak, —~ A——; valley, —— V~-).
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Fig. 20 Reynolds shear stress experimental data from Fig. 18 com-
pared with the peak and valley simulation results of Choi et al.’ at R,
=1.8 X 102 with s* = 16.4 (peak, --- A ...; valley, ... V ...) and s* = 32.8
(peak,—— A——; valley,~— V—--),
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Fig. 21 Constant a) joint probability density functions and b) covari-
ance integrand contours of the z and v fluctuations at y/d ~ 0.015
above the smooth and riblet surfaces.

little smaller than their drag-increasing case A and considerably
larger than their drag-reducing case C. Our dimensions for the
measurements with the four-sensor probes were quite a bit larger
than their drag-increasing case A. Our u” values, for both peak and
valley, are in quite good agreement with their larger (case A) riblet
values. The trends of our peak and valley v’ and w’ values are
similar to theirs, but our magnitudes are higher. This could be due
to several factors. These variables, scaled in this manner, are quite
dependent on Reynolds number for low Reynolds number. Also,
Park® has shown that the four-sensor probes overestimate the val-
ues of v’ and, to a lesser degree, w’. In spite of the lack of com-
plete agreement between the experiment and the simulations, it is
quite evident that all three components of velocity have reduced
rms values in the valley of the riblet and increased values over the
peak compared with the smooth surface values.

Reynolds Shear Stress Measurements

The distributions of the experimentally measured Reynolds
shear stress, normalized with U2 and plotted vs y/3, are shown in
Fig. 18, for the symmetry planes above the peak and valley of the
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riblet surface and above the smooth surface. The data for y*/d <
0.02 are not shown because the errors were considered too large in
that region. In spite of this limitation, it is evident that the Rey-
nolds shear stress in the valley is substantially reduced compared
with the smooth surface values, approaching negligibly small val-
ues near the riblet midlevel. Over the peak the Reynolds shear
stress is larger than the smooth surface value. The peak and valley
results from Chu et al.* and the two cases of Choi et al.® are com-
pared with these data, normalized with uz,'in Figs. 19 and 20. The
trends and, in general, the magnitudes are similar even though
there are some differences in detail. One obvious difference in the
experiment and simulations with regard to Reynolds shear stress
values, in addition to those mentioned earlier, is the fact that the
channel flow, unlike the boundary layer, has no constant stress re-
~ gion.

Joint Probability Density Function and Covariance Integrand

The joint probability density functions (JPDFs) of the stream-
wise and vertical velocity fluctuations # and v are shown in Fig.
21a, for y/8 = 0.015 above the riblet valley and peak and above the
smooth surface. The diminished correlation in the valley is strik-
ingly evident as well as the substantially higher probability of the
flow at this location to have u values less than the local mean. This
is consistent with the positive skewness shown in Fig. 10 and indi-
cates that higher momentum fluid from above rarely penetrates
this deep into the riblet valley. The covariance integrands,
uvP(u, v), shown in Fig. 21b, where

— + oo + oo
uv = J. J- uvP (u,v) du dv

makes these conclusions even more evident. Whereas the contribu-
tion to the covariance, uv, comes primarily from quadrants 2 and 4
above the smooth surface and prounouncedly so above the peak at
this y/8 location, the picture is dramatically changed deep in the
valley. Here quadrants 2 and 3 (negative u) are highly probable,
but quadrants 1 and 4 are broader, indicating occasional higher
amplitude positive u fluid motions.

Conclusions

For riblets of a dimensionless size within the drag reducing
range, the following conclusions can be made:

1) The mean velocity is greatly retarded, along lines parallel to
a riblet sidewall, as the riblet valley is approached.

2) The mean shear stress at the riblet wall, 1,,, at about one-
quarter of the riblet sidewall below the peak is about the same as
that on a smooth surface with the same freestream velocity for the
conditions studied here. Thus, about three-quarters of the riblet
sidewall experiences a mean shear stress less than the smooth sur-
face value, resulting in net drag reduction.

3) The rms streamwise turbulence intensity is greatly dimin-
ished along lines parallel to the riblet sidewall with distance into
the valley. Deep within the riblet groove the flow is in an almost
laminar state.

4) The wrbulence intensities of all three velocity components,
along vertical lines of symmetry, are diminished over the valley
and increased over the peak of the riblet surface compared with the
smooth surface intensities.

5) Vertical flux of streamwise momentum is greatly reduced
within the riblet, even for a dimensionless size somewhat above
the drag-reducing range. High-momentum fluid from layers above
the riblet rarely penetrate into the lower half of the riblet groove.
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