Towards Large Eddy Simulations of Turbulent Drag Reduction
Using Sinusoidal Riblets
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Abstract: A new modification to the drag reduction method using riblets is proposed, which consists of adding a
sinusoidal variation to the riblet shape in spanwise direction. It is anticipated that more significant drag reduction
will be achieved with sinusoidal riblets due to an oscillatory spanwise component added to the mean flow. First,
Large Eddy Simulations of conventional riblet geometry consisting of straight riblets are conducted in order to
validate the numerical method to be used for computational investigation of sinusoidal riblets. Summary of the
previous findings on straight riblets is reported and illustrated by the results of the current simulations. Second,
laminar computations of the sinusoidal riblets are documented and analyzed.
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1 Introduction

Skin-friction drag reduction in a turbulent boundary
layer is of immense importance in both commercial
fleet and military naval applications. For a com-
mercial fleet, improvement of the lift-to-drag ratio
translates into a fuel saving. For underwater vehi-
cles, for which 90% of the total drag is due to skin-
friction, drag reduction would mean an increase of
speed. Another area where drag reduction is desir-
able is petroleum industry, where significant pres-
sure losses occur due to the viscous drag inside the
pipelines.

There is no shortage of methods proposed in lit-
erature for reducing turbulent skin-friction drag. To
name a few, there is air injection, surface heating or
cooling [1], ion wind [2], introduction of foreign sub-
stances, such as polymers (long-chain molecules) [3,
4], surface-acting agents [5], compliant coating [6],
microbubbles [7], fibers [8], spherical particles [9].
Another group of methods involves modification of
geometry of the surface. These methods include
large-eddy breaking devices (LEBU) [10, 11], sur-
face riblets [12, 13], special kind of surface rough-
ness [14] and high-frequency spanwise wall oscilla-
tions [15, 16]. A choice of a particular method for any
given application is dictated, among other factors, by
manufacturing cost, easiness of maintenance, space
limitation (for example, volume required for carrying
polymers on board of an aircraft or a submarine). In
terms of a manufacturing cost, surface riblets is per-
haps the most attractive method. However, maximum

drag reduction which can be achieved using riblets is
not very high, in the range of 6-8% [12], whereas, for
example, a drag reduction of up to 80% can be reached
in the case of a polymer injection [17]. Therefore, a
combination of riblets with some other drag reducing
method would be advantageous.

It was recently discovered that high-frequency
spanwise oscillations of the duct wall can produce
rather significant drag reduction at the optimum wall
speed of w™ = 15: up to 40% reported by Jung et
al. [15] and up to 45% reported by Choi et al. [16]. Itis
worth noting that such a high values of drag reduction
are obtained with an overall energy dissipation consid-
ering an external energy input. It is possible to gain a
net energy saving of about 10% with the wall speed
which is three times lower [18], which consequently
results in lower values of drag reduction. In the cur-
rent paper, we propose to modify conventional riblet
geometry by adding a spanwise sinusoidal variation
to the riblets. This will also add spanwise oscillatory
component to the mean flow over the riblet surface,
which we hope will incur additional drag-reduction
benefits over conventional geometry by analogy with
spanwise wall oscillations. Performing Large Eddy
Simulations (LES) of a modified riblet geometry is an
ultimate goal for this research. The current paper doc-
uments computational LES study of a conventional ri-
blet geometry. Understanding mechanism of turbulent
skin-friction drag reduction by straight riblets is a nec-
essary step before investigating drag associated with
sinusoidal riblets. We attempt to summarize major
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Figure 1: Three dimensional view of conventional ri-
blets.

findings of previous researchers explaining why the
drag is reduced in a straight riblet geometry and illus-
trate their conclusions by the results of our numerical
simulations. Qualitative comparison with DNS study
of the same configuration by Choi et al. [13] is also
made. Laminar flow around sinusoidal riblets is then
documented, showing spanwise oscillatory motion of
the mean velocity.

2 Conventional and Modified Riblet
Geometry

As shown in figure 1, conventional, or straight ri-
blets, are the wall grooves aligned in the direction of
the freestream flow. The riblet spanwise separation
s and the shape of the cross-section are the main ad-
justable parameters. Previous research efforts iden-
tified V-grooves (shown in figure 1) as an optimum
riblet cross-section [12], with an optimum height and
spacing of about 15v/u,. It was further confirmed
that the riblet configuration continues to remain drag
reducing as long as the height and spacing of the
grooves do not exceed 25v/u, after which it becomes
drag increasing [13, 19].

The proposed modification is to introduce a span-
wise variation into the riblet geometry, so that riblets
form sinusoidal waves rather than straight lines (see
figure 2). Two other parameters are therefore intro-
duced by changing the shape of the riblets, amplitude
a and wavelength A of the sinusoidal shape function.
Identifying an optimum combination of those param-
eters is an important task for future research.

3 Large Eddy Simulations of Con-
ventional Geometry

3.1 Numerical Method and Validation

Computational code used to perform LES of the
riblet geometry is Code_Saturne [20] developed at
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Figure 2: Comparison between straight and sinusoidal
riblets. View from above.

Electricité de France (EDF). The code is fully con-
servative, second-order, unstructured finite volume
solver with collocated arrangement of variables. It
solves incompressible Navier-Stokes equations using
fractional step method, where the pressure correc-
tion step leads to Poisson equation for pressure. The
code has been used for calculation of many industrial
problems in complex geometries, containing turbu-
lence, heat transfer, combustion, two-phase flow in-
teractions. [20].

In order to validate the code performance in appli-
cation to the current problem, LES of fully-developed
turbulent plane channel flow was performed by the au-
thors of this paper using 76 x 64 x 64 grid for the
channel size of 27§ x 26 x wd, where ¢ is the channel
half-width, for Reynolds number Re; = 180 based
on friction velocity and channel half-width. Grid
resolution in wall units is: Azt = 14, AyT =
0.4 — 14 ;A 2" = 8.8. Three eddy viscosity models
are tested: Smagorinsky model with van-Driest wall
functions, Smagorinsky model without wall functions
and dynamic Smagorinsky model with local averag-
ing (global averaging, i.e. averaging along the planes
parallel to the wall was not implemented for purpose,
since it will not be possible in the riblet case). Com-
putational time step was kept at AtU;/d = 0.05
for all the three models. Comparison of the mean
velocity and turbulent Reynolds stresses, all in wall
units, with DNS of Abe et al. [21] is shown in fig-
ures 3a and 3b, respectively. It is seen right away
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Figure 3: Mean velocity and turbulence Reynolds
stresses for the plane channel flow. o, Smagorinsky
model with wall functions; x, Smagorinsky model
without wall functions, e, dynamic model with local
averaging.

that Smagorinsky model without wall functions shows
the worst agreement with DNS results. Smagorinsky
model with wall functions performs the best. Superi-
ority of classical Smagorinsky model over dynamic
model in this case is explained by the absence of
global spanwise averaging in the dynamic model. It
is known that dynamic model can produce large local
negative values of Smagorinsky coefficient, which are
usually smoothed by averaging. Without global av-
eraging these negative values contaminate the results.
Therefore, dynamic model might not be a good choice
for three-dimensional turbulent flows.

3.2 Computational Setup

Computational domain for the riblet geometry extends
md in streamwise (x) direction and 0.28976 in span-
wise (2) direction, where § is the half-width corre-
sponding to the plane channel, where the riblet surface
is replaced by a flat wall. The bulk Reynolds number
for the calculations is Re, = Upd/v = 2800, where
Uy is the bulk velocity. This Reynolds number corre-
sponds to Re, = 180 based on the friction velocity of
the flat plate.

The bottom surface of the domain is the riblet sur-
face, and the top surface is the flat wall. For the ri-
blet cross-section, triangular shape is used with the
riblet ridge angle = 60deg and a spanwise sepa-
ration sT = 20 (s/d = 0.1135). This spanwise sep-
aration results in having eight riblets across the span
of the computational domain. The computational grid
has 16 x 64 x 128 grid points, distributed uniformly
in streamwise and spanwise directions. Grid clus-
tering near the walls using hyperbolic tangent func-
tion is used in wall-normal direction to resolve the
boundary layers. The non-dimensional grid spacing
is AzT = 35, Az™ = 1.25, minimum vertical spac-
ing Ay™ = 0.4 at the wall, and maximum vertical
spacing Ay™ = 14 in the middle of the channel.
It is worth noting that the current numerical grid is
non-orthogonal, see y — z view of the grid in fig-
ure 4. Comparison of the results obtained with orthog-
onal and non-orthogonal grids for this configuration is
planned for the near future. No-slip boundary condi-
tions are used at the riblet surface and at the top wall,
while periodic boundary conditions are employed in
streamwise and spanwise directions. To account for
a streamwise pressure gradient in the formulation of
periodic boundary conditions, constant forcing term is
introduced in a streamwise momentum equation can-
celing the corresponding pressure gradient term.

Computations are initialized by, first, obtaining
the laminar solution, and, second, adding synthetic
turbulence fluctuations to the laminar solution. Cal-
culations are advanced with the time step A tU; /0 =
0.04 till the computational time tU; /0 = 1000, when
the statistically-steady state is achieved, after which
the statistics is collected for an additional time of
tU;/6 = 500. Here U] is the centerline velocity which
would occur in the laminar plane channel flow with
the same bulk velocity, i.e. U; = 1.5U,. Reported
results are obtained with Smagorinsky eddy-viscosity
model with wall functions.

3.3 Results and Discussion

DNS study of the same riblet configuration [13] re-
ported a drag reduction of 6%. To demonstrate that
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Figure 4: y — z view of the numerical grid.

this configuration is indeed drag-reducing, we plot a
time history of effective normalized wall-shear rates,
| (Ou/0y)" |wd/U, at the flat and riblet walls, re-
spectively, in figure 5. Both instantaneous and time-
averaged values are plotted. Time tU;/¢ in figure 5
corresponds to the normalized computational time
since the beginning of accumulating statistics.

Instantaneous effective wall-shear rate (O u/dy)*
is defined on the flat and riblet surfaces as

%
Dy = ,UfAf %dAf =pu (%)f Ay
. ey
Dy=pf, 54dA, =p (%Z)r Ay,

where Ay is the surface of the flat wall, and A, is the
surface of the riblet wall, respectively. D and D, cor-
respond to instantaneous plan-averaged drag at the flat
and riblet surfaces, respectively. Figure 5 shows that
instantaneous drag at the riblet surface is for the most
of the time smaller than the drag at the flat surface,
bringing time-averaged values to 7.69 and 8.23, re-
spectively. This corresponds to 6.5% drag reduction,
which is very close to 6% reported by Choi et al. [13]
for the same configuration. Predicted time-averaged
values of the normalized friction velocity u./U; at
the riblet and flat surfaces are, 0.0428 and 0.0443, re-
spectively. These values are within 3% of the values

0.0414 and 0.0430, reported by Choi et al. [13].
Lower drag observed at the riblet surface as com-
pared to the flat surface results from the favorable in-
teraction of riblets with the near-wall turbulence. In-
deed, study of the effect of riblets on a laminar chan-
nel flow [22] showed that drag reduction was not ob-
tained in a laminar flow. The change in a global struc-
ture of a turbulent boundary layer incurred by this
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Figure 5: Time-history of effective wall-shear rates.
Instantaneous: ————, at the flat surface, (0 u/0 y)};
——, at the riblet surface, (Ou/dy),. Time-
averaged: — — —, at the flat surface; — - — -
—, at the riblet surface. | (O u/0y) |,0/U; = 2 corre-
sponds to fully-developed laminar plane channel flow.

favorable interaction can be demonstrated by study-
ing the variation of the mean velocity and turbu-
lence statistics with the spanwise location along the
riblet surface. Mean velocity profiles normalized by
the laminar centerline velocity, @/U;, are shown in
figure 6a in comparison to DNS results of Choi et
al. [13]. Results obtained with dynamic Smagorinsky
model with local averaging are also plotted. Agree-
ment with DNS results for the classical Smagorinsky
model is fairly good. It can be seen that the mean ve-
locity above the riblet valley is larger than that above
the riblet tip at a given y/J. It is consistent with the
observations reported also in experimental [23] and
analytical [24] studies.

Root-mean square velocity fluctuations normal-
ized by the turbulent mean centerline velocity, U,,
compared to DNS results [13] are shown in figure 6b—
d for different spanwise locations along the riblet sur-
face. As with the mean velocity, the values of the tur-
bulent fluctuations are higher above the riblet valley
than the riblet tip for the given y /6. Also, turbulent in-
tensities for all three velocity components are reduced
above the riblet surface compared to the same nondi-
mensional distance from the wall in a flat plat case.
Reduction is greater for the normal and spanwise ve-
locity fluctuations than for the streamwise component,
indicating that cross-flow is more sensitive to the pres-
ence of riblets than flow in the streamwise direction.
Again, agreement with DNS is very favorable for the
classical Smagorinsky model with wall functions. It is
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Figure 6: Turbulence statistics for different span-
wise locations along the riblet surface. ———, LES,
Smagorinsky model with wall functions; — — ——,
LES, dynamic model with local averaging; o, DNS
of Choi et al. [13].

interesting to note that the dynamic model with local
averaging significantly underpredicts wall-normal and
spanwise velocity fluctuations. It once again shows an
inferiority of the local averaging procedure with dy-
namic models.

It can be seen that the agreement between the two
solutions is rather good.

3.4 Drag Reduction Mechanism

Reduction of turbulent fluctuations by riblets demon-
strated above signifies a decrease in a turbulent mo-
mentum transfer above the riblet surface and, as a con-
sequence, decrease in turbulent shear stresses and, fi-
nally, skin-friction drag. However, exact mechanisms
explaining why the turbulence is suppressed by the
presence of riblets proposed in the open literature can
be divided into two groups. One group postulates that
riblets impede the cross-flow motion by hampering
the fluctuating cross-flow component w’. This leads to
the reduction in a turbulent momentum transfer close
to the wall, and, finally, decrease in the turbulent shear
stress. Robinson [25] hypothesized that riblets im-
pede the cross-stream flow necessary to replace the
near wall fluid that is ejected during turbulence pro-
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Figure 7: Spanwise view of instantaneous streamwise
vorticity.

duction events. Bechert [19] introduced a so-called
“protrusion height” which is basically a geometrical
property of any specific riblet configuration, and re-
lated the protrusion height to the ability of riblets to
impede cross-flow. Another group states that inter-
action of riblets with quasistreamwise vortices is re-
sponsible for drag reduction. Quasistreamwise vor-
tices are associated with creation of high skin fric-
tion zones in a turbulent boundary layer by bringing
high-speed fluid towards the wall during the turbulent
sweep events [26, 27]. Hypothesis of Choi [27] is a
compromise between the two groups: he thinks that
riblets restrain the cross-flow motion of the stream-
wise vortices, thus reducing the skin-friction. Choi et.
al. [13] propose a mechanism, by which streamwise
vortices are displaced by riblets further from the wall.
They explain the decrease of performance for the ri-
blets with s > 25 by the ability of streamwise vor-
tices to fit between the larger spaced riblet tips. Their
theory is based on assumption that the typical diame-
ter of the streamwise vortices is d™ ~ 30. Pollard [28]
agrees that riblets effectively displace the turbulence
production events (sweeps and ejections) away from
the wall, resulting in the reduced wall shear stress.

Current results support the second mechanism by
showing that quasistreamwise vortices are indeed dis-
placed away from the riblet surface compared to the
flat wall (see figure 7 showing the spanwise view of in-
stantaneous streamwise vorticity). Three-dimensional
view of coherent vortical structures identified by Q-
criterion and displayed in figure 8 once again con-
firms the reduction of turbulent activity next to the ri-
blet surface. Displacement of streamwise vortices fur-
ther from the riblet surface, suppression of their span-
wise meandering and overall reduction in the amount
of vortices are evident.



Figure 8: Coherent vortical structures identified by Q-
criterion.

4 Simulations of Modified Geometry

The modified geometry is obtained from a conven-
tional geometry described in the previous section by
changing the shape of the riblets in spanwise direc-
tion from straight lines to sinusoidal waves as demon-
strated in figure 2. The new shape can be described by
the following equation

Z(x)=a sin(% x), (2)
where 2/(x) is the deviation of the spanwise coordi-
nate of the riblet surface from the corresponding co-
ordinate of the straight riblet. In the current simula-
tions, we use the amplitude a/J = 0.1 and the wave-
length \/§ = = in equation (2), which gives the ra-
tio a/A = 0.03 and the maximum sinusoidal slope
of (d2'/dx)maz = 27a/\ = 0.2 corresponding to
an angle of 11.3°. All other parameters of the prob-
lem are left unchanged. Three-dimensional view of
the computational domain is shown in figure 9. Lam-
inar flow calculations are carried out for the same
Reynolds number Re = 2800 based on the bulk ve-
locity, or Re = 4200 based on the centerline velocity,
as the straight riblet simulations. Longitudinal view of
spanwise velocity developed over the sinusoidal riblet
surface and normalized with the streamwise centerline
velocity, w/Uyj, is shown in figure 10 (z — y cross-
section taken through the riblet valley is plotted). An
oscillatory motion of the mean flow is evident, signi-
fied by the change of the sign of spanwise velocity w
in the riblet surface boundary layer from negative to
positive and back to negative with the streamwise dis-
tance. If we plot spanwise velocity profiles w(x) for
several distances from the wall y/J (figure 11a), we
can notice that spanwise velocity distributions in the
riblet surface boundary layer follow the shape of the

sinusoidal slope dz’/dx. This is natural, since span-
wise velocity induced by the rotation of the mean ve-
locity vector due to the wavy motion is proportional
to the slope.

By analogy with the flow near an oscillating
wall, a crossflow boundary layer is developed, which
confines three-dimensional effects to the layer of
some finite thickness. In order to predict crossflow
layer thickness and maximum spanwise velocity for
any given riblet configuration, a theoretical approach
based on an analogy with the Stokes layer is proposed.
Stokes layer is an analytical solution of the Navier-
Stokes equations for the case when a flat plate oscil-
lates tangentially in a still fluid described by Schlicht-
ing [29]. Although it is a different phenomenon, an
analogy can be followed if one takes a lagrangian ap-
proach and moves with the fluid particle in a crossflow
boundary layer, which indeed follow and oscillatory
trajectory. To make a comparison with the Schlicht-
ing solution, one can write an oscillation period as
T = \/u*, where u* is some characteristic velocity
of streamwise motion in a crossflow boundary layer.
We approximate u* as the streamwise velocity of the
plane laminar channel flow at y location where the
Stokes layer vorticity is maximum, i.e. at the distance
of y* ~ 05/4 (see [29, 30]), where

0s = my/2V/w 3)

is the Stokes layer thickness (defined here as one half
of the “penetration depth” in [29]), w = 27/ T.

Taking into account that the Stokes layer thick-
ness is small compared to the channel half-width for
the considered Reynolds number, one can approxi-
mate u* using a linear relationship derived from the
analytical solution for the plane Poiseuille flow valid
for small distances from the wall: v*/U; ~ 2y*/§ =
ds/2 8, where U is the laminar centerline velocity and
0 is the channel half-width. Therefore, expanding def-
initionof w = 27/T = 27w u* /) as

U s

W= “)

and substituting equation (3) for the Stokes layer
thickness d,, one can solve for w:

2
W= 37142V(/\Ug> (3)

This formula can be expected to hold only for small
amplitudes a/\ of the sinusoidal riblet shape, since
u* is estimated assuming that the spanwise crossflow
motion does not influence the mean streamwise ve-
locity. For large amplitudes, spanwise oscillatory mo-
tion will most likely affect the streamwise velocity in



the crossflow boundary layer, resulting in smaller ef-
fective velocity w* and smaller oscillation frequency
than the one predicted by equation (5). For the current
simulation parameters, the value of non-dimensional
frequency wé/U; = 0.17 is obtained, which allows
to estimate the crossflow boundary layer thickness
ds/0 = 0.16 from equation (3), which is the cor-
rect estimate according to the figure 10. According to
Shclichting [29], spanwise velocity in a Stokes layer
scales with the “wall speed” w, or maximum ampli-
tude of the wall velocity. In a riblet crossflow bound-
ary layer, similar parameter would be the spanwise
velocity induced by the rotation of a characteristic ve-
locity u* to an angle corresponding to the local slope
(dz'/dx). For small amplitudes a/, this can be ap-
proximated as

21 x

wo (z) = u*(d2' /dx) = aw cos( ) (6)
(see also equation (2)).

Note that the Stokes layer in a wall-oscillating
case and a riblet crossflow boundary layer developed
in the current case, in spite of their analogy, are differ-
ent in nature. Stokes layer is time-dependent, whereas
current crossflow layer is stationary. Also, spanwise
wall velocity is oscillating in the Stokes layer, whereas
it is always zero in the current case due to the no-
slip conditions. Therefore, if we want to compare
spanwise velocity distribution with that of a Stokes
layer, we should only consider the Stokes layer pro-
files corresponding to the zero wall velocity, i.e. os-
cillation phases wt = /2 or wt = 37 /2. Compari-
son of the spanwise velocity profiles w/wg(n), where
n = y+y/w/(2v) is the similarity variable, with the
Stokes layer solution taken at wt = m/2, when the
wall velocity is zero, is plotted in figure 11b. For
comparison, we chose four different streamwise loca-
tions along the computational domain corresponding
tox /X =0, 0.13, 0.5 and 0.64. Note that w calculated
with equation (6) can achieve both positive and neg-
ative values, which explains why all the scaled pro-
files fall on a single curve for both positive and neg-
ative spanwise velocities in a crossflow layer (cf. fig-
ure 10). Although these are not the same phenomena,
the similarity of the corresponding spanwise velocity
profiles is striking, signifying that the viscous mecha-
nisms responsible for the creation of boundary layers
in these two cases are the same. It also shows that the
crossflow boundary layer thickness d; and the ampli-
tude of spanwise velocity oscillations wg(x) are es-
timated correctly by the current theoretical approach.
It is worth noting that the maximum spanwise veloc-
ity Wymae achieved in the current simulations can be
predicted as wygz = 0.3 Womaz = 0.3 aw (see also
equation (6)). This leads to wy,q, = 0.0051 U;, which

0

Figure 9: Three-dimensional view of the computa-
tional domain for the modified riblet geometry.

Figure 10: Longitudinal view of spanwise laminar ve-
locity, w/U;. Solid lines — positive values, dashed
lines - negative. Velocity range: -0.005 to 0.005, con-
tour increment: 0.001.

corresponds exactly to the maximum values observed
in the simulations, see figure 10. This analysis shows
that, first, a similarity between the riblet crossflow
layer and a Stokes layer is established, and, second,
that the current theory allows to construct correct re-
lationship between the wavelength of the riblet shape
A and the period of the wall oscillation 7" in a laminar
case.

Comparison of the geometrical parameters of
the current simulations with the optimum parameters
found in experiments of Choi et al. [30, 31] on tur-
bulent drag reduction with spanwise oscillating wall,
where maximum drag reduction of about 40% was ob-
tained, is summarized in Table 1, all in wall units. Al-
though the Stokes layer thickness and the period of
oscillations are of the same order, the spanwise veloc-
ity amplitude war maz determining the maximum span-
wise velocity and, therefore, an amount of vorticity
introduced by the Stokes layer, is much smaller in the
current simulations. The influence of this disparity on
the drag reduction properties shall be investigated.
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(a) Streamwise profile, w(x), (b) Vertical profile, w(n).
for several distances from the Lines, computations; symbols,
wall, y/d. Slope of the riblet analytical solution [29]
surface, dz’ /dz, is also shown.

Figure 11: Laminar spanwise velocity profiles over
the sinusoidal riblet surface.

Table 1: Comparison of geometrical parameters of the
current simulations with the optimum parameters in
experiments of Choi et al. [30, 31]

Simulations | Experiments
6 28.8 30
Wa 0 0.4 15
T+ 285 100

5 Conclusion

A new modification to the conventional drag reduc-
tion method using riblets is proposed. The modified
riblet configuration is obtained from the conventional
one by adding a sinusoidal variation to the riblet shape
in spanwise direction. We hope that this modification
will increase an amount of drag reduction, since the
mean flow will resemble the flow occurring during the
spanwise-wall oscillation, which was recently discov-
ered to offer significant drag reduction. Large Eddy
Simulations of the conventional riblet geometry is per-
formed with the purpose of validating the numerical
method to be used for sinusoidal riblet computations.
It is also important to understand the mechanism of
drag reduction in a simpler case of straight riblets be-
fore studying sinusoidal riblets. LES results are com-
pared with DNS of Choi et al. [13] and good quanti-
tative agreement is obtained for Smagorinsky model
with wall functions. Computations of the sinusoidal
riblets are performed in the laminar regime, and re-
sulting mean flow is documented and analyzed. An
analytical approach is proposed to relate the wave-
length of the riblet shape A with the period of oscil-
lations 7" in a laminar regime. Analogy of the mean
flow over the sinusoidal riblet surface with the flow

which occurs during the spanwise wall oscillation is
confirmed. Non-dimensional parameters leading to
an optimized drag-reducing configuration with wall
oscillations are compared with the parameters of the
current simulations. Although the period of oscilla-
tions and the thickness of the Stokes layer are of the
same order of magnitude, smaller amplitude of span-
wise velocity is observed.
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