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Abstract

A turbulent boundary layer modified by spanwise wall oscillations is experimentally studied in a water channel by means of hot-
film anemometer and laser Doppler velocimeter. The primary goal is to confirm and extend previous experimental and numerical
results concerning the modifications induced by the lateral cyclic wall motion on wall-bounded turbulent flows. A correction is
applied to the hot-film data acquired in the very proximity of the wall because of the spanwise velocity component produced by the
wall movement, which erroneously alters the longitudinal velocity measurements and leads to lower values of drag reduction. It is
found that the excited boundary layer shows a character which is sustained in time with stationary time-averaged quantities. The
mean streamwise friction at the wall and all the most relevant turbulence statistics are attenuated by the oscillation, thus confirming
the oscillating wall as an effective vehicle for producing a drag reduction effect. Furthermore, the evolution of the skin-friction
coeflicient along the oscillating wall and its readjustment downstream of the moving section are also investigated. The length of the
spatial transient from the beginning of the oscillating wall is at least double the distance downstream of the moving plate at which
the turbulent flow relaxes back to its original unperturbed state. Experiments reveal that the drag reduction properties of the
oscillating wall technique are not influenced by the variation of the Reynolds number, at least for the cases tested, i.e. for

Rey < 1400.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The present work is intended to further investigate the
changes on a turbulent boundary layer given by a sinu-
soidal spanwise motion of the wall. In the last decade, a
few research groups have focused their attention on this
flow problem in planar and cylindrical geometries, both
via direct numerical simulations [1-7] and experimentally
[8-12]. A recent appraisal of the effects of wall oscillation
on turbulent flows has been published by Karniadakis
and Choi [13], where connection is made with similar
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drag reduction techniques, such as the excitation of the
near-wall flow by transverse travelling waves [14].

General agreement exists on the fact that wall oscil-
lations of appropriate amplitude and frequency inhibit
the turbulence activity, thereby guaranteeing a persistent
skin-friction reduction. According to many authors, the
mean streamwise velocity gradient at the wall can be
reduced by as much as 40% [1-4,7,10]. Preliminary
numerical investigations by Baron and Quadrio [2] for a
plane channel flow and by Quadrio and Sibilla [3] for a
pipe flow oscillating about the longitudinal axis indicate
that the global energy balance, considering the external
power needed to move the wall against the frictional
resistance of the fluid, might be positive and comparable
to the energy saving of other drag reduction techniques,
such as riblets [15].

Since the first study by Jung et al. [1], the action of the
wall has been correctly recognized as being effective in
the suppression of the burst-sweep activity, although the
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Nomenclature

B constant in “log-law” expressed by Eq. (2)
(=5.0), dimensionless

Cr skin-friction  coefficient (= 21,/(pU2)),
dimensionless

D wall spanwise displacement given by Eq. (1),
m

Dy, peak-to-peak displacement of the wall oscil-
lation, m

h channel height, m

K, K, Jorgensen coefficients, dimensionless

R, correlation coefficient (= uv/u'v'), dimen-
sionless

Rey Reynolds number based on 0 (= U,0/v),
dimensionless

Re, Reynolds number for channel flow based on
u, and %/2, dimensionless

T period of the wall oscillation, s

U, V, W mean streamwise, vertical and spanwise
velocity, m/s

Uyt actual mean streamwise velocity, m/s

Uness measured mean streamwise velocity, m/s

Usscn  mean streamwise velocity in oscillating wall
configuration, m/s

Ustat mean streamwise velocity in stationary wall
configuration, m/s

U, friction velocity for stationary wall configu-
ration (= \/ty,/p), m/s

Uro friction velocity for oscillating wall configu-
ration (= \/tyw,/p), M/s

U, local free-stream velocity, m/s

u', v r.m.s. of streamwise and vertical velocity, m/s

uv turbulent shear stress divided by p, m?/s?

uvoU /0y turbulent kinetic energy production term,
m?/s?

O0(uvU) /0y turbulent kinetic energy transport term,
m?/s?

W maximum spanwise wall velocity (= nD,,/T
from Eq. (1)), m/s

X,y streamwise and vertical direction, m

0 boundary layer thickness, i.e. y location
where U is 99% of U, m

s thickness of Stokes layer (= v4nvT), m

Al width of gap between stationary false floor
and moving section, m

0 boundary layer momentum thickness, m

K constant in “log-law” expressed by Eq. (2)
(=0.41), dimensionless

v kinematic viscosity of the fluid, m?/s
density of the fluid, kg/m?

Ty mean streamwise wall-shear stress, kg/(m s?)

Two mean streamwise wall-shear stress for oscil-
lating wall case, kg/(ms?)

+ indicates quantity normalized by inner vari-
ables, i.e. by u, and v

comprehension of the flow mechanisms brought about
by the oscillating motion was still at its early stages at
that time. Laadhari et al. [8] were the first ones to pos-
tulate that the reduction of turbulence level is caused by
the disruption of the coherent interactions between the
quasi-streamwise vortices and the underlying low-
velocity streaks. In the perturbed boundary layer, these
structures are now shifted relatively to each other in the
spanwise direction. Bursts and sweeps are consequently
suppressed for the sublayer structure is more homoge-
nized and less eager to erupt to the buffer region and
beyond. In the spirit of these pioneering investigations,
the interest on the subject has amply grown in the past
few years, and the picture of the physical modifications
induced by the wall movement has been subsequently
supported, confirmed and expanded [2,3,6,9,16]. Choi
et al. [5] have recently assured the existence of an opti-
mal period of oscillation for a fixed maximum wall
velocity, and proposed a scaling quantity for drag
reduction, function of both the oscillatory parameters.
We have devoted our attention to the oscillating-wall
flow motivated by the remarkable fact that such a simple
modification may induce a net energy gain without the
need of feedback laws or small-scale actuators. Our

interest toward such a method for wall turbulence con-
trol has been also fostered by the conviction that a
profound understanding of the mechanisms character-
izing such a flow can be of notable importance for the
implementation of similar energy-saving techniques. In
this regard, we mention the study by Berger et al. [17]
who employed a spatially or temporally oscillating,
spanwise-oriented Lorentz force in the near-wall region
of a turbulent flow of an electrically conducting fluid.
However, it must be remarked that, contrarily to the
oscillating wall, the technique proposed by Berger et al.
[17] shows an extremely unfavorable net energy balance,
being the ratio between the power required to generate
the force and the power saved as high as ¢@(1000).

The first aim of the present research work is to
measure the amount of drag reduction along the
streamwise direction on the moving plate and down-
stream of it in order to investigate the behavior of
the spatial transient. None of the previous works on the
subject has heretofore addressed the problem of the
streamwise evolution of wall friction, if exception is
made for a preliminary investigation by Choi et al. [10].
They underlined the importance of such an analysis and
surmised that the moving section could have been not
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long enough to measure the maximum drag reduction
attainable through spanwise wall oscillations.

A thorough understanding of the spatial evolution of
friction along the oscillating wall is not only interesting
per se, but it also allows determining the correct
downstream position to conduct the velocity measure-
ments along the wall-normal direction. Indeed, an
experimental campaign of a turbulent flow spatially
adjusting to a new statistically steady regime should be
performed at a location where the spatial transient has
fully elapsed and the new state has established.

The dual process of the spatial transient, namely the
temporal evolution of the friction coefficient from the
beginning of the oscillation at a fixed spatial location,
has been recently studied by Quadrio and Ricco [6] by
means of highly accurate direct numerical simulations.
The temporal transient is obviously also present in
experiments, but it does not influence the velocity
measurements as long as data are acquired after this
initial time interval, which was estimated by Quadrio
and Ricco [6] being @(1000) viscous time units even for
the longest time evolutions. Among the experimental
studies, only Choi [12] briefly mentioned the existence of
a temporal transient claiming that it becomes negligible
after one cycle of oscillation, regardless of the period
and amplitude of the sinusoidal motion.

Measurements along the normal direction were con-
ducted by means of single-component hot-film ane-
mometer and laser Doppler velocimeter (LDV) systems
in the viscous sublayer and in the lower part of the buffer
region in order to determine the amount of drag
reduction, whilst a two-component LDV system was
employed to acquire data along the remaining part of

/I/Upstream stilling tank

the boundary layer. The hot-film velocity measurements
were biased by the spanwise-oscillating velocity com-
ponent given by the wall movement, so that a correction
was applied to determine the amount of drag reduction.
Amongst the previous experimental works, only Choi
[12] showed a similar correction to the velocity mea-
surements. We also present the distribution of turbulent
kinetic energy (TKE) production and transport terms,
and we address the issue of the dependence of drag
reduction on the Reynolds number.

The layout of the article is as follows. The next section
outlines the laboratory apparatus and the experimental
techniques, while the drag reduction results, the turbu-
lent statistics and the influence of the Reynolds num-
ber are presented and discussed in Section 3. Finally,
conclusions are contained in the last section.

2. Experimental apparatus and procedure

The experiments and data analysis were performed at
the Turbulence and Turbine Cooling Research Labo-
ratory in the Mechanical Engineering Department at
The University of Texas at Austin. The laboratory
equipment consisted of a low-speed recirculating water
channel, hot-film anemometer and laser Doppler velo-
cimeter systems.

2.1. Water channel and oscillating wall
The experiments were all performed in a closed-loop

channel through which water was driven by two pumps
in parallel. The channel facility, shown in Fig. 1, allowed
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Fig. 1. Schematic of water channel facility.
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achieving the desired free-stream velocities of nominally
0.18 m/s with one pump and 0.3 m/s with two pumps.
The channel was free-surfaced and had a test section of 5
m long, 0.5 m wide and 0.3 m deep. It was made of 12.7-
mm-thick cast acrylic sheets. A 3-mm diameter rod was
located at a streamwise position of 0.5 m to trip the
boundary layer flow. Water flowed from a first stilling
tank on a false floor, where the oscillating wall mecha-
nism was installed at a streamwise position of 3.5 m
from the inlet of the test section. The Reynolds numbers
were Reyp = 500, 950 and 1400. Turbulence statistics
were measured for the case dictated by Rey = 1400, in
which the boundary layer thickness 6 measured about 60
mm and Uy, = 0.18 m/s. The water level for the exper-
iments was 0.2 m from the false floor surface. After the
moving section, the flow proceeded toward a second
stilling tank and then to the piping system. Water was
filtered to a submicron level through a two-stage process
for all the experiments. For hot-film anemometer mea-
surements, water was deaerated by heating to 60 °C
after filtering.

The oscillating section was 660 mm long x 450 mm
wide and was mounted on a pair of linear bearings.
The motion was given by a crank-slider mechanism
connected to a Compumotor M106-178 stepping
motor regulated by an IBM PC-AT computer. The
period of oscillation was imposed electronically, whilst
the lateral excursion was fixed manually. The spanwise
wall displacement D followed a sinusoidal function of
time:

Dy . 2mt
DZTSIH <%), (1)

and the actual wall motion presented an estimated 3%
deviation from the ideal curve. The wall oscillation can
also be defined by the maximum wall velocity #;,, which
is related to the other oscillation parameters by the
following: W, = nD,,/T. The interested reader should
refer to [18] for a more complete description of the
experimental facility.

2.2. Hot-film anemometer and laser Doppler velocimeter

A TSI model 1261-10W miniature hot-film boundary
layer probe with a A.A. Lab Systems model AN-1003
constant-temperature anemometer was used for single-
component hot-film measurements. The probe was
made of platinum and the substrate of quartz. It had
dimensions of 0.025 mm (= 0.3v/u, for Rey = 1400) in
diameter and 0.5 mm (= 5v/u;) in length. The hot film
had a maximum frequency response of 200 kHz and it
was operated at an overheat of 20 °C. The overheat ratio
was R¢/R, = 1.05, where Ry is the electric resistance of
the sensor and R, is the resistance under ambient con-
ditions (temperature coefficient of resistance « = 0.0024

°C~1). The effects of substrate conduction were consid-
ered negligible, as the probe had a cylindrical shape and
it was operated in water [19,20].

All the measurements were conducted by inserting the
sensor from the open surface. Four samples, each 3-min-
long and of 36,000 data points, were acquired, resulting
in a sampling frequency of 200 Hz (~ 2.9u%/v—
t" = 0.34 for the stationary wall case and ~ 4.4u?/v—
tT = 0.23 for the oscillating wall case with the maximum
drag reduction of 32%). This frequency was proved to be
adequate to accurately resolve the smallest time scales,
as recently shown by Khoo et al. [21]. Indeed, the
Kolmogorov time scale in the viscous sublayer is ™ ~ 1
[22]. The hot-film anemometer was used for measure-
ments at 3 <y < 10 (between 0.3 and 1 mm, approx-
imately) and along the surface of the oscillating surface
and downstream of it.

A two-component laser Doppler velocimeter system
positioned at the side of the water channel at a down-
stream location corresponding to the oscillating wall
and perpendicular to the streamwise direction of the
flow was used to measure mean, r.m.s fluctuations and
correlations of streamwise and vertical components of
velocity. It consisted of a backscatter TSI model 9100-10
3W argon-ion laser, a 3.75X beam expander, a 450-mm
focusing lens and a Bragg cell frequency shifter used to
determine the wall-normal velocity component. The
LDV was mounted on a traverse table that offered a
resolution of 0.002 mm (= 0.02v/u;) in the three
orthogonal directions. The ellipsoidal probe volume
given by the intersection of the beams had dimensions of
0.07 mm in diameter (= 0.7v/u;) and 0.5 mm in length
(= 5v/u.). Five samples, each 2-min-long and of 24,000
data points, were collected at each measuring location,
which results in a sampling frequency of 200 Hz. Owing
to limitations due to high noise-to-signal ratio, these
LDV measurements could only be made at the lowest
location of y™ ~ 10 from the wall surface.

A fiber-optic single-component LDV system posi-
tioned on top of the channel was also used to measure
the mean streamwise velocity component very close to
the wall (y* < 10). A Lexel argon-ion laser gave the light
source input to a fiber optic, which transmitted the beam
to the LDV optics. Scattered light from the probe vol-
ume was collected by the TSI acquisition system posi-
tioned at the side of the water channel. By using the side-
scatter mode, it was possible to obtain a good quality
signal in the viscous sublayer and in the lower part of the
buffer region, due to the elimination of laser flare which
overwhelmed the fiber-optic LDV signal in the back-
scatter mode. Due to the relatively bigger size of the
probe volume, a smaller pinhole of 0.2 mm in diameter
for the photo-detector in the side-scatter collection was
also used to limit the detecting region to 1.5 viscous
units at maximum and to reduce the uncertainty of the
velocity measurement. The sampling frequency for the
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top LDV system was between 20 and 40 Hz, hence lower
than the side-LDV for the use of the very small pinhole
of 0.2 mm in diameter. Four samples, each 3.5-6.5-min-
long and of 8000 data points, were acquired for each
measuring location. A “binning” and a smoothing
process were applied to the LDV signal in order to ob-
tain a uniform time history and to eliminate undesired
noise. The binning process consisted in selecting the bin
time size (r* =~ 1) and in calculating the time average of
velocity in each bin. In case of a bin not containing any
data, the velocity was estimated by averaging the values
of velocity of the two closest bins. The noise-removing
smoothing process consisted in substituting the velocity
of the bin with the average velocity of the closest bins
and itself. For side-LDV experiments, the wall-normal
location of measurement was estimated by first carefully
crossing the laser beams at the wall surface and by then
moving the probe volume vertically to the desired ver-
tical height. For hot-film and top-LDV experiments, the
actual height of the detecting position was determined
by measuring the mean streamwise velocity in the vis-
cous sublayer, where Ut = y* [23].

2.3. Uncertainty analysis

Guidelines for uncertainties are tabulated in Table 1.
These values refer to measurements in the near-wall
region where velocity gradients and hence uncertainties
are highest. Note that the percentage uncertainty of drag
reduction refer to the drag reduction value itself,
namely, for example, an uncertainty value of £7.5% for
31% drag reduction translates into 31% *2.3%. The
analysis for the LDV individual velocity measurements
accounted for the precision errors due to the calculation
of the angle of the laser beams’ intersection and of the
Doppler frequency, whereas the bias error related to the
frequency was assumed negligible. Uncertainties related
to ensembled-based quantities for both LDV and hot-
film measurements were calculated by a multiple-sample
technique with a 95% confidence level.

As shown in Section 3.2, the turbulence statistics for
the uncontrolled case compare well with the DNS results
at Rey = 1410 by Spalart [24] and with the high-resolu-

Table 1
Uncertainty guidelines

Quantity Uncertainty (%)
LDV U +1.5

Hot-film U +4.5

LDV o/ +2

Hot-film «' +3

LDV v +3

LDV uw *10

Drag reduction—hot-film +11.5

Drag reduction—top LDV +7.5

tion LDV measurements at Rey = 1430 by DeGraff and
Eaton [25].

The friction velocity for the fixed-wall case was
measured by fitting the velocity data with the logarith-
mic law of the wall (or “log-law” as named in Fig. 4):

1
U+:;lny+—|—B, (2)

where k¥ = 0.41 and B = 5.0. This value is u, = 0.0083
m/s and is only 2% different from u, = 0.008137 m/s
given by the following correlation [26]:

B 2Ty
U2
where Rey = 1400 and U, = 0.18 m/s.

G = 0.025Re, "%,

2.4. Drag reduction measuring technique

The mean streamwise velocity component was mea-
sured in the viscous sublayer in order to determine the
reduction of the wall-shear stress. This procedure was
also adopted by Choi et al. [10] and Trujillo et al. [9].
According to Durst et al. [23], the velocity in the sub-
layer does not exactly follow a linear trend, showing a
maximum 4% deviation at y* = 5. However, the net
effect of the non-linearity on the final result was assumed
negligible, in as much as drag reduction was calculated
from velocity measurements at wall-normal locations
yt <5, where the maximum deviations of the velocity
profile from the linear distribution are of only 1.1% at
yt =3 and of 2% at y© = 4.

In theory, this procedure is very useful because it
allows an estimate of the wall stress reduction regardless
of the position of the probe near the wall, as long as it is
located well inside the “linear” viscous sublayer, namely
at y* =4 at maximum. Unfortunately, the hot-film
anemometer experiments did not mirror the expected
results owing to the spanwise component of the velocity
given by the wall oscillation which influenced the heat
transfer from the probe and altered the measurement.
Fig. 2 presents the behavior of the percentage of mean
streamwise velocity deficit due to the wall oscillation

Unin (%) = 100<1 - U”) 3)
stat

at different y* positions. Data clearly show that the

motion of the wall has a greater influence on the hot-film

measurements the closer is the probe located to the wall.

This is expected since the spanwise velocity is higher at

lower wall-normal locations.

The following correction procedure was then applied
to the measured mean velocity data to account for the
influence of the spanwise motion. The single hot-film
anemometer used for the present research was sensitive
to the three velocity components, according to the Jor-
gensen relation given by [27]:
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Fig. 2. Mean velocity reduction expressed by Eq. (3) as function of y*
at x/0 = 6.4. Hot-film measurements are indicated by HF and top-
LDV measurements by LDV.

U =U?

meas act

+ (K W) + (Ko V),
which can be simplified to:

Ul =U + (KyW),

meas act

since V' ~ 0. K; = 0.5 for the hot-film probe used and
was assumed constant, following the analysis by Choi
[12]. The laminar Stokes solution was used to estimate
W, since the spanwise velocity component closely fol-
lows the analytical profile, as shown in [3,5,6,28]. The
actual streamwise velocity was then calculated averaging
over time the following:

Unec(02) =\ (Uneas 0. 1)) = (Ki W (3 1))°.

The corrected data are shown in Fig. 2.

The friction velocity for the oscillating-wall case can
then be estimated by averaging the corrected streamwise
mean velocity gradients at locations y™ < 5, as follows:

where 1, is the local streamwise wall-shear stress and N
is the number of wall-normal measuring locations. The
amount of drag reduction is also readily determined:

DR (%) = 100 (1 - (”u )2>

v N Uacl,i
N Zizo Vi

2
u;

=100(1-

As notable in Fig. 2, it is desirable not to conduct hot
film measurements lower than y* = 3.5-4 because of the
much higher influence of the spanwise velocity compo-
nent.

Moreover, we note that the velocity deficit shows a
decaying behavior for y* > 5. This trend is obviously
not related to the bias due to the spanwise component,
but it expresses the character of the modified boundary
layer in the buffer region. As it will be discussed later,
the velocity ratio will then decrease to zero at a vertical
position of y* ~ 30, where no reduction of the stream-
wise velocity is observed. Choi [12] also employed a
similar technique to account for the effect of the span-
wise velocity and showed that the maximum error was
only 4%, hence smaller than in the present case, prob-
ably on account of the smaller Jorgensen coefficient
(K1 = 0.2) of the probe used.

Mean velocities were also measured in the viscous
sublayer with the top LDV system to calculate drag
reduction. Obviously, this technique did not need the
correction due to the spanwise component of velocity. It
was anyway necessary to accurately position the probe
volume in the “linear” sublayer or at the edge of it
(y" < 5). This is confirmed by measurements of mean
velocity reduction for 7t = 67 and D = 360, as dis-
played in Fig. 2. The velocity reduction remains fairly
constant at ~ 31% for y* <4, and starts to diminish at
higher locations. A 27% velocity reduction was observed
at y* ~ 6 and 26% at y" ~ 7.

3. Results and discussion
3.1. Drag reduction as function of streamwise coordinate

The streamwise variation of the drag reduction from
the foremost edge and downstream of the plate for
Tt =67, DI =240 (W =11.3) and Rey = 1400 is
shown in Fig. 3.

A fast response to the oscillating motion lies within a
distance of 10, where the wall stress reduction abruptly
increases to 17%. After this location, the turbulent flow
is still evolving to a new equilibrium state, but in a less
pronounced way, so that a 7-8% increase is observed
from 1 to ~ 30, reaching a 23% drag reduction at
x/6 = 3. After this location, the effect of the oscillation
adjusts to 23-24%. No measurements were conducted in
the 0 < x/d < 0.3 range since the flow might have been
influenced by disturbances produced by a gap of about
AI't = 20 existing between the oscillating plate and the
false floor located upstream. Extrapolating the drag
reduction trend for x/0 < 1, it seems that the energy-
saving effect dies out at the beginning of the moving
wall, but experiments have not been performed up-
stream of the wall to support this theory. Fig. 3 also
shows that the drag reduction measurements by Trujillo
et al. [9] at x/0 = 0.8, 4.2 and 7.2 well compare with the
ones of the present study.

The velocity measurements on the moving surface
were corrected because of the spanwise component of
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Fig. 3. Drag reduction (DR) as function of streamwise coordinate for
Tt =67 and D;, =240 (W, =11.3) (white circles). Black circles
indicate data by Trujillo et al. [9] and straight line denotes rearmost
edge of moving wall.

the velocity, whereas no correction was applied to
measurements conducted downstream of the oscillating
plate. The spanwise velocity might have slightly altered
the measurements performed very close to the rearmost
edge of the plate, but this influence was not considered
to be relevant to apply the correction.

Downstream of the plate a very smooth exponent-like
behavior is observed, indicating the decaying of the
oscillation effect. Similarly to the transient response at
the beginning of the plate, the steeper gradients are de-
tected as soon as the flow passes the rearmost edge,
where as much as 15% drop occurs at a location of 0.3
downstream of the wall. For the same reason previously
mentioned, no measurements were performed very close
to this point. No drag reduction has been detected once
the boundary layer develops after a distance of 26 from
the plate, location at which the flow retains its original
character.

It is worth mentioning that the decrease of drag
reduction is about two times more rapid than the tran-
sient from the beginning of the plate, where it takes
about 3 —40 to reach the new excited regime. This
peculiar behavior seems to preclude a more efficient way
of forcing the boundary layer, namely with a set of
spanwise-oscillating belts separated by sections of sta-
tionary wall. This would reduce the power spent to excite
the flow, but would also more significantly diminish the
power saved on account of the lengthy initial transient.

The velocity measurements along the vertical direc-
tion were conducted at x/0 = 6.4, location which is
about double the length of the initial spatial transient
for 7t =67 and D/, =240 (W, = 11.3). This position
was chosen in order to be free from any transitional
effects, which might bias the measurements. It must be
remarked that measurements with the highest maximum
wall velocity (W,F = 22) might have been performed very

near the end of the spatial transient given by these
oscillatory conditions, for Quadrio and Ricco [6] poin-
ted out that, whilst the period does not significantly
affect the transient evolution, doubling W, could double
the length of the spatial transient. Experiments were not
conducted farther downstream along the moving wall
lest the flow beyond the end of moving section might
influence the upstream perturbed flow.

Choi et al. [10] have also presented a skin friction
reduction trend as function of the streamwise direction
with Rep = 1190, D =350 and 7" = 185. They found
that some of the drag reduction effect is still detected at a
location of 26 downstream of the plate, but no infor-
mation is provided about the distance at which the
boundary layer recovers its standard character. Another
discrepancy is drag reduction measured at x/0 = —1.5,
whereas our data suggest that no influence upstream of
the moving plate occurs.

Aside from data by Trujillo et al. [9], Laadhari et al.
[8] also show a value of ~25% for experimental condi-
tions quite comparable with the present ones: 7" = 83,
D =320 and Rey = 950. Results for cylindrical pipe
flows at similar operating conditions by Choi and Gra-
ham [11] (~23% drag reduction for 7't = 60, W, = 11)
and by Nikitin [4] (~25% drag reduction for 7" = 65,
W = 13) indicate that the geometry of the system, ei-
ther planar or cylindrical, does not remarkably influence
its drag-reducing properties. This theory has been re-
cently supported by Choi et al. [5], who showed very
similar values for turbulent channel and pipe flow
geometries. Drag reduction data presented by other
researchers at similar W, (for example [3,7]) are of the
order of 40% due to periods of oscillation close to the
optimal value (T ~ 120).

3.2. Velocity measurements along the vertical direction

This section describes the velocity measurements
conducted in the standard and perturbed boundary
layers at a downstream location from the foremost edge
of the plate of x/5 = 6.4. At this position on the moving
section, the Reynolds number was Rey = 1400 for the
fixed-wall case and the oscillating conditions were given
by D =240 with TT =283 and 42, corresponding
respectively to W.f =9 and 18.

After applying the correction detailed in Section 2.4,
the values of friction velocity in the oscillating cases were
estimated by means of formula 4 with the data of the two
closest points to the wall, respectively located at y; = 0.53
mm and at , =0.58 mm (y” = 3.8 and y; =4.2 for
Wi =9 and y{” = 3.6 and y = 3.9 for W} = 18). The
values were u,, = 0.0072 and 0.00685 m/s.

The mean streamwise velocity profiles normalized
with u, are displayed in Fig. 4. The fixed-wall profile
compares reasonably well with both the linear rela-
tionship in the very near-wall region:
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Fig. 4. Mean streamwise velocity profiles at a streamwise location of
x/0 = 6.4 scaled with u.. The symbols are adopted from the present
figure through Fig. 12. The near wall curve is Eq. (5) and the straight
line indicates the “log-law”’ given by Eq. (2).

U+ :er7 (5)

and with the logarithmic law of the wall (Eq. (2)). The
oscillating-wall trends present a decrease compared to
the fixed-wall profile for 0 < y™ < 20, and 25% drag
reduction is observed for W, = 9 and 32% for W} = 18.
These two values of drag reduction seem to compare
well with the interpolation of the highly accurate DNS
results of channel flow by Ricco and Quadrio [7]. The
reduction in mean velocity vanishes when y* > 30 for
both oscillating cases. A slight upward shift of the
velocity profile in the logarithmic-law region acts to
balance the velocity deficit for y* < 30 to conserve the
mass flux. This change has also been observed by Jung
et al. [1] and Laadhari et al. [§].

The mean velocity profiles scaled with u,, are pre-
sented in Fig. 5. The velocity data collapse on a single
trend for y™ < 10 and the profiles for the oscillating
cases are shifted upward in the remaining portion of the
boundary layer. This result is characteristic of drag
reducing flows, as shown by Choi [29], and analogous to
the downward shift of the mean velocity profiles
occurring for rough surface flows, which present an in-
crease in skin friction coefficient.

The u' profiles are plotted in Figs. 6 and 7, respec-
tively for scaling with u, and u,,. The data show a
similar decrease up to the logarithmic-law region,
whereas no influence is observed for y* > 200. The peak
for the two profiles is reduced by the same amount
(~14%) and shifts upward at a location of y* = 25,
whereas the peak of the fixed-wall profile is at y* = 15.
The peak of u’ reduces by ~20% and moves to higher
positions also according to other studies [1,2,8,9].

The behavior of ' scaled with u. , is shown in Fig. 7.
The oscillating profiles show lower values than the sta-
tionary profile for location of y*™ < 20, whereas no
remarkable differences are notable in the remaining part
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Fig. 5. Mean streamwise velocity profiles at a streamwise location of
x/0 = 6.4 scaled with u,,.
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Fig. 6. R.m.s streamwise velocity profiles at a streamwise location of
x/0 = 6.4 scaled with u,. The line indicates data by Spalart [24] and full
circles denote data by DeGraff and Eaton [25].
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Fig. 7. R.m.s streamwise velocity profiles at a streamwise location of
x/6 = 6.4 scaled with u, .

of the boundary layer. Profiles now collapse in the log-
arithmic-law region of the boundary layer in as much as
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they scale with u., which is lower in the oscillating cases.
Here the result of oscillations is felt indirectly: the direct
effect of the oscillations is confined in the proximity of
the wall, whereas the change in u, is passively felt in the
logarithmic-law region. The pattern is a clear indication
that the reduction in fluctuations near the wall is pro-
portionally greater than the reduction of the mean val-
ues. The scaling with u, , reveals that the wall oscillation
besides reducing the wall stress and thus the Reynolds
number, significantly alters the character of the flow up
to the buffer region.

Fig. 8 pictures the v’ profiles normalized with u,. Both
oscillating cases cause a decrease in the fluctuations: the
case with lower W, extends its influence up to y* =~ 300,
whilst slightly lower values for yt < 30 are detected
when W1 = 18. Similarly to «/, the maximum values are
shifted upward at a location of y* = 200, whereas the
maximum v'* in the fixed-wall case is at y* =~ 100. These
profiles match very well the ones in [2,3,8,9].

The turbulence shear stresses —ut are non-dimen-
sionalized with u? and plotted in Fig. 9. Both oscillating
cases present consistent reductions up to y* = 200 and
very similar trends throughout the boundary layer. The
peak in the fixed-wall configuration reduces by ~ 25%
when the oscillations are imposed and shifts upward
from y* ~ 70 to ~200 for both perturbed cases. The
Reynolds stresses are attenuated more than the single u
and v fluctuations, indicating that the oscillation not
only acts as a turbulence attenuator, but also that the
dynamical link of the turbulent structures might be
greatly disrupted. Data by Trujillo et al. [9] match well
the present ones, showing a peak reduction of ~ 20%
and the uniform pattern in the logarithmic-law region.
Results in [1,3,8] also show comparable reductions of
the maximum Reynolds stress. Only Dhanak and Si [16]
show a Reynolds stress decrement significantly higher
than the computed amount of drag reduction (~ 60%
and ~ 10%, respectively).
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Fig. 8. R.m.s vertical velocity profiles at a streamwise location of
x/0 = 6.4 scaled with .. The line indicates data by Spalart [24] and full
circles denote data by DeGraff and Eaton [25].
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Fig. 9. Reynolds stresses profile at a streamwise location of x/é = 6.4
scaled with u,;. The line indicates data by Spalart [24] and full circles
denote data by DeGraff and Eaton [25].

A 10% decrease in —R,,, is visible in the logarithmic-
law region (see Fig. 10). The values are even lower in the
buffer region (~25% at y* = 10 for the high-W;, case)
and seem to diminish even more moving closer to the
wall. This behavior is an indication of the more intense
reduction of the Reynolds stresses than of the product of
the single r.m.s fluctuations. Not only the fluctuations
are diminished, but the coherence between the two
velocity component is weakened by the action of wall.
Interestingly, the region dominated by the Stokes layer,
0<yt <ol 6 =VanT+ =23 for T* =42 and
87 =32 for T = 83) corresponds to the part of the
boundary layer where the correlation coefficient is re-
duced the most, whereas smaller decrements occur for
30 <yt < 500. It is then evident that the spanwise
frictional layer interferes with the turbulence-producing
cycle and is responsible for the modification of the near-
wall turbulence dynamics, for example by thickening the
viscous sublayer [2]. Indeed, as pointed out by Quadrio
and Sibilla [3] and visualized by Quadrio and Ricco [6],
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Fig. 10. Correlation coefficient profiles at a streamwise location of
x/5 = 6.4. Straight lines indicate thicknesses of Stokes layer &7 for
Tt =42 and T+ = 83.
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the maximum effect of drag reduction accrues when the
low-speed pockets are well merged in the near-wall re-
gion where spanwise shear stresses are significant.

In order to understand better the phenomena occur-
ring in the forced boundary layer, the production and
transport terms of turbulent kinetic energy (TKE) are
investigated. The TKE production —uo"0U™/dy™ by
Reynolds stress transport are plotted using v/u* for
normalization and displayed in Fig. 11. The wall oscil-
lation inhibits the TKE production up to y* = 200 and
the peak decreases of ~ 25% in the low-W;, case and of
~ 50% for the high-7,, case. These results are consistent
with the reduction of the turbulent intensities and of the
Reynolds stresses up to the logarithmic-law region and
confirm the idea that the sinusoidal motion of the wall
significantly damps the turbulence activities. Previous
numerical simulations [2,6,16] and one experimental
investigation [30] present similar behaviors of TKE
production as function of y*. Fig. 12 shows that the
TKE transport term d(—uwtU™)/0y" is also strongly
weakened by the wall motion and the maximum value is
reduced by ~ 40%.

3.3. Reynolds number effect on drag reduction

The influence of the Reynolds number on the amount
of drag reduction is investigated. For each Reynolds
number, namely Reyp = 500, 950 and 1400, the lateral
excursion was kept fixed and the values of Dy, were very
similar for the three cases, i.e. D ~ 200, 240 and 240,
respectively, thus allowing a valuable comparison
amongst the drag reduction data. Since the experimental
setup only permitted varying the spanwise wall dis-
placement for four cases, the above-mentioned oscilla-
tory conditions were chosen in order to obtain similar
non-dimensional values for Dy,.

Fig. 13 presents the values of skin-friction reduction
as function of T, where the abscissa is shown in loga-
rithmic scale for clarity. It appears that there is no
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Fig. 11. Production of turbulent kinetic energy at a streamwise loca-
tion of x/0 = 6.4 scaled with u,.
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Fig. 12. Transport of mean kinetic energy by Reynolds stresses at a
streamwise location of x/6 = 6.4 scaled with u,.
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Fig. 13. Drag reduction as function of T for different Rey.

dramatic effect of Reynolds number on the drag reduc-
tion properties for the conditions tested. The present
measurements are now compared with data by other
researchers with similar values of D, and we observe that
our finding is in line with most of the previous investi-
gations as shown in Fig. 14. In agreement with our re-
sults, the pipe-flow investigation by Choi and Graham
[11] shows that the differences of the amounts of drag
reduction due to the Reynolds number variation for
similar values of T" and Dy, are within the uncertainty
range of the measurements. Data by Trujillo et al. [9] at
Rey = 1500 and by Choi and Graham [11] at Re, = 530
are similar to each other and lower than the present
ones, probably on account of the bias due to the span-
wise component of velocity. DNS results by Quadrio
and Sibilla [3] and Ricco and Quadrio [7] both at
Re. = 200 appear consistent with themselves and slightly
higher than the present ones for 60 < 7+ < 120. On the
contrary, the numerical analysis by Choi et al. [5] out-
lines a strong dependence of the drag-reducing proper-
ties on the Reynolds number. They found that
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Fig. 14. Comparison of present data at Rey = 950 with data by other
investigators.

increasing the non-dimensional parameter by four times
from Re; = 100 to 400 can halve the amount of drag
reduction, for 7" <50 and W, as high as 20. This
controversy therefore identifies the issue of the Reynolds
number dependence as an interesting open point of
discussion.

It emerges that the energy-saving effect of the oscil-
lation strongly depends on 7T for fixed displacement Dy,
increasing as T decreases up to T =40-50. Drag
reduction is low for high T for the Stokes layer thickness
not only moves the low-speed streaks laterally, but also
starts affecting the longitudinal vortices so that the dis-
ruption between these coherent structures is not effec-
tive. As also pointed out by Baron and Quadrio [2], the
amount of drag reduction is expected to diminish to zero
as T — 0 since J; vanishes and the near-wall structures
are then not influenced by the oscillation. It was not
however possible to perform measurements at lower
periods to confirm this idea due to limitations of the
mechanical system. Nonetheless, it appears that the
optimum 7 for fixed Dy, is lower that the optimum 7 for
fixed W, (which is Tt = 120 and does not depends on
Wr, as verified by Quadrio and Sibilla [3] and by Ricco
and Quadrio [7]).

4. Conclusions

The present work confirms previous experimental and
numerical results and further investigates the modifica-
tions on a turbulent boundary layer given by spanwise
wall oscillations.

Velocity measurements have been conducted by LDV
and hot-film anemometer to meet these purposes.
Streamwise mean velocity profiles for the oscillating
cases show a decrease in mean streamwise velocity in the
viscous sublayer and in the buffer region up to y* = 30.

The lower mean velocity gradient in the streamwise
direction point out the expected reduction in wall-shear
stress and the highest drag reduction of 32% is attained
for oscillating conditions of W =18, T'* =42 and
Rey = 1400. All the statistical parameters, such as u/, v/,
—uv, and R,, are shifted upward by an amount com-
parable to the thickness of the Stokes layer and are
strongly reduced as an indication of the taming effect on
turbulence established by the wall motion.

The behavior of drag reduction along the streamwise
coordinate has been studied. The effect starts at the
foremost edge of the plate and reaches the maximum
value at a location of ~ 36 where it seems to level off to
~23% (for conditions of 7 = 67 and W, = 11.3). The
influence decays exponentially downstream of the mov-
ing surface, diminishing to 5% at ~ 16 from the rearmost
edge and disappearing at a distance of ~ 2.

The relevant issue of the dependence of drag reduc-
tion on the Reynolds number has been addressed and we
discern that the skin friction attenuation is not influ-
enced by the variation of the non-dimensional parame-
ter, for Rey < 1400.
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