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Turbulent Boundary-Layer Control
by Means of Spanwise-Wall Oscillation

Kwing-So Choi,* Jean-Robert DeBisschop,” and Brian R. Clayton*
University of Nottingham, Nottingham NG7 2RD, England, United Kingdom

An investigation into the changes in the turbulent boundary-layer structure with a spanwise-wall oscillation
was carried out in a wind tunnel using hot-wire anemometry and flow visualization. The main purpose of this
study is to experimentally confirm the results of recent direct numerical simulations suggesting that the turbulent
skin-friction drag can be reduced by a wall oscillation. The present results clearly indicate that the logarithmic
velocity profiles are shifted upward and turbulence intensities reduced by the spanwise-wall oscillation. When the
wall oscillation was optimized with a nondimensional wall speed, skin-friction reductions of as much as 45 % were
observed within five boundary-layer thicknesses downstream of the start of wall oscillation. The mechanism of
drag reduction seems to strongly relate to the spanwise vorticity generated by the periodic Stokes layer over the
oscillating wall, which affects the boundary-layer profile by reducing the mean velocity gradient within the viscous
sublayer. The longitudinal vortices in the near-wall region are also realigned into the spanwise direction, reducing
the intensity of streamwise vorticity fluctuations across the boundary layer.

Nomenclature
Cy = skin-friction coefficient
Cyo = skin-friction coefficient without wall oscillation
H = boundary-layershape factor

h = channel half-height

0, = channel flow rate

R(2) = cross-correlation coefficient

Ry = Reynolds number based on momentum thickness
T+ = nondimensional time, Tu*? /v

T = time

U, = freestream velocity

u* = friction velocity

u’ =rms velocity fluctuation

Xx,y,z =streamwise, normal, and spanwise distance
x* = nondimensional distance, xu* /v

y*t = nondimensional distance, yu™* /v

s = nondimensional distance, zu* /v

Au = velocity reduction

Az = amplitude of wall oscillation

8 = boundary-layerthickness

v = kinematic viscosity of the fluid

Q = vorticity vector

Q. = spanwise vorticity

w = angular velocity of wall oscillation

Introduction

URBULENCE managementis a field in fluid mechanics where

the effects of flow manipulation on the turbulence character-
istics are studied to improve the efficiency of thermofluid systems.
This includes the techniques for reducing drag and surface-flow
noise as well as enhancing heat transfer and flow mixing.! > Most
of the methods in turbulence management utilize, either explicitly
or implicitly, the coherent structure of turbulent shear flows.®™® In
particular, the importance of the burst events in the boundary layers
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has been appreciated by many researchers, who tried to modify the
turbulencestructure to obtaindrag reductions !~ '3 Riblets!4"!® and
large eddy break-up devices'®-?° are some of the passive devices ex-
tensively studied and known to give skin-friction and surface-flow
noise reductions. In essence, these devices modify the structure of
turbulent boundary layers by disturbing the sequence of turbulence
activities in such a way to reduce the burst events leading to the
reduction in energy production. It is also known that the turbulent
skin-friction and surface-flow noise can be reduced when the inten-
sity and frequency of the burst events are reduced.

Junget al.?! conducteda directnumerical simulation (DNS) study
of turbulent channel flow where one of the channel walls was oscil-
lated in a spanwise direction. The domain of their calculation was
1010 wall units in the x axis, 400 wall units in the y axis, and 1010
wall units in the z axis. The mesh size of 64 x 129 x 128 was used
to be able to resolve all of the essential sizes of turbulence eddies
within the computationaldomain, where a fully developedturbulent
flow with the Reynolds number of 3 x 10° (based on the half-height
of the channel and the bulk velocity) was established before the
start of wall oscillation. Their result indicates that a 40% reduction
in turbulent skin-friction drag can be obtained by a spanwise-wall
oscillation only after five periods when the nondimensional period
of oscillation 7% was set to 100. The logarithmic velocity profile
of the boundary layer is shifted upward, suggesting that the viscous
sublayer is thickened as a result of the spanwise-wall oscillation. It
is also shown that there are reductions in the intensities of velocity
fluctuations by up to 30%. The basic findings of this investigation
were later confirmed by Baron and Quadrio,” although their DNS
study was limited to the optimum oscillating frequency.

Recently, Laadhari et al.?® carried out an experimental study to
look at the problem at a larger Reynolds number of 9.4 x 10° (based
on the boundary-layer thickness), showing that the mean veloc-
ity gradient of the boundary layer is reduced near the oscillating
wall. They also demonstratedthat there are reductionsin turbulence
intensities, suggesting that the skin-friction drag of the turbulent
boundary layer may be reduced by the spanwise-wall oscillation.
However, no direct measurements of skin-friction coefficient were
conducted in this study to confirm the drag reductions observed in
the numerical simulations.

Choi'? discussed several drag reduction strategies for turbulent
boundary layers, where a possible mechanism of turbulentdrag re-
duction by the spanwise-wall oscillation is suggested. He argued
that the sequence of turbulence events will be disturbed if the wall
moves quickly by more than the spanwise correlation distance of
near-wall turbulence structure, approximately 50 wall units,! lead-
ing to a reduction in the energy productionof the boundary layer. In
other words, the spatial coherence between the longitudinal vortices
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and low-speed streaks may be disrupted, as Baron and Quadrio®?
postulated, by oscillatinga wall in a spanwise direction. In practice,
the speed of wall oscillation is limited by the type of oscillating
mechanism, implying that the frequency of oscillation and its am-
plitude are important in obtaining maximum drag reductions using
this technique.

Active control of drag reduction requires an energy inputinto the
system, and the technique being described here is no exception. In
other words, the net energy saving from the spanwise-wall oscilla-
tion, if it can be realized, will be the total drag reduction observed
less the energy required to activate the system. The effect of wall-
oscillation amplitude on the total energy balance was investigated
by Baron and Quadrio® in their DNS study. Although no net sav-
ings were found when the amplitude of the wall oscillation was
greater than 3Q, /8h, net energy savings were obtained at smaller
amplitudes. Indeed, there was up to 10% of net energy saving at the
wall-oscillationamplitude of Q. /8h. This study was carried out at
a fixed nondimensionalperiod of 7+ = 100; therefore it is expected
that there may be a scope of further net energy savings.

It must be emphasized here that the DNS study by Jung et al.?!
was carried out with an oscillating crossflow between the stationary
walls, exceptforacase where one of the channel walls was oscillated
in a spanwise direction. On the other hand, all of the numerical
simulations by Baron and Quadrio?? were conducted in a planar
channel with a wall oscillated in a spanwise direction. The present
experimental study and the investigation of Laadhari et al.2* were
conducted in a wind tunnel by oscillating a boundary-layer wall in
a spanwise direction.

The main purpose of the presentinvestigationis to experimentally
confirm the results of recent DNS studies, particularly the amount
of turbulentdrag reductionby a spanwise-walloscillation. This was
conducted by measuring the streamwise development of the skin-
friction coefficient over the oscillating wall surface, which has not
been carried out in the previous studies. Higher-moment turbulence
statistics were also documented and were compared with those of
the numericalstudies. We are interestedin understandingthe mecha-
nismof turbulentdrag reductionby spanwise-walloscillation,where
an extensive study of the modified structure in the near-wall region
of the boundary layer was carried out using the hot-wire anemom-
etry and a flow visualization technique in the present experiment.
Finally, an investigation into key parameters of spanwise-wall os-
cillation was conductedin an effort to optimize this active technique
of turbulentdrag reduction.

Experiments

The present experiments were performed in an open-return,
low-speed wind tunnel at the University of Nottingham with a
300 x 534 mm working section that was 3.0 m long. The bound-
ary layer was tripped at the inlet of the working section to ensure
a fully developed turbulent boundary layer over the test surface.
The pressure gradient along the length of the working section was
nearly zero. The leading edge of the 500-mm-long oscillating plate
was located 2 m downstream of the trip, set flush to the surrounding
surface. The sinusoidal oscillation was produced by a crankshaft
system, with oscillation frequencies up to 7 Hz and peak-to-peak
amplitudesofup to 70 mm. The drive systemhad a flywheeland a set
of counterbalancesto maintaina constantangular velocity with min-
imum vibrationsduring the experiments. Tests were performed with
a freestream velocity U, between 1.0 and 2.5 m/s with a turbulence
intensity of about 0.3%. At the trailing edge of the oscillating plate,
the boundary layer without wall oscillation had the following prop-
erties: § =60 mm, Ry =1.19 x 10%, and H = 1.44 at Uy, =2.5 m/s.

Velocity measurements were made with a Dantec 56C CTA sys-
tem using a single, miniature, hot-wire probe (Dantec 55P15) having
a 5-pum-diam sensing element that was 1.2 mm long. The hot wire
was operated at a constant-temperaturemode with an overheatratio
of 1.8, and the data from the anemometer system were sampled at
a rate of 2 kHz through an IOTech ADC 488/8S analog-to-digital
converter. The probe was mounted on a three-directional traverse
gear with 1.25-um positioning accuracy through a Digiplan step-
motor controller. The bulk of the measurements were made at 10 mm
downstream of the trailing edge of the oscillating plate, equivalent
to x* ~70 at U,, =2.5 m/s. Wall-shear stress was determined by

means of the near-wall slope of the mean velocity profile and by use
of the Preston tube connected to a differential pressure transducer
(Furness Control FC0510) of 0.001-Pa resolution with an accuracy
0f 0.25% of reading.

Flow visualization of the near-wall turbulence was performed at
a freestream velocity of 1.5 m/s using a smoke-wire technique.'> A
pulsed copper-vapor laser with a power output of 15 W at a pulse
rate of 10 kHz was used as a light source, which was fanned out
with a cylindricallens to produce a light sheet at 7.5 wall units from
the wall. Still photographs with the smoke wire placed at y* =4
were taken using a Nikon F-801 camera with a simultaneous video
recording by a Sony CCD-V800E Hi8-color camcorder. A high-
speed video recording was also made with a Kodak Ektapro Motion
Analyzer, with a shutter speed of # s at 500 fps. Visualization of
wall-surface temperature to investigate the behavior of low-speed
(high-temperature) streaks was carried out using infrared thermog-
raphy in real time (25 fps) by uniformly heating a section of the
wall surface immediately downstream of the oscillating wall by ap-
proximately 10°C. The Agema 880 infrared thermography system,
which is capable of recording images up to 25 fps with a resolution
of 0.07°C, was used in the present investigation. The frequency re-
sponse of the heated surface was up to 10 Hz owing to the use of
a 25-um-thick polyethylene terephthalate film spattered with stain-
less steel, which was isolated from the test surfaceby a 1.6-mm-thick
air cavity.

Results and Discussion

The mean-velocity profiles obtained from the present study are
shown in Fig. 1 in a log-law plot, where all of the profiles were
nondimensionalizedusing the friction velocity for each experimen-
tal condition. The curves drawn through the data®* cover the viscous
sublayer, buffer layer, and log-law region, which seem to fit all of
the data including those with spanwise-wall oscillation with an am-
plitude of up to 70 mm (z* = 490). The logarithmic velocity profiles
are seen to collapse onto a single curve in the region of the viscous
sublayer but are otherwise shifted upward with an increase in os-
cillation frequency, suggesting that the skin-frictiondrag is reduced
by the spanwise-wall oscillation. When the outer-scaled velocity
profiles are plotted in linear coordinates (Fig. 2), it is clear that the
mean-velocity gradient in the near-wall region is significantly re-
duced with the wall oscillation. This reduction in the mean-velocity
gradient, which is also seen in the experimental results of Laadhari
et al.,” clearly demonstrates that the wall-shear stress of the tur-
bulent boundary layer is reduced by the spanwise-wall oscillation.
The inner-scaled velocity profiles givenin Fig. 3, on the other hand,
show that the extent of the linear region of the viscous sublayer is
increased to y* & 10 or perhaps further at the maximum oscilla-
tion frequency (7 Hz) of the present experiment. This is in sharp
contrast with the velocity profile without wall oscillation, where
the linear velocity region of the viscous sublayer extends only to
about y* =2.5, which is in good agreement with the laser Doppler
anemometry measurements by Durst et al.?>
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Fig. 1 Logarithmic velocity profiles of the boundary layer 10 mm
downstream from the trailing edge of the oscillating plate for differ-
ent frequencies of wall oscillation (A z =70 mm).
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Fig. 2 Outer-scaled velocity profiles in the near-wall region of the
boundary layer 10 mm downstream from the trailing edge of the os-
cillating plate for different frequencies of wall oscillation (Az =70 mm).
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Fig. 3 Inner-scaled velocity profiles in the near-wall region of the
boundary layer 10 mm downstream from the trailing edge of the os-
cillating plate for different frequencies of wall oscillation (Az =70 mm).
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Fig.4 Turbulentintensity profiles of the boundary layer 10 mm down-
stream from the trailing edge of the oscillating plate for different fre-
quencies of wall oscillation (A z =70 mm).

The turbulence intensities of the boundary layer are plotted in
Fig. 4 against the nondimensional distance y* from the wall, where
large reductions in the intensity values are evident within the inner
region when the wall is oscillated in a spanwise direction. It seems,
however, that the structure of the boundary layer in the outer region
is unaltered by the presence of the oscillating wall because the tur-
bulence intensities remain unchanged there. There is a shift in the
intensity profiles toward smaller y* values (to the left in Fig. 4) due
to the reduction in the boundary-layer thickness by the spanwise-
wall oscillation. The experimental results of Laadhari et al.,” as
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Fig.5 Skewness profile of the boundarylayer 10 mm downstream from
the trailing edge of the oscillating plate for different frequencies of wall
oscillation (A z =70 mm).
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Fig.6 Kurtosis profile of the boundary layer 10 mm downstream from
the trailing edge of the oscillating plate for different frequencies of wall
oscillation (A z =70 mm).

well as numerical data of Jung et al.>' and Baron and Quadrio,?
exhibit a similar behavior.

The distribution of skewness and kurtosis of the velocity fluc-
tuations are presented in Figs. 5 and 6, respectively. Both of the
higher moments of turbulencestatistics seem to be increased within
the near-wall region, agreeing very well with the DNS results of
Baron and Quadrio.”> These increases in higher moments can also
be interpreted as a manifestationof the increasesin viscous sublayer
thickness by the spanwise-wall oscillation that have been observed
in several drag-reducing flows. Pal et al.2® were able to demonstrate
a strong correlation between the increases in the higher moments
of shear stress signal and the amount of turbulent drag reduction
with polymer and microbubblesinjected into the boundary layer. A
similar observation was made by Choi® for the turbulent boundary
layer over drag-reducing riblets. The reduction in the boundary-
layer thickness by the spanwise-wall oscillationis also seen in these
figures.

The streamwise variation of skin-friction coefficient C; of the
boundary layer with spanwise-wall oscillation is shown in Fig. 7.
The skin-friction coefficient over the oscillating wall begins to re-
duce just upstream (about two boundary-layer thicknesses) of the
leadingedgetoreacha maximum level of dragreductionsomewhere
near the middle of the plate. The present data clearly indicate that
there are as much as 45% reductionsin the skin-friction coefficient
compared with that without wall oscillation, which is in close agree-
ment with the results of DNSs.?! 22 The skin-frictioncoefficientthen
seems to revert back gradually toward the level C/C ;o =1 corre-
sponding to the condition without wall oscillations in the down-
stream of the oscillating plate. Nearly 20% reductionin C is still
evident after more than two boundary-layer thicknesses from the
trailing edge of the oscillating plate.
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Fig. 7 Downstream variation of skin-friction coefficient C; with a
spanwise-wall oscillation (f =5 Hz and Az =50 mm) as a ratio to the
skin-friction coefficient Cry without oscillation. The leading edge of the
500-mm-long oscillating plate is located at x = 0.
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Fig.8 Effects of spanwise-wall oscillation on the spanwise spacing and
the duration of the low-speed streaks, based on the infrared imaging of
surface temperature profiles at different wall speeds of spanwise oscil-
lation (A z =50 mm).

Figure 7 seems to suggestthat thereis only a narrow plateauin the
streamwise variation of C in the present experiment, which leaves
a doubt whether the plateau corresponds to a maximum attainable
level of drag reduction by a spanwise-wall oscillation. Assuming
that the convection velocity of the boundary layer in the near-wall
regionis aboutone-thirdof the freestream velocity, the timescale for
the turbulent structure to evolve from the leading edge of the oscil-
lating plate to the location of the observedplateau (x = 0.25 m) is es-
timated as 7+ = 170. This is much shorter than was required (about
T+ =500) to reach the maximum level of drag reductionin the DNS
results carried out by Jung et al.?! Therefore, the narrow plateau in
the C; variation (Fig. 7) may have resulted from a short oscillating
plate used in the present experiment, which may not be long enough
for the turbulence structure to reach a new equilibrium state with
the spanwise-wall oscillation. It is possible, therefore, that a greater
drag reduction may be achieved with a longer oscillating plate.

The infrared images of low-speed (high-temperature) streaks of
the boundary layer over a uniformly heated section of wall surface
were recorded at 10 mm downstream (x* =70) from the trailing
edge of the oscillating plate. Here, the vertical scan of the infrared
camerawas disabled,allowing the line images to be recordedin time
series at a high scanning frequency of 12.5 kHz. It was observed
fromtherecordedinfraredimages thatseveralstreaks coalesceintoa
single streak as the wall oscillates,leading to anincreasein the streak
spacing by the wall oscillation. It also appeared that the meandering
motion of the streaks is greatly reduced when the wall is oscillated.

A detailed analysis of these images is summarized in Fig. 8§,
which shows that the spanwise spacing of the low-speed (high-
temperature) streaks and their duration have been increased with an
increase in the nondimensional wall speed of spanwise oscillation.
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Fig. 9 Effects of spanwise-wall oscillation on the velocity cross-

correlation coefficient R(z) at y© =~ 0.5: o, with wall oscillation (f =
5 Hz and Az =50 mm), and e, without wall oscillation.

Indeed, the nondimensionalstreak spacing z* is increased by nearly
45%, whereas the duration of the streaks 7% is multiplied by a
factor of 4 when the wall is oscillated at the near-optimumcondition.
The results of cross-correlationmeasurementsusing hot-wire probes
placed close to the wall at y* =0.5 (Fig. 9) seem to support this
result. It shows that the velocity cross correlation of the turbulent
boundary layer, measured by the distance between the origin and
the first zero-crossing point of the cross-correlation coefficient, is
increased by about 80% by the spanwise-wall oscillation. Figure 8
suggests, however, that the saturation point for drag reduction does
not seem to have been reached yet even at the maximum wall speed
of the present study.

When a flat plateis oscillated tangentiallyin still fluid, a thin layer
of periodic shear flow is formed near the wall as a result of viscous
diffusion from its surface. This is the well-known Stokes second
problem, and the Stokes layer over the oscillating wall is a constant
source of vorticity of alternate signs as the wall moves back and
forth.2” If there is a stream of uniform flow over an oscillating wall
surface, the vortex sheets produced by the periodic Stokes layer will
be convectedby the boundary layerexhibitingan oscillatory motion.
This can be seen in the flow-visualized pictures Fig. 10a (as the wall
moves upward) and Fig. 10b (as the wall moves downward), where
the vorticity vector Q is tilted into the spanwise direction, creating
a net spanwise component of the vorticity as shown by an arrow in
each figure. The numerical study carried out by Baron and Quadrio??
indeed shows the existence of the local intensity maximum of the
spanwise vorticity fluctuationsat y* = 15, which can be considered
as the location of spanwise vorticity created by the Stokes layer over
the oscillating plate.

The effect of a spanwise vorticity on the boundary-layer profile
can be examined using a conceptual model presented in Fig. 11.
Here, the net spanwise vorticity €2, created by the periodic Stokes
layer over the oscillating wall is located at the edge of the viscous
sublayer. From this conceptual model, it can be expected that the
mean-velocity gradient in the near-wall region (y* < 15) will be
reduced by the inductionof the spanwise vorticity. The mean veloc-
ity will be increased outside the viscous sublayer (y* > 15) on the
other hand, shifting the logarithmic velocity profile upward. These
behaviors affecting the boundary-layer profiles are clearly seen in
the present experimental results in Figs. 2 and 1, respectively. In-
deed, the measured changes in the boundary-layer profiles due to
wall oscillation (Fig. 12) agree very well with the prediction using
the conceptualmodel (Fig. 11). It is particularly remarkable to note
in Fig. 12 that the crossover point of the measured velocity profiles
is located at y* =235, quite consistent with the present conceptual
model. [t mustbe emphasizedhere that the net spanwise vorticity €2,
does not induce any inflection points in the boundary-layer profile
as seen in Fig. 3. Therefore, no increases in the level of the burst
activity are expected as a result of the generation of the spanwise
vorticity over an oscillating wall.

The results of flow visualization in the near-wall region of the
boundary layer demonstrate that the pairs of longitudinal vortices
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Fig.10 Flow visualization of longitudinal vortices in the near-wall re-
gion of the boundary layer with a wall oscillation (f =5 Hz and Az =50
mm) with the flow from left to right. The leading edge of the oscillating
plate is visible near the center of the picture: a) oscillating plate on the
right is moving upward and b) oscillating plate is moving downward.
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Fig.11 Conceptual model for a turbulent boundary layer over an os-
cillating wall, showing a spanwise vorticity (), created by the periodic
Stokes layer.

move downstream in a sinuous form as the test plate oscillates in
a spanwise direction. Figure 10a shows the near-wall boundary-
layer structure over the oscillating plate as it moves upward, where
the longitudinal vortices are twisted into the spanwise direction be-
ing realigned into the direction of an arrow. When the oscillating
plate moves downward, the longitudinal vortices are twisted into
an opposite direction as shown in Fig. 10b. The twisting action on
the near-wall turbulence structure is caused by the periodic Stokes
layeroverthe oscillatingwall, which tilts the vorticity vectorinto the
spanwise direction. The primary effect of the realignment of longi-
tudinal vortices over the oscillating wall is to reduce the streamwise
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Fig. 12 Velocity reductions A u in the boundary-layer profiles 10 mm
downstream from the trailing edge of the oscillating plate for different
frequencies of wall oscillation (Az =70 mm).

Cr/Cp

1 amplitude [mm]

frequency [Hz]

Fig. 13 Turbulent skin-friction reduction due to spanwise-wall oscil-
lation 10 mm downstream from the trailing edge of the oscillating plate
as a function of frequency and amplitude of wall oscillation.

component of the vorticity near the wall. This is well supported
by the DNS results,?? indicating that the intensity of streamwise
vorticity fluctuations is nearly halved across the entire thickness of
the boundary layer as the wall oscillates in a spanwise direction.
As a consequence, the near-wall burst'’ activity is weakened, lead-
ing to a reduction in turbulent skin-friction drag as observed in the
present experiment. Here, the near-wall bursts are associated with
the downwash of high-momentum fluid toward the wall as a result
of inductionby the pairs of longitudinal vortices, which are the main
source of turbulentenergy productionin the near-wall region of the
boundary layer. Note that the tilting of the longitudinal vortices will
only affect the streamwise componentof vorticity because the span-
wise realignment of the vortices takes place in alternate directions
with the wall oscillation.

In general, the amount of skin-friction reduction is a function
not only of the oscillation frequency but also of other parameters
such as the oscillation amplitude as well as the Reynolds num-
ber of the Stokes layer introduced by the wall oscillation. Because
the Reynolds number of the Stokes layer is well below the critical
Reynoldsnumber® 3 in the presentinvestigation,itis believedthat
the main parameters governing the turbulent boundary layer with
spanwise-wall oscillation are the frequency and amplitude of wall
oscillation.Figure 13 shows the amountof drag reduction measured
at 10 mm (x* = 70) downstream from the trailing edge of the os-
cillating plate, showing that the amount of drag reduction is indeed
a function of both the frequency and the amplitude of wall oscil-
lation. When the amount of drag reduction is plotted against the
nondimensional wall speed Az-w/2u* (Fig. 14), all of the data
seem to collapse on a single curve, confirming that the wall speed is
indeed the key parameter of this flow problem. The maximum drag
reductionby spanwise-wall oscillationcould be obtained, therefore,
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Fig. 14 Turbulent skin-friction reduction due to spanwise-wall oscil-
lation as a function of nondimensional wall velocity.

by setting the nondimensionalwall speed at an optimum value. The
present results show that the turbulent skin-friction drag can be re-
duced with an increasein the wall speed of spanwise oscillation, but
the saturation point does not seem to have been reached within the
range of the present experimental parameters.

It has been known to the aeronautical community that the Rey-
nolds stress of the three-dimensionalturbulent boundary layer over
a swept wing of an aircraft is less than that of the two-dimensional
boundary layer.3! 3¢ Here, the turbulent boundary layer over the
wing surface undergoes a spanwise pressure force due to the longi-
tudinal pressure gradient developing from the swept leading edge
of the wing. As aresult, the boundary layer will be deflected toward
the tip of the wing, forming a three-dimensional boundary layer.
The turbulence models available at the present time cannot predict
this anomaly very well, partly because the mechanism for the re-
duction of the Reynolds stress in the three-dimensional boundary
layer is not well understood. The results of the present investigation
seem to suggest that the spanwise-wall oscillationis effectively cre-
ating an unsteady three-dimensional boundary layer over the wall
surface, thereby reducing the production of turbulentkinetic energy
leading to a reduction in skin-friction drag. It has been suggested
that the skin-frictionreduction over the swept wing may be caused
by a modification of the quasistreamwise vortices in the near-wall
region by the spanwise shear of the three-dimensional boundary
layer.>> However, the modification of a near-wall turbulence struc-
ture by the spanwise shear of a steady, three-dimensionalboundary
layer is rather subtle,*? possibly because the realignment angle of
the longitudinal vortices by the spanwise shear over a swept wing
is not very large. On the other hand, the spanwise-wall oscillation
seems to be a very effective means of realigning the longitudinal
vortices, where the drag reductions as much as 45% can be obtained
by maintaining the three-dimensionalityof the boundary-layerflow
over an oscillating wall.

Conclusions

A wind-tunnel study of the turbulentboundary layer with a span-
wise-wall oscillationwas carried out, where skin-frictionreductions
of as much as 45% were observed when the oscillation frequency
and amplitude were adjusted to give an optimum speed of wall
oscillation. With the logarithmic velocity profiles of the bound-
ary layer shifted upward and the turbulence intensities reduced
by the spanwise-wall oscillation, the present results convincingly
confirmed the basic conclusions of the recent DNSs. It was also
shown that the skewness and kurtosis of the velocity fluctuationsare
increased within the near-wall region, agreeing very well with the
boundary-layer profiles of the DNS results with a wall oscillation.

Itis believed that the mechanismof drag reductionby a spanwise-
wall oscillation strongly relates to the spanwise vorticity gener-
ated by the periodic Stokes layer, which reduces the mean velocity
gradient of the boundary layer within the viscous sublayer. The
longitudinal vortices in the near-wall region are also realigned into
the spanwise direction, reducing the intensity of streamwise vor-

ticity fluctuations across the boundary layer. As a result, the near-
wall burst activity, which is associated with the downwash of high-
momentum fluid near the wall, is weakened, leading to a reduction
in turbulent skin-friction drag.

It seems that the effectiveness of turbulentdrag reduction by the
spanwise-wall oscillation can be improved with an increase in the
twist angle of the vorticity vector, whichis proportionalto the ratio of
the spanwise-wallvelocityto the freestreamvelocity of the boundary
layer. Indeed, it was demonstrated that the turbulent skin-friction
drag is reduced with an increase in the wall speed of oscillation,
which seems to be a key parameter in optimizing the turbulentdrag
reduction by spanwise-wall oscillation.
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