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Drag Reduction by Spanwise Wall Oscillation
in Wall-Bounded Turbulent Flows
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Drag reduction in turbulent channel and pipe flows by spanwise (circumferential) wall oscillations is studied
numerically. The influence of the wall oscillation on near-wall streamwise vortices is examined. By the use of the
Stokes second problem, a wall-normal distance parameter and an acceleration parameter are obtained to estimate
the drag reduction rate. A simple equation is derived for expressing the drag reduction rate by spanwise wall
oscillations. The relation between near-wall streamwise vortices and low- and high-speed fluids is scrutinized to
extract the key parameters. The drag reduction mechanism is analyzed in terms of the attenuation of Reynolds

shear stress.

Nomenclature
AT = oscillating velocity amplitude of the wall
at = acceleration of the Stokes layer
D, = dragreductionrate
h = channel half width
0 = invariant of the velocity gradient tensor
S;; = the tensor of strain rate
T+ = oscillating time period of the wall
tT = nondimensionaltime, tu? /v
u, = friction velocity
w = mean spanwise velocity
W+ = nondimensional mean spanwise velocity, W /u,
W2} = nondimensionalenvelope of W+
y+ = nondimensional wall-normal distance, yu, /v
y; = influence range of the Stokes layer
v = kinematic viscosity
Q;; = tensor of rotation
W, = streamwise voritcity

Introduction

HE role of near-wall streamwise vortices has been found to

be very important in a wall-bounded turbulent flow.! The
downward sweep motion induced by streamwise vortices very near
the wall is closely correlated with skin friction.? Consequently, to
achieve a reduction of skin friction, the management of near-wall
streamwise vorticeshasbeenatargetof controlstrategies. A recently
devised method for drag reduction in wall-bounded turbulent flows
is a cyclic movement of the wall in the spanwise (circumferential)
direction. When the wall oscillation is optimized with appropriate
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amplitude and frequency, a significant drag reductionis achieved by
as much as 40%. Although energy is needed for the motion of the
wall, no feedback is required in the control law.

A literature survey reveals that many experimental and numeri-
cal studies have been performed to examine the drag reduction by
spanwise oscillations. Jung et al.’ showed numerically the suppres-
sion of turbulencein wall-bounded turbulentchannel flows by high-
frequency spanwise oscillations. Laadhari et al.* and Choi et al.’
carried out an experimental study in a turbulent boundary layer to
confirm the numerical results experimentally. The effects of wall-
oscillation amplitude on the total energy balance was investigated
by Baron and Quadrio® using a direct numerical simulation. An ex-
perimental study of turbulent pipe flows was performed by Choi and
Graham’ with a view to reduce the friction drag by oscillatinga sec-
tion of the pipe in a circumferential direction. The results indicated
that the friction factor is reduced by as much as 25% as a result of
active manipulationof near-wallturbulencestructures by circumfer-
ential wall oscillation. The mechanism of drag reduction may be re-
lated to the spanwise vorticity generatedby the periodic Stokes layer
over the oscillatingwall, which affects the boundary-layerprofile by
reducing the mean velocity gradient within the viscous sublayer?>"’
Recently, Quadrio and Sibilla® performed direct numerical simu-
lations in a pipe oscillating around its axis. They found that the
transverse shear layer arising from the oscillationsinduces substan-
tial modifications to the turbulence statistics in the near-wall region.

A perusal of the literature indicates that many parametric studies
have been performed to find the best parametersin terms of friction
drag reduction. The frequency and amplitude of the oscillations
obviously play a first-order role in determining the amount of the
turbulentdrag reductionrate. The choice of the optimum parameters,
however, still has to be determined. The main aim of this work is to
find the optimum parameters. This is clearly related to the Stokes
layer, which is generated by the oscillating wall. The approachis to
use the solution to the Stokes second problem to obtain estimates
of how far from the wall the influence of oscillations extends and
of the acceleration that they produce very near the wall. Toward
this end, direct numerical simulations in channel and pipe flows are
performed to obtain detailed results for the turbulent flow behavior
near the wall and to correlate that behavior in terms of a wall-
normal distance parameter and an acceleration parameter based on
the Stokes solution. Emphasis is placed on the identification of the
relation between the near-wall streamwise vortices and low- and
high-speed fluids by spanwise oscillations. The mechanism of drag
reduction is analyzed in terms of the Reynolds shear stress.
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Second Stokes Problem

We start with the notion that the key to drag reduction is to dis-
turb the wall-bounded flow between the near-wall streamwise vor-
tices and the wall. When a temporal wall oscillation is imposed,
the governingequation for the mean spanwise velocity,ignoring the
higher-order nonlinear terms, can be expressed as’

oW+t 82 w+
=0 1
ot+ ay+2
subject to
WH(yt =0,1%) = AT sinQ@rtt/T") )
W (" —o00,17) =0 3)

Here, the nondimensionalparametersare W+ =W /u,, At = A/u,,
yt=yu. /v, tT =1?/v, and TT=Tu?/v; u, is the wall friction
velocity for flows with a stationary wall and v is the kinematic
viscosity of the fluid. The flow quantities are normalized by wall
units ¥, and v. The nondimensional envelope of the real part of the
solution for WT(y™*, t*) at a certain location y* is

WS, = A" exp[—/ (/T *)y*] 4)
In the preceding description, the wall oscillation decays exponen-
tially far from the wall. It is found that Eq. (1) is similar to the Stokes
second problem.'?

To see the response of near-wall turbulence to spanwise wall os-
cillations, the instantaneous spanwise mean velocity profiles by the
present simulation are displayed in Fig. 1a. The Reynolds num-
ber is Re,, =4.9 x 10° (Re, =1.7 x 10?), which is based on the
bulk mean velocity U,, and pipe diameter D for At =0.8U,, and
T+ =150.The differentcurvesin Fig. 1 representdifferentinstances
in time during the oscillating period. The analytical solutions at the
same oscillating conditions are also shown in Fig. 1b, which are
obtained from Eq. (4). The two plots are very similar to each other.
This supports that the near-wall structures are dominated by the
spanwise oscillating parameters A™ and T'+.

Direct Numerical Simulations

As mentioned earlier, direct numerical simulations of turbulent
channel and pipe flows with oscillating walls are performed in

Re =170

Direct numerical simulation
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Fig.1 Mean spanwise velocity profiles; different curves represent dif-
ferent instances in time during an oscillating period.

the present study. The numerical method for solving the Navier-
Stokes equations in a turbulent channel flow is based on a semi-
implicit method.? Both a Chebyshev-tau method in the wall nor-
mal direction and a dealiased Fourier method in the streamwise
and spanwise directions are used for the spatial derivatives. A
semi-implicit time advancement scheme is employed by using the
Crank-Nicolson implicit method for the viscous terms and an ex-
plicit third-order Runge-Kutta scheme for the nonlinear terms. The
spectral numerical scheme used in this study is nearly the same as
that used by Kim et al.? Three Reynolds number flows are tested:
Re, =100,200, and 400. The domain sizes for three Reynolds num-
ber flows in the streamwise, wall-normal, and spanwise directions
aredmh x 2h x4wh/3,2nh x 2h x 4wh/3,and wh x 2h x wh/3,
respectively. Here, i denotes the half-channel width. The grid sizes
are 32 x 65 x 32, 64 x 65 x 64, and 64 x 129 x 64, respectively.
The code validation has been made by comparing the present data
with the preexisting direct numerical simulation (DNS) data. The
predicted profiles at Re, = 180 have been compared with the data
of Kim et al.> The grid resolution of the present simulation is
128 x 129 x 128 in the streamwise, wall-normal, and spanwise di-
rections, respectively. The domain size is 4wh x 2h x 4wh /3. It is
found that the present data follow their data very well.

Next, the numerical scheme for simulating a turbulent pipe flow
is almost the same as that used by Ma et al.'” The numerical method
is based on the third-order time-splitting method.!" In the axial and
circumferentialdirections, a Fourier-Galerkin method is employed.
In the radial direction, a spectralelement method is adopted to avoid
the computational unsteadiness caused by the over-fine grids near
the center of the pipe. The Reynolds number is Re, =150 and the
computational length of the pipe is 47 R. The spatial resolution is
53 x 64 x 32 in the radial, circumferential, and streamwise direc-
tions, respectively.

All of the simulations are performed with constant streamwise
mass flux. Because the no-slip conditions are satisfied at the wall,
the wall oscillationsin the spanwise (circumferential) direction are
directly taken into account via the wall boundary conditions for the
corresponding velocity components. The flow quantities are nor-
malized by the bulk mean velocity U,, and & (or R) except those
with the superscript +, which are normalized by wall units u, and
v. In the presentstudy, the velocity amplitude of wall oscillation A*
varies from 1 to 20, and the oscillationperiod 7™ is set in the range
from 1 to 200 for turbulent channel flow and turbulent pipe flow.

Results and Discussion

The firstobjective of the present simulationis to estimate a simple
equation expressing the friction drag reduction by spanwise os-
cillations as a primary function of the oscillating parameters.
The percentage of drag reduction rate is defined as D, (%)=
(Tho — Te)/Tno % 100, where t,, denotes the shear stress without
oscillation and 7. that with spanwise oscillations. As mentioned
earlier, several other published numerical and experimental data
are employed for comparison: a numerical simulation in turbulent
channel flow by Baron and Quadrio,® an experimental work in tur-
bulent pipe flow by Choi and Graham,” and a numerical simulation
in turbulentpipe flow by Quadrio and Sibilla.® Details regarding the
oscillating conditions are available in the references. The present
numerical data are also included: One is from the turbulent chan-
nel flow simulations (Re, =100, 200, and 400), and the other is
from the turbulent pipe flow simulation (Re, = 150). The oscillat-
ing conditions of the simulations and the drag reduction results are
summarized in Table 1. In Table 1, RLM denotes the relaminariza-
tion by circumferential oscillations.

As stated, all of the availabledata are replottedon D, by the use of
several key parameters. First, D, is plotted as a function of the oscil-
lating velocity amplitude A" in Fig. 2a, where A™ is the oscillating
velocityamplitude of the wallin Eq. (4). Examinationof the distribu-
tions between D, and A in Fig. 2a indicates that D, increases with
increasing A*. However, D, is not linear against A" in some cases.
Note that the increase of A* means the increase of the extra input of
energy by spanwise oscillations. Next, D, is replotted as a function
of the oscillatingperiod T in Fig. 2b. Each line represents different
AT. As T increases, a peak value is seen ataround 7" ~ 100. This
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Table 1 Drag reduction rate D, with different A* and T

T+
At 1 5 10 20 50 100 150 200
Turbulent channel flow (Re; = 100)
1 -0.5 0.3 0.6 1.0 2.6 1.9 1.7 1.6
5 0.6 0.9 3.2 9.8 219 296 23.6 15.1

10 0.4 2.7 9.7 202 332 411 42.8 332
20 -2.0 8.6 19.3 296 403 445 45.4 45.3

Turbulent channel flow (Re; =200)

5 _ 13.1 184 13.6 10.1
9 — — — —— 257 299 26.1 17.4
20 @ — @ — — —— 342 392 35.6 21.0
Turbulent channel flow (Re; =400)
5 _ 94 142 9.2 7.4
9 — — — — 228 224 18.3 12.3
20 @ — — — —— 306 341 25.5 14.2
Turbulent pipe flow (Re, = 150)
5 —_ 14 2.4 79 188 229 18.8 15.8
10 — 20 6.5 173 306 349 RLM* RLM
20 —— 8.6 157 268 390 RLM RLM RLM

25
@]
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50
40 | — = Channel (Re=100)
| —@—— Channel (Re =200)
30 | ——w—— Channel (Re=400)
. | ---&-- PipeRe=150)
S & Pipe (Quadrio and Sibilla)
O Pipe (Choi and Graham)
; Channel (Baron and Quadrio),
10 |
0¥
10° 10’ 10 10’ 10°

c) AT

Fig.2 Drag reduction rate as a functionof a) A*,b) T*,and ¢c) A*T*.

means that a maximum drag reduction is obtained at 7+ ~ 100. In
Fig. 2¢, D, is plotted as a function of A*T*, where the variable
ATTT indicates a displacement of the oscillating wall. The max-
imum displacementis A*T* /x. For example, the maximum dis-
placement of the wall of the present channel and pipe flows is about
50 (ATT* /mr ~50) at ATT* =150, which represents the mean
spacing between low- and high-speed streaks.'” As seen in Fig. 2c,
a better similarity is attained. However, some exceptional cases still
remain. A closer inspection of the curves reveals that a peak value
of D, is observed and then D, decreases with increasing AT7T .

To understand the effect of spanwise wall oscillations in detail,
we consider an interrelated length scale with the wall oscillation. In
Eq. (4), the wall oscillation decays exponentially from the wall.
When threshold value W,* is set, the depth of the Stokes layer
penetrating into the internal flow is defined as

yi =T+ /m (AT W) (5)

where y; represents a thickness within the influence of the Stokes
layer. Note that this is different from the Stokes layer thickness
8t =./(drT+), where the influence of A™ is not included. It is
known that the maximum root mean squared value of spanwise
turbulent velocity fluctuations near the wall is about w;} >~ 1.0. To
give an influence on drag reduction by the spanwise oscillations,
the threshold value of W,* should be set within the maximum value
of w} . Accordingly, the threshold value is set as W,* =0.5 in the
present study.

The role of y; on drag reduction is analyzed by examining the
interrelation between streamwise vortices and near-wall low- and
high-speed streaks. The streamwise vortices are represented by a
contour of the positive second invariant of the velocity gradient
tensor,'* which is defined as

0= 4@} - 5)) ©

where §;; is the tensor of strain rate and €2;; is the tensor of rota-
tion. Note that Q > 0 indicatesthe existence of streamwise vortices
near the wall. In the first place, the interrelation is inspected at
y* =10. The flow fields are conditionally averaged in the x and 6
directions for Q > 1 and w, > 0. This procedure is performed in a
stationaryturbulentpipe flow at Re,, =4.9 x 10° (Re, = 1.7 x 10?),
and the results are shown in Fig. 3a. Here, w, > 0 represents that
the streamwise vortices rotate in the counterclockwise direction.
As seen in Fig. 3a, a streamwise vortex is located in between the
low-and high-speed streaks. The streamwise vortex makes the high-
speed fluid (#’ > 0) move toward the wall and the low-speed fluid
(" <0) move away from the wall. This contributes to the gener-
ation of Reynolds shear stress u’v’ (Ref. 2). When the conditional
averagingis takenat Q > 1 and w, < 0in Fig. 3b, the flow structure
is almost the same as thatin Fig. 3a with the opposite direction. Ac-
cordingly, the case of w, > 0 is chosen and dealt with in the present
analysis.

When the spanwise wall oscillation is imposed, the interaction
between streamwise vortices and streak structures is scrutinized in
detail. As mentioned earlier, the selection of y; is important in
the analysis of drag reduction. To examine the direct influence of

y'=50

u'>0

a)Q >1and w, >0
y'=50

’

u'>0

y =10

4

Wall

b)Q>1and w, <0

Fig. 3 Conditionally averaged flowfield associated with streamwise
vortices at y* =10.
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the wall oscillation on the interactions, sequential pictures of the
conditionallyphase-averagedflow structuresat y* = 10 for one wall
oscillation cycle are displayed in Fig. 4. Two cases in Table 2 are
employed: y; = 14.3 incase 1 and y; =22.7 in case 2. Because the
conditional averaging is taken at y* = 10, the flow structures of two
cases are fully embedded in the aforestated Stokes layer. As shown
inFig. 4, at 7 /4, both the wall and the streamwise vortex rotate in the
counterclockwisedirection. In the near-wall region, the high-speed
(solid line) and low-speed (dotted line) fluids are driven to move
to the right by both the rotations of the wall and the streamwise

Table 2 Three cases of the present analysis

Case At T+ vy af 1A D,
1 5.3 115.7 14.3 0.126 0.120 24.1
2 10.6 173.5 22.7 0.196 0.147 353

3 13.2 115.7 19.9 0.314 0.167 39.7

vortex. The high-speed fluid intrudes beneath the low-speed fluid.
At /2, the velocity of the wall achieves its maximum value, and
the intrusion of the high-speed fluid is also augmented. Around the
streamwise vortex, the gradientof #’ in the wall-normal direction is
increased. At 37 /4 and 7, the speed of the wall is decreased, and
the intrusion of the high-speed fluid is relatively weakened.
During the decelerating phase (57 /4), the wall rotates in the
clockwise direction, which causes the near-wall high-speed fluid to
move to the left. At 377 /2, the wall speed gets its maximum value,
and the high-speed fluid extends farther to the left. Because the
streamwise vortex rotates in the counterclockwisedirection, its ro-
tation counteracts the effect of the clockwise motion of the wall.
As seen in Fig. 4, the low-speed fluid is almost lessened. In addi-
tion, the location of the low-speed fluid around the vortex is not as
close to the wall as the high-speed fluid. Hence, the influence of the
wall movement on the low-speed fluid is greatly reduced. Because
of these two effects, the low-speed fluid can hardly intrude beneath
the high-speed fluid. At the phases of 77 /4 and 27, the speed of

Fig.4 Conditionally averaged flow structures at y* =10.
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@a )

a)y;=14.3

b)y;=22.7

Fig.5 Conditionally averaged flow structures at y* = 20.

the wall is decreased, and the right extension of the high-speed
fluid is shrunk. The streamwise vortex is mainly surroundedby the
high-speedfluid. The sequential illustrations in Fig. 4 clearly show
the response of vortex-associatedflowfields to the oscillation of the
wall. Quadrio and Sibilla® suggested a conceptual model, which is
consistent with the present description of the scenario in the first
half of the oscillation period.

Next, the conditionally averaged flowfields at y* = 20 are illu-
strated in Fig. 5. As employed in Fig. 4, the same two cases are
adopted for comparison. Because the conditional averagingis taken
at yT =20, case 2 (yd+ =22.7) is fully embedded in the aforestated
Stokes layer, whereas case 1 (yd+ =14.3) is not. For case 1, the
streamwise vortices at y* =20 are out of the influence range of
the Stokes layer. Accordingly, the flowfields are not substantially
changed. In case 2, however, the flowfields are still in the influence
range of the Stokes layer. A closer inspection of the flowfields in
Fig. 5b indicates that the high-speed fluid intrudes beneath the low-
speed fluid in the first-half of the oscillating period (0 <t/T <m).

In the second half of the oscillating period (w <t¢/T <2), the
streamwise vortex is mainly surrounded by the high-speed fluid.
However, the intrusion of the high-speed fluid in Fig. Sais not active
as compared to the case in Fig. 6b. Furthermore, the low-speed fluid
is not disturbed by the oscillations. The flow pattern in Fig. 5a is
very similar to that in Fig. 6, where the wall is stationary. When
the flow structures in Figs. 4 and 5 are summarized, a conclusion
emerges that the streamwise vortices within the depth of penetration
of the Stokes layer (y;) are influenced by the spanwise oscillations.

By the utilization of y;, the drag reduction rate is plotted in
Fig. 7. As anticipated, D, increases with increasing y; . However,
several exceptionalcases still exist,in which D, increasesto a certain
value and then decreases with the increase of y! . These exceptional
cases imply that the rate of drag reduction is not only governed
by the influence range of the Stokes layer. There exist other factors
that affect the drag reduction rate. If the wall continues to move in
the spanwise direction with a constant speed, the turbulence in the
vicinity of the wall is also readjusted. However, the amount of drag
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y'=50

Q>1, 0>0 u'<0

~ \

a)Q >1and w, >0

b)Q>1andw, <0

Fig. 6 Conditionally averaged flowfield associated with streamwise
vortices aty* = 20.
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Fig.7 Drag reduction rate as a function of y:;.

reduction achieved in a steadily rotating pipe is not as much as that
in a pipe that oscillates around its axis sinusoidally®!* The only
difference between the oscillating motion and the steadily rotating
motion is that an acceleration exists in the oscillating motions. This
difference gives us an acceleration parameter in the Stokes layer
as a measure of the amount of drag reduction. From the dynamic
point of view, acceleration represents an inertial force of fluid in
unit mass, which is a measure of the change of the relative position
between fluid elements by the Stokes layer.

To examine the effect of accelerationin the present spanwise wall
oscillations, the skewness and flatness are computed and displayed
in Fig. 8. Two cases are chosen in Table 2: One is case 1 for a lower
acceleration, and the other is case 3 for a higher acceleration. The
case of no control is also included for comparison. As shown in
Fig. 8a, when the spanwise wall oscillation is imposed, the skew-
ness is augmented, and the maximum of the skewness moves apart
from the wall. In the bufferlayer (15 < y* < 30), the skewness of the
spanwise oscillationsis positive whereas the skewness of no control
is negative. This means that the high-speed fluid by the wall oscil-
lation is skewed as compared to that of no control. As addressed by
Quadrio and Sibilla,® the elongated low-speed streaks are reduced
by the spanwise oscillation, whereas some high-speed streaks are
enhanced. Accordingly, the skewness is increased by the spanwise
oscillation. In Fig. 8a, the skewness of case 3 is higher than that
of case 1. As mentioned earlier, the acceleration of case 3 is larger

Skewness

&0
fui
'
~

10

No control
1 N Case I (A"=5.3, T"=115.7)
. s Case III (A*=13.2, T*=115.7)

Flatness
N
T

b) O

Fig. 8 Skewness and flatness of streamwise velocity fluctuations.

than that of case 1 in the region of y* > 8. This suggests that the
higher acceleration enlarges the area of the positive skewness. The
flatness in Fig. 8b shows a significant increase in the viscous sub-
layer region by the oscillation. This may be caused by the increase
of intermittency by the oscillation. The maximum flatness is located
at y* >~ 5, where the flow change in turbulence is highly amplified
by the wall oscillation.

Comparison is extended to the probability density function
(PDF) of the streamwise velocity fluctuations (' /u,,s) with wall
oscillation.In the viscoussublayerregion (Figs. 9aand 9b), the PDFs
of the negative streamwise velocity fluctuationswith spanwise oscil-
lationreturn back to the center, whereas those of no control are tilted
to the negative direction. This may be attributed to the reduction of
the elongated low-speed streaks, as stated in Fig. 8a. However, note
that the present result is contradictory to the experimental result of
Choi and Clayton.!> The increase of the skewness in this region is
directly linked with the shrinkage of the negative PDF. This is also
consistent with the result of Quadrio and Sibilla.® As the acceler-
ation increases, that is, in case 3, the maximum location of PDF
moves to the center. This shows a tendency to isotropy due to ac-
celeration. A closer inspection of the positive PDFs in the long-tail
region (2 <u'/u.,, <4) in Figs. 9b and 9c discloses that the PDF
distributionsare intercrossed because the detection layer is far from
the wall. Close-up views of the PDF in the insets indicate that the
PDFs of cases 1 and 3 are larger than that of no control in Fig. 9c.
The increase in the long-tailregion may be related to the high-speed
streaks by the wall oscillations.® Because the detectionlayeris apart
from the wall (y* > 20.4), the influence of the wall oscillation is
gradually weakened. In the outer region (y* =50.1), three PDFs
collapse to one curve. A global inspection of Fig. 9 shows that the
changes in turbulence statistics in the oscillating boundary layer
seem to come mainly from a reduction in the negative probability.
Moreover, a significant change of the positive PDF distribution in
the long-tail region occurs in the viscous sublayer region close to
approximately y* ~5.

Now, the influence of the acceleration in the Stokes layer is im-
plemented in the present formulation of the drag reductionrate D,.
According to Eq. (4), the acceleration of the Stokes layeris derived
as

at = 2m(A* T exp[—/(x/TH)y*] ™

where a critical value of a™ is chosen at y* = 5 in the present study.
The main rationale for the selectiona? is that the flatness in Fig. 8
has a maximum at y* =~ 5. Furthermore, the change of the PDF
in Fig. 9 is significant at around y* >~ 5. In Fig. 10, D, is plotted
as a function of a;. As a; increases, D, increases on the surface.
However, some inflection points are displayed. After passing the
inflection points, D, increases with decreasinga; . The exceptional
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Fig.10 Drag reduction rate as a function of a;r.

cases in Fig. 7 may be related to the inflection points in Fig. 10.
Two curves in Figs. 7 and 10 suggest that two parameters, y,; and
a¥, should be combined together to make a better similarity of D, .
Because y; represents the influence range of the Stokes layer, and
a? is a measure of the acceleration of the Stokes layer, a combined
parameter V" is proposed:

V= (a;yd*/A+ Re?'z) (8)
where the Reynolds number effect is also included. If the Reynolds
number effect is neglected, the data scattering is more intensified.
When V is employed, a good correlation equation is obtained as
shown in Fig. 11:

D, = 1000V,** + 50V.* )
As seen in Fig. 11, all of the available data collapse well in Eq. (9).

The response of near-wall turbulence to the wall oscillations can
be quantitativelyrepresented by the changes in turbulencestatistics.
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} = Channet (Re =100) /mmy
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Fig. 11 Drag reduction rate as a function of V! = y:;a;/(A*Reo'z).

In the first half of the oscillation period, the intrusion of the high-
speed fluid beneath the low-speed fluid gives the increase of du’/dy.
Itis known that the change of du’/dy is reflected in the change of the
wall-normal vorticity fluctuationswj, (Ref. 8). The change of the rel-
ative position between streamwise vortex and low- and high-speed

fluids can greatly influence the generation of Reynolds shear stress

u'v'. The distributions of u'v’ along the y* direction are displayed
in Fig. 12 for different cases. Note that u'v’ is directly correlated
with V., that is, u'v’ decreases with increasing V,*. However, the
discrepancy between case 1 and case 2 is unclear._

The influence of V" on the quadrants of u'v’ is displayed in
Fig. 13. The high-speed fluid component in the quadrants (u'v'),
and (u'v')yy are shown in Fig. 13a, whereas the low-speed fluid
component in the quadrants (u'v’);; and (u/'v')i; are in Fig. 13b.
When the spanwise oscillation is not imposed, that is, no control,
it is shown that the contributions of (u'v’); and (u'v’)yy to u’v’ are
smaller than those of (u'v')i; and (u'v’)1v. When the spanwise os-
cillation is imposed, the contributions of (u’'v’); and (u'v')y are
significant as comparedto thoseof (u'v");; and (#/'v’) . In particular,
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Fig. 14 Influence of V! on the contribution ratio of v’ v/

as Vj increases, the role of (u’_v’)l onu'v' is enhanced. This may be
attributedto the ejection of the high-speedfluid near the wall. To see
the influence of V' on the quadrantsof u’v’ in detail, a contribution
ratio is defined as

(quadrant of #'v') control

contributionratio = (10)

(quadrant of #'v") 6 control

where the quadrants of wWv' in the spanwise oscillations are
normalized by the corresponding quadrants of no control. The con-
tribution ratios in the vicinity of the wall are exhibited in Fig. 14,
where the contributionof (u'v’); is outstanding. Furthermore, as Vj
increases, the contributionof (#'v’); is amplified. As mentioned ear-
lier, the ejection of the high-speed fluid plays an important role on
the attenuation of u’v’ near the wall. The increase in V" activates
the contribution of (u V).

Conclusions

Detailed numerical simulations have been performed to eluci-
date the drag reduction by spanwise wall oscillations in turbulent
channel and pipe flows. To extract a simple equation for express-
ing the drag reduction rate D,, several parameters have been em-
ployed, for example, A*, T+, and ATT . Based on the interaction
between the Stokes layer and near-wall turbulence when wall os-
cillations are present a new parameter V¥ =a yt /(AT Rel?) was
proposed. Here y; tepresents the 1nﬂuence range of the Stokes
layer, and a7 is a measure of the acceleration of the Stokes layer at

y* =35. By the use of this parameter, the drag reductionrate showed
a good correlation curve. To understand the drag reduction mecha-
nism and to show the physical grounds for the selection of V", the
interrelation between streamwise vortices and near-wall low- and
high-speed streaks was scrutinized in detail by examining condi-
tionally averaged DNS results. Examination of the resultsindicated
that the relations between streamwise vortices and high- and low-
speed fluids are greatly affected within the influence range of the
Stokes layer. The high-speed fluid intrudes beneath the low-speed
fluid in the first half of the oscillating period. In the second half of
the oscillating period, the streamwise vortex is mainly surrounded
by the high-speed fluid and the low-speed fluid is almost lessened.
When the streamwise vortices are out of yj, the relative position
between streamwise vortices and high- and low-speed fluids is sim-
ilar to that in a flow with stationary wall. The changes of u’v’ were
examined for several oscillating conditions. This was because the
turbulentfrlctlondragls closelyrelatedto the levelof u'v’. The quad-
rant analysis of «’v’ indicated that the contributionof V. to (u'v’);
is dominant.
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