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Turbulent Drag Reduction Mechanism Above a Riblet Surface

Yuji Suzuki* and Nobuhide Kasagit
University of Tokyo, Tokyo 113, Japan

The structure of a turbulent flowfield along a riblet surface was investigated with the aid of a three-dimen-
sional particle tracking velocimetry. The statistics of all three velocity components were measured and compared
with those above a smooth wall. Under a drag-reducing condition, all of the turbulent velocity fluctuations and
the Reynolds shear stress were decreased near the riblet surface, although the flow characteristics in most of the
flowfield were quite similar to those above the smooth wall. It was also found that the redistribution mechanism
of the turbulent kinetic energy from the streamwise component to the spanwise one was considerably suppressed
in the region above the riblet valley. On the other hand, under a neutral drag condition, a cross-stream secondary
flow was apparent near the ribs. This fluid motion should enhance the turbulent momentum transport and
deteriorate the drag-reducing effect of the riblet.

Nomenclature
bij = stress anisotropy tensor, ~UjUj/(2k) - 5///3
h = riblet height __
k = turbulent kinetic energy, w/w//2
L = development length along the riblet

surface

= two-point correlations in the
streamwise direction

= two-point correlations in the spanwise
direction

Rem = Reynolds number based on Um and d
ReQ = Reynolds number based on U0 and 6
s = riblet spacing
U, V, W = mean velocities
Um = bulk mean velocity
UQ = maximum velocity
w, v, w = velocity fluctuations
ur = wall-friction velocity
jc, y, z = streamwise, wall-normal, and spanwise

directions
yp = virtual origin
d = channel width at the test section
60 = channel width at the developing region
e = dissipation rate of turbulent kinetic

energy
v - kinematic viscosity
( )rms = root-mean-square value
( )+ = value nondimensionalized by UT and v
( ) j = derivative with respect to xf

I. Introduction

S INCE the 1970s, many intensive investigations have been
carried out on turbulent drag reduction. Among them, the

microgrooved riblet surface is believed to be one of the most
promising methods for practical applications. Walsh1 was the
first to study skin-friction drag of the riblet wall systematically.
He found that the triangular or scalloped riblet of which spac-
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ings are less than 25 viscous wall units can reduce the friction
drag by up to 8%. Since then, many studies of the riblet
surface were performed under various flow conditions, and
knowledge of the drag reduction characteristics has been accu-
mulated.2 Hot-wire3'5 and laser Doppler velocimetry (LDV)6~8

measurements showed that the turbulent intensities and the
Reynolds shear stress were reduced near the riblet surface.
However, these techniques could not fully explore the turbu-
lent statistics close to the riblet surface that had small spacing
and height. Thus, the behavior of the statistics in the vicinity
of the ribs remains unknown, and the mechanism of drag
reduction is still an open question.

Recently, Choi et al.9 carried out a direct numerical simula-
tion (DNS) of the turbulent flow above a V-shaped riblet sur-
face. Compared with the various DNS of channel flow by Kim
et al.10 and Kuroda et al.,11 their calculation was performed in
a rather small computational domain and on relatively coarse
grids in the streamwise direction. However, they predicted the
skin-friction drag in close agreement with the Walsh's data.1
They reported that the flow characteristics depended strongly
on the spacing of the ribs. Chu and Karniadakis12 also per-
formed a DNS of a riblet flow for s+ = 25.5 by using a
spectral element method. They obtained 6% drag reduction,
which is somewhat larger than the experimental results.2

The goal of the present study is to obtain detailed turbulent
statistics above a riblet surface and to deduce the drag reduc-
ing mechanism. To do this, the three-dimensional particle
tracking velocimetry (3-D PTV)13'14 was adopted, so that in-
stantaneous spatial distributions of all three velocity compo-
nents would be measured even in the near-wall region.

II. Experimental Facility and Measurement Procedures
Measurements were carried out in a turbulent water chan-

nel.15 The channel width <50 and height were 80 and 800 mm,
respectively. The test section was located at 6560 downstream
of the inlet, where the flow was fully developed. In the present
study, one side wall of the test section was replaced with a
30-mm-thick aluminum plate on which microgrooves were
machined with high accuracy. The length and span of the
riblet surface were 840 and 700 mm, respectively. The surface
was coated with black anodized aluminum to avoid rust and
reflection on the surface. The cross section of the riblet is
shown in Fig. 1. The rib spacing s and the height h were 3.5
and 2.2 mm, respectively. The bottom of the valley was
aligned 0.8 mm below the upstream channel wall; thus the
width d between the riblet valley and the opposite smooth wall
was 80.8 mm. The origins of the wall-normal y and the span-
wise z coordinates are chosen at the bottom of the valley and
the center of the peak, respectively, as shown in Fig. 1.
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Fig. 1 Cross section of the riblet surface.
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Fig. 2 Top view of the test section and camera setup.

The top view of the test section is shown schematically in
Fig. 2. The measuring volume was located at 600 mm (7.56)
downstream of the upstream end of the riblet and observed by
three charge-coupled device cameras through a 20-mm-thick
glass window. Zoom lenses and optical mirrors were employed
to adjust the magnification of images and the viewing angles.
Each lens was equipped with a waterproof cap, and the front
of the cap was dipped into the side water tank to remove the
effect of refraction at the window. A Stroboscope synchro-
nized with the TV signal was used for illumination. Images
from each camera were recorded on a laser disk recorder. A
digital image processor (NEXUS 6810, 512 x 480 pixels, 256
gray levels) and a workstation (Titan 3020, 64 MIPS) were
used to obtain instantaneous velocity vectors from successive
particle images. Details of the camera calibration procedure
and the particle tracking algorithm are found in Kasagi and
Nishino13 and Sata and Kasagi,16 respectively.

The measurements were carried out at two mean velocities;
the Reynolds numbers ReQ based on d and the maximum
velocity U0 were about 6.05 x 103 and 1.4 x 104. This enabled
us to investigate the flowfield with two different dimensionless
riblet spacings as described later. Nylon 12 spherical particles,
of which specific density was 1.02, were used as the flow
tracers, and they were introduced into the flow at the channel
inlet. The particle diameter was chosen to be 0.25 and 0.20
mm, while the time interval of image acquisition was set to be
1/30 and 1/60 s at Re0 = 6.05 x 103 and 1.4 x 104, respec-
tively; they were confirmed sufficiently smaller than the Kol-
mogorov length and time scales. The mean flow parameters
and experimental conditions are summarized in Table 1, where
Um and Rem denote the bulk mean velocity and the Reynolds
number based on d and Um, respectively.

The wall shear stress was not directly measured in this
study, so that the wall-friction velocity estimated by the empir-
ical correlation of Dean,17 wT)Dean, is used when the viscous

length scales are calculated. (The estimated values of 4.15
and 8.79 mm/s are, respectively, in reasonable agreement with
those of 4.02 and 8.65 mm/s on the opposite smooth wall,
which have been determined by the modified slope method.18)
At Re0 = 6.05 x 103, the dimensionless spacing s + is about 15.
Referring to Walsh,1 the maximum drag reduction would be
achieved and is estimated to be as large as 8%. On the other
hand, at Re0 = 1.4 x 104 where s + is greater than 30, no drag
reduction can be expected.

When 5+ = 15, the measurement over an about (40 mm)3

volume was repeated at three different wall-normal locations
to obtain data over the entire channel width, while that
over an about (30 mm)3 volume was repeated four times
when s+ = 31. Image acquisition was continued for 15-25
min, and about 27,000-43,000 frames were recorded at each
measurement.

Uncertainty intervals associated with the instantaneous ve-
locities measured are estimated at 95% coverage19 as follows:

For s+ = 15, M/?ss = l-0 mm/s, VRSS = 1.4 mm/s, and
WRSS = 0.83 mm/s; for s+ =31, uRSs = 1-6 mm/s, VRSS = 2.4
mm/s, and wRSs = 2.4 mm/s.

For s+ = 15, an average of 270 instantaneous velocity vec-
tors was simultaneously measured at random positions in the
measuring volume, whereas 140 vectors were obtained for
s+ = 31. In total, 23 and 29 million instantaneous velocity
vectors were obtained for s+ = 15 and 31, respectively. The
velocity vectors were then grouped into data cells depending
on their wall-normal and span wise positions. The wall-normal
dimension of each data cell was set to be 0.25 mm. According
to the spanwise periodicity, the spacing of the riblet was
divided into 16 intervals (0.22 mm each). The dimensions of
these cells were smaller than the Kolmogorov length scale.
After this procedure, about 6000 vectors were used to obtain
ensemble averages in each data cell.

Strictly speaking, the present measurement was made in the
flow developing region above the riblet surface. However, the
developing length L + is about 2500 and 5300 when s+ = 15
and 31, respectively, so that the near-wall structures are be-
lieved to be sufficiently developed above the riblet surface. It
is noted that the statistics separately calculated in the upstream
and downstream halves of the measuring volume agree well
with each other.

III. Results
A. Turbulent Statistics Above the Riblet Surface

The profiles of the streamwise mean velocity U nondimen-
sionalized by the wall-friction velocity wT)Dean are shown in Fig.
3, where z/s = 0.0 and 0.5 denote the spanwise locations at
the peak and the center of the valley, respectively (see Fig. 1).
The mean velocities above thev riblet surface were plotted vs
the distance from the virtual origin,20 yp. (The virtual origin
was estimated to be 1.65 mm from a laminar flow calculation
with a finite element method; the ratio of the protrusion
height to the riblet spacing is about 0.157. This ratio is some-
what smaller than the value of 0.195 reported by Bechert and
Bartenwerfer20 for this configuration. This discrepancy should
be due to the presence of a small plateau at the riblet peak; see
Fig. 1.) With the wall-friction velocity estimated as mentioned
earlier, the two velocity distributions above the smooth wall

Table 1 Mean flow parameters

Case I Case II

C/o, mm/s
Um, mm/s
R€Q, UQ&/V
Rem, Umb/v
W7,Dean, mm/S
s +

h +

L +

74.8
63.1

6.05 x 103

5.1 x 103

4.15
15

9.1
2500

173
148

1.4x 104

1.2X 104

8.79
31
19

5300
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are in good agreement with the DNS data of Kuroda et al.11

and Kim21 at almost the same Reynolds numbers. When
s+ = 15, the span wise difference in the mean velocities is
confined to (y+ -y^)<9. Thus, the riblet surface has a
direct influence on the mean velocity distribution only within
the viscous sublayer. When s+ =31, however, the span wise
inhomogeneity extends to (y+ ->>/) = 25, so that even the
mean velocity distribution in the buffer layer is also affected.
The logarithmic profile for s + = 31 is shifted somewhat down-
ward from that on the smooth wall, and this is the same
tendency as in the DNS data of Choi et al.9 for s + = 40.

Figure 4 shows the mean velocity distributions at several
spanwise locations near the riblet surface. When s+ = 15,
U/UQ is uniformly distributed in the spanwise direction above
y/h =2. In the vicinity of the riblet, however, the velocity
gradient above the peak is very large, whereas it almost van-
ishes above the valley. For s+ =31, U/UQ is much larger in
the valley, but the spanwise variation is also confined to
y/h <2. Contours of the stream wise mean velocity in the y-z
plane shown in Fig. 5 also demonstrate that the spanwise

b)Re0=14000

U+=2.5 In y+

Fig. 3 Mean velocity profiles: ••••, smooth wall; ——, z/s = 0.0;
——, z/s = 0.5: a) s+ = 15, o, DNS data of Kuroda et al.11 at
Reo = 5.36 X103 and b) 5 + = 3 1 , o , DNS data of Kim21 at
Rev = 1.578 X 104.
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Fig. 5 Contours of streamwise mean velocity U/UQ near the ribs: a)
s+ = 15 and b) s+ = 31.

Fig. 4 Streamwise mean velocity distributions near the ribs: a)
5+ = 1 5 a n d b ) s + =31.

distributions are uniform at y/h >2. These findings are gener-
ally in good agreement with the hot-wire4'5 and DNS data.9

Figure 6 shows the mean velocity vectors in the cross-stream
plane. In both cases, the secondary vortical motions up welling
above the peak and downwashing toward the valley are evi-
dent. For s+ - 15, their magnitude is rather small and less
than 0.1% of the maximum streamwise velocity. On the other
hand, for s+ = 31, the secondary flow becomes much more
vigorous and as large as 0.8% of UQ. Moreover, the cores of
this secondary flow move closer to the ribs. Hence, they
should enhance the momentum transport near the ribs and
increase the drag in this case. Note that these results should
not be interpreted as steady counter-rotating vortices but as an
ensemble average of many instantaneous turbulent streamwise
vortices that appear randomly but nonuniformly in space near
the riblet. Choi et al.9 recently showed the similar secondary
motions in their DNS above a V-shaped riblet. Although the
strength of the secondary flow is in close agreement with the
present results, its center remains at almost the same position
for the two different s + values in their simulation. It is also
worth noting that Khan22 predicted similar secondary flows
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Fig. 6 Mean velocity vectors in the y-z plane: a) s+ = 15 and b)
s+ =31. Each reference vector at the bottom of the figure corre-
sponds to 0.005t/o.

near the riblet in his mixing-length model calculation, whereas
Launder and Li23 obtained oppositely rotating motions with
their second-order closure model.

The distributions of rms velocity fluctuations across the
channel are shown in Fig. 7. When s + = 15, the peak values of
all three components are decreased compared with those on
the smooth wall. When s+ =31, wrms is significantly de-
creased, whereas vrms and wrms are increased in their peak
values. In both cases, the spanwise variations are confined in
the region close to the ribs, although the difference at the two
spanwise locations is greater for s+ = 31. However, Choi et

al.9 reported that, when s + =40, the peak wrms value above the
riblet tip is increased compared with that on the smooth wall,
whereas that above the valley is decreased. It is conjectured
that these somewhat different observations should be due to
the differences in the 5 + value and the riblet shape. Chu and
Karniadakis12 reported that wrms and wrms exhibit slight bumps
deep in the valley, but they are not seen in the present results
and the data of Choi et al.9

The virtual origin in the wall-normal direction is often
used9'20 when the turbulent statistics on the riblet surface are
compared with those on the smooth wall. However, some
ambiguity and uncertainty in determining the virtual origin
cannot be avoided, especially when experimental data are
analyzed. Thus, in the present study, the local streamwise
mean velocity is used as the abscissa instead of the distance

b)
0.0 1.0

I r
0.4 0.6 0.8

y / 5
Fig. 7 Turbulent intensity distributions across the channel: a)
s+ = 15 and b) s+ =31.

0.12 -

0.4 0.6
U/U 0

0.8 1.0

Fig. 8 Turbulent intensity distributions vs U/UQ: a) s+ = 15 and b)
s+ =31. Keys as in Fig. 3.
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from the wall. Figure 8 shows the distributions of turbulent
intensities vs the local mean velocity. Agreement between the
present data near the smooth wall and the DNS data11'21 is
excellent. When s + = 15, the spanwise variation of the turbu-
lence intensities is confined in the region of U/U0<Q.5, which
corresponds toy /h<2. It is clearly seen that all three compo-
nents at U/UQ<O.S are decreased by about 10% in their peak
values. Near the riblet valley, wrms is furthermore decreased.
The suppression of the w component was considered to be a
major effect of the riblet surface3'20; the present result quanti-
tatively confirms the previous deductions. When s + = 31, wrms
is decreased by 30% at the peak value above the valley, but
vrms and wrms are increased considerably. Therefore, whether
the flow is under the drag reduction or neutral/drag increase
condition should be crucial for the alteration of the turbulent
statistics above the riblet surface.

Figure 9 shows the diagonal components of the stress an-
isotropy tensor [Z?/y = UjUj/(2k) - 6/y/3, k = w/w//2]. The pre-
sent data on the smooth wall are again in excellent agreement
with the DNS data.11'21 For s + = 15, the diagonal components

2.5x10

Fig. 11 Distribution of the Reynolds shear stress - uv near the ribs:
a) s+ = 15 and b) 5+ =31.

0.0 0.5 1.0 1.5 2.0 2.5

Fig. 9 Diagonal components of the stress anisotropy tensor vs U/
UQ: a) s+ = 15 and b) 5+ = 31. Keys as in Fig. 3.

Fig. 12 Distribution of the Reynolds shear stress vw near the ribs: a)
s+ = 15 and b) s+ =31.

-2.5x10
0.0

Fig. 10 Distributions of the Reynolds shear stress - uv across the
channel: a) s + =15 and b) s + =31. Keys as in Fig. 3.

near the riblet surface are very close to those above the smooth
wall. However, in the close vicinity to the valley, bn increases
and Z?33 decreases, whereas &22 remains unchanged. This fact
implies that the mechanism of the intercomponent transfer of
turbulent kinetic energy is modified in this region, as is further
discussed later. For s+ =31, the absolute values of all an-
isotropy measures are decreased, so that the flowfield becomes
more isotropic. In the region close to the valley, however, bn
increases and &33 decreases as in the case of s+ = 15.

The distributions of the Reynolds shear stress — ~uv are
shown in Fig. 10. For 5l+ = 15, - w v i s markedly decreased,
and the maximum Reynolds stress is only 85% of that on the
smooth wall. This implies that the drag reduction was actually
achieved on the riblet surface under this flow condition. For
s+ =31, the peak value above the riblet wall is even larger
than that above the smooth wall, and no drag reduction can be
anticipated. Whereas —"uv is decreased as much as 15% for
s + = 15, the correlation coefficients between u and v, Ruv, are
not much changed except very close to the ribs, y/h<2 (Ref.
24). This fact, along with Z?/7 shown in Fig. 9, indicates that the
structural aspect of turbulence at s+ - 15 should remain al-
most unchanged from that on the smooth wall. On the other
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-0.5x10
0.0 0.5

Fig. 13 Distribution of the Reynolds shear stress uw near the ribs: a)
s+ = 1 5 a n d b ) * + =31.

hand, when s + =31, the value of Ruv is considerably different
from that on the smooth wall throughout the flowfield.24

Figure 11 shows the distributions of — ~uv at several span-
wise locations near the riblet surface. When s+ = 15, it is
apparent that - ~uv is uniform in the spanwise direction even
in the vicinity of the ribs. Note that —~uv is substantially zero
inside the valley. When s+ =31, the spanwise variation of
— ~uv is quite large, and the Reynolds stress even inside the
valley is not negligible._

The distributions of ~vw near the riblet surface are shown in
Fig. 12. In both cases, negative peaks are evident close to the
ribs, although the magnitude is much larger for s+ =31 than
for s+ = 15. As one expects from the spanwise symmetry of
the flowfield with respect to the plane of z/s = 0.5, ~vw at
0.5<z/s<1.0 exhibits a positive peak.24 The signs of these
peaks indicate that fluid motions approaching the riblet tip are
attenuated by the presence of the ribs. Figure 13 shows the
distributions of TTw. A similar peak is evident for s+ =31,
whereas there is seen no substantial trend for s+ = 15. Ben-
halilou et al.25 also reported a significant spanwise variation of
~iiw for s+ = 30.

B. Two-Point Correlations
Among various coherent structures near the wall, the so-

called low-speed streak is one of the distinct features.26 The
mean spanwise spacing on the smooth wall is known to be
about 100 viscous lengths.26'27 On the riblet surface, Gallagher
and Thomas28 reported that the spanwise correlation length
increased by 15-30%, and later Bacher and Smith29 reported
the same observation, but Pulles6 obtained an opposite result.
Note that, in drag-reducing polymer solutions, the spanwise
spacing of the streaky structures is markedly increased.30 Chu
and Karniadakis12 also reported the spanwise two-point corre-
lations. However, there are noticeable discrepancies between
their results and the DNS data of channel flow10'11 even at the
channel center line; their results seem to be erroneous. The
spanwise two-point correlations presently calculated are
shown in Fig. 14. The elevation from the riblet surface is
chosen in such a way that the mean velocity is equal to that at
y+ - 14 above the smooth wall. When s+ = 15, every two-
point correlation on the riblet surface is in good agreement
with that on the smooth wall as well as the channel flow DNS
data11 as shown in Fig. 14a. Therefore, the spanwise dimen-
sion of the large eddy structure should not be changed by the
riblet under the drag-reducing condition. When s + = 3 1 ,
Ruu(Az) and Rwvv(Az) on the riblet surface show almost the
same behavior as on the smooth wall, but the first negative
peak in Rvv(Az) is no longer evident as seen in Fig. 14b.

100

Fig. 14 Two-point correlations in the spanwise direction at y + ~ 14:
a) s+ -15 and b) s+ =31. Open symbol, smooth surface; solid
symbol, riblet surface; and ——, DNS data of Kuroda et al.11 at
y+ =13.5.

0.0

20 80 100
b)
Fig. 15 Two-point correlations in the streamwise direction at
y + « 14: a) s + = 15 and b) s + = 31. Keys as in Fig. 14.
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Figure 15a shows the stream wise two-point correlations for
s+ = 15. Again, their distributions are in accordance with
those on the smooth wall and the DNS data.11 On the other
hand, for s+ =31, they rapidly diminish within a smaller
stream wise distance as seen in Fig. 15b. This fact implies that,
for s+ =31, the streamwise persistence of the streaky struc-
tures becomes shorter on the riblet surface. Although it is not
shown here, the peaky value of the shear parameter
S*[ = 2(dU/dy)(k/e)] is leveled off24 for s+ = 31. Lee et al.31

and Kuroda et al.11 pointed out from their numerical simula-
tion that the near-wall streaky structures are produced when
S* is sufficiently large. Therefore, the aforementioned fact
should have a close relationship to the reduction of the stream-
wise correlation length.
C. Budget of the Reynolds Stresses

In Sec. III.A, it is conjectured that the riblet surface would
alter the intercomponent transfer mechanism of the turbulent
kinetic energy in the near-wall region. In this section, we
estimate each term in the Reynolds stress transport equation
on the riblet to further clarify this effect.

For an incompressible flow of constant physical properties,
the transport equation of turbulent kinetic energy leads to

where

Pk
Tk

Tk + Dk

= production, - Tt^Tj Uitj
- turbulent diffusion, -

- e + Ak = 0 (1)

Dk = viscous diffusion, vktii
Uk = pressure diffusion, - (par/),/
e = dissipation rate, vUfjUfj
Ak = advection, - Dk/Dt

Each term is nondimensionalized by UQ and 6. The terms of
Pk, Tk, Dk, and Ak can be calculated directly from the data-
base obtained by the present measurement. When TLk is as-
sumed negligibly small, e can be estimated as a residual:

= - (Pk + Tk + Dk (2)

The present results on the smooth wall are confirmed to be
in good agreement with the DNS data11'21 of channel flow,
so that they would be competent for this secondary data
reduction.24'32

14x10

Fig. 16 Distributions of the production rate of turbulent kinetic
energy Pk: a) 5 + = 15 and b) s + = 31. Keys as in Fig. 3.

10x10

CO

0.0 0.2
b)

i I i
0.4 0.6 0.8

U/Ub
Fig. 17 Distributions of the dissipation rate of turbulent kinetic en-
ergy e: a) s + = 15 and b) s + = 31. Keys as in Fig. 3.

Figure 16 shows the distributions of Pk. When s + = 15, Pk
is appreciably decreased near the riblet surface. The difference
at the two spanwise locations is small in this case. When
s+ =31, the spanwise inhomogeneity is significant; Pk above
the riblet peak is very large owing to the steep mean velocity
gradient, whereas that above the valley is considerably sup-
pressed. It is noted that dU/dy is the major term in Pk and the
contribution of the spanwise mean velocity gradient, e.g.,
dU/dz, is negligibly small in both cases. This is in general
agreement with Benhalilou et al.8 and Choi et al.9

Figure 17 shows the distribution of e. When s+ = 15, e
above the riblet peak is almost equal to that on the smooth
wall, whereas e above the valley is markedly decreased. For
s+ = 31, e has a large value near the riblet peak. Although it
is not shown here, the magnitude of the diffusion terms is
decreased on the riblet wall of s + = 15 (Ref. 32). Note that the
advection term Ak is much smaller than Pk or e in both cases.32

The Reynolds stress transport equation is derived as follows:

+ Dtj Au = 0 (3)

where

PU = production, -~u$Tk Ujtk - UjUk Uitk
7/y = turbulent diffusion, - (UjUjUk)tk
DIJ = viscous diffusion, v(ujuj)^kk __ __
<j)tj = velocity pressure-gradient correlation, - (ujpj + UJPJ)
e/y = dissipation rate, 2vu^kUj^k
AIJ = advection, - Du(Uj/Dt

Again, we can calculate PiJ9 TiJ9 DiJ9 and Au directly from our
database, so that we have two unknown terms, 4>ij and e/y. In
the present study, e/y is estimated from e using the following
formula proposed by Hallback et al.33:

e/y = e(eu + (4)

where

eu = [1 - 2a(2/7 - 2a(bikbkj + 2/36/y//)

11= -

The constant a was originally determined to be 0.75 by the
rapid distortion theory, but we use a. - 0.25, which was found
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Kuroda(1990)
DNS Reo=5360

0.005

Fig. 18 Terms in the budget equation of w2 on the smooth wall: a)
ReQ = 6.05 x 103 and b) Re* = 1.4 x 104.
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Fig. 19 Distribution of the velocity pressure-gradient correlation
term in the w* transport equation vs U/U$: a) s+ =15 and b)
s+ = 31. Keys as in Fig. 3.

to be the optimum for fitting the DNS data of channel
flows.11'21 With Eqs. (3) and (4), <£// is estimated as a residual.

The terms in the budget of w2 on the smooth surface are
shown in Fig. 18. The present results are again in good agree-
ment with the DNS data,11'21 so that the present method of
data reduction can be validated. It is obvious that 033 is almost
balanced against e33, and the diffusion terms are negligibly
small except very close to the wall.

Figure 19 shows the distributions of </>33 on the riblet walls.
It is apparent in both cases that </>33 is markedly decreased near
the riblet valley. This fact quantitatively confirms that the
kinetic energy transfer from the streamwise to span wise com-
ponents is substantially impeded in the vicinity of the valley.
Since the redistribution process of the turbulent kinetic energy
is crucial for the sustenance of turbulence, this fact should be
an important dynamical aspect in understanding the drag re-
duction mechanism above the riblet surface.

IV. Drag Reduction Mechanism
In this section, we focus on several possible drag reduction

mechanisms proposed based on the measured turbulent statistics.
Vukoslavcevic et al.4 anticipated that the skin-friction re-

duction in the riblet valleys might be sufficient to overcome
the skin-friction increase near riblet tips. Djenidi et al.34 re-
ported a 2-3% drag reduction even in a laminar boundary
layer. However, Choi et al.35 claimed that the grid resolution
is not sufficient in the calculation of Djenidi et al.,34 and they
showed from their finite difference computations that the drag
should be increased in the laminar riblet channel flow.
Suzuki32 also confirmed this conclusion through finite element
computations. Therefore, it is not likely that the decrease in
the local wall shear stress in the valley, which is caused purely
by the viscous retardation, would collectively benefit more
than the increase in the wetted area on the riblet surface.

Bacher and Smith29 conjectured that the interaction between
the turbulent streamwise vortices and the secondary vortices
induced inside the valley should be a key mechanism for the
drag reduction. However, it is evident from Figs. 11-13 that
all three Reynolds shear stress components are almost zero
inside the valley for s+ = 15. This fact suggests that the flow-
field inside the valley is dominated by the viscous force and
dynamically inactive under the drag-reducing condition. Thus,

the aforementioned mechanism proposed by Bacher and
Smith29 does not seem plausible.

On the other hand, the vigorous turbulent motion in the
valley does exist under the drag-increasing condition; all the
Reynolds stresses are not negligible inside the valley as shown
in Figs. 11-13. Tullis and Pollard36 found in their "time-de-
pendent" simulations that rapidly decaying secondary mo-
tions exist in the valley for s+ =33.3, whereas those motions
are extremely weak for s+ = 16.7. Clark37 also reported cellu-
lar crossflows in the valley of s + = 30 in his flow visualization.
These findings are qualitatively in good agreement with the
present results.

Choi et al.9 examined instantaneous turbulent structures in
their DNS flowfield. They found that, when s+ = 20, the
streamwise vortical structures of about 30 viscous wall units in
diameter stay above the riblets, whereas they were sometimes
submerged into the valley when s+ =40. They attributed the
drag increase at s+ = 40 to the presence of vortices in the
valley, since these vortices should bring about high wall shear
regions inside the valley. Their findings also support the pre-
sent observations mentioned earlier.

Choi3 and Bechert and Bartenwerfer20 separately suggested
that the suppression of the w component might be a major
effect of the riblet surface. The present results show that the
spanwise fluctuation near the riblet surface is markedly de-
creased by the suppression of the turbulent kinetic energy
transfer from the utow components near the valley, and this
result quantitatively confirms their suggestions.

Recently, Kasagi and Ohtsubo38 and Kasagi et al.39 em-
ployed three-dimensional computer-aided visualization to in-
vestigate near-wall quasicoherent structures in a DNS data-
base of channel flow11 and examined instantaneous spatial
distributions of the terms in the transport equations of Rey-
nolds stresses. They found that these balance terms were dis-
tributed intermittently in space but closely associated with the
quasistr earn wise vortical structures near the wall. Thus, they
reached the same conclusion as Robinson et al.40 that these
vortical structures should play a primary role in the near-wall
turbulent mechanism. Moreover, Kasagi and Ohtsubo38 and
Kasagi et al.39 reported that the redistribution mechanism
adjacent to the wall is deeply related to the sweep motion,
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which occurs on the downwash side of the streamwise vortex;
a local high-pressure region is produced on the wall, and the
turbulent kinetic energy is converted from u and v to w. The
present results indicate this splatting41 mechanism should be
somehow attenuated on the riblet surface. This should cause
the reduction in the streamwise vorticity fluctuation, since the
wall-normal derivative of the w component is a major contrib-
utor to the streamwise vorticity. Choi et al.9 reported that the
vorticity fluctuations were decreased on the riblet surface of
s+ =20, and this is in favor of the preceding argument. It is
further conjectured that the decrease in the streamwise vortic-
ity fluctuations should be brought about through some sup-
pression effect on the vortex regeneration mechanism42'43 and/
or vortex damping due to the pressure reflection from the
riblet surface.

V. Conclusions
The turbulent flowfield above the riblet surface was mea-

sured by using the three-dimensional particle tracking ve-
locimetry. The turbulent statistics of all three velocity compo-
nents were obtained. The two-point correlations and budgets
of the turbulent kinetic energy and Reynolds stresses were also
examined. The following conclusions are derived:

1) The span wise variation of the streamwise mean velocity
is confined in the region very close to the riblet surface, say
y/h<2, regardless of the riblet spacing s + . However, the tur-
bulent statistics and the flow structures strongly depend on s +.

2) When s + = 15, although the turbulent intensities and the
Reynolds shear stress are decreased near the riblet surface, the
structural aspect of turbulence remains almost unchanged ex-
cept in the region very close to the ribs. The distributions of
two-point correlations also show that the near-wall coherent
structures have almost the same dimensions as those on the
smooth wall. In the vicinity of the valley, however, the turbu-
lent energy redistribution from the streamwise to spanwise
components is impeded. This suggests the reduction in the
streamwise vorticity, and hence the drag reduction mechanism
is considered closely related with the suppression of near-wall
vortex generation and/or damping of the vortices.

3) When s+ =31, the flowfield becomes more isotropic.
The vigorous cross-stream secondary motions found close to
the ribs should enhance the momentum transport and increase
the skin friction. It is also found from the correlation length
that the streamwise persistence of the streaky structures
should become considerably shorter in this case.
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