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ABSTRACT
The reduction of turbulent skin-friction drag and the response of vortical structures in a zero-pressure gradient, turbulent boundary layer
subjected to spanwise wall oscillation is investigated using planar and tomographic particle image velocimetry (PIV). The experiments are
conducted at a momentum based Reynolds number of 1000, while the range of spanwise oscillation amplitude and frequency is chosen around
the optimum reported in previous studies. A high-resolution planar PIV measurement is employed to determine the drag reduction directly
from wall shear measurements and to analyze the accompanying modifications in the turbulent vortical structures. Drag reduction of up
to 15% is quantified, with variations following the trends reported in the literature. The analysis of the turbulence structure of the flow is
made in terms of Reynolds shear stresses, turbulence production, and vortex visualization. A pronounced drop of turbulence production is
observed up to a height of 100 wall units from the wall. The vorticity analysis, both in the streamwise wall-normal plane and in the volumetric
results, indicates a reduction of vorticity fluctuations in the near-wall domain. A distortion of the hairpin-packet arrangement is hypothesized,
suggesting that the drag-reduction mechanism lies in the inhibition of the hairpin auto-generation by the spanwise wall oscillations.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0015359., s

NOMENCLATURE

Symbols
A+
osc amplitude of oscillations

C0
f skin-friction coefficient of stationary wall

Cf skin-friction coefficient of oscillating wall
dp diameter of tracer particles
f frequency of oscillation
f # imaging f-stop
H boundary layer shape factor
L length of oscillating plate
l+ length of one wall unit
M optical magnification
N number of samples
Reθ Reynolds number based on momentum thickness
Reτ Reynolds number based on wall friction velocity
T+
osc time-period of oscillations

t+
auto Hairpin auto-generation time

U∞ freestream velocity
ū mean velocity
uτ wall friction velocity
W+

m oscillating wall velocity
x streamwise coordinate
y wall normal coordinate
z spanwise coordinate
δ+

st stokes layer thickness
δ∗ displacement thickness
δ99 boundary layer thickness
ϵū uncertainty of mean velocity
ϵu′ uncertainty of fluctuations
θ momentum thickness
ν kinematic viscosity
τw shear stress at the wall
ϕ phase of the oscillating wall
ω+
z vorticity fluctuation

ω2 enstrophy
+ inner scaling
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Abbreviations
DNS direct numerical simulations
DR drag reduction
HWA hot wire anemometry
L2 lambda-2 criterion
PIV particle image velocimetry
ppp particles per pixel
TKE Turbulent kinetic energy

I. INTRODUCTION
Turbulent skin-friction drag is relevant to a multitude of natu-

ral processes and engineering applications and has been widely stud-
ied. Several attempts to control turbulent drag have been reported
using both passive and active techniques (Gad-el-Hak, 1996). Early
studies of turbulent boundary layers (Driver and Hebbar, 1987 and
Howard and Sandham, 2000) showed that a fully developed turbu-
lent boundary layer when subjected to a sudden spanwise pressure
gradient resulted in the reduction of turbulence production and
Reynolds stresses. The Direct Numerical Simulation (DNS) study of
Sendstad and Moin (1992) showed that skewing motion is neces-
sary to weaken the quasi-streamwise vortices. Following this, span-
wise wall oscillations received much attention, given the potential to
achieve a significant skin-friction reduction.

The first studies reported by Jung et al. (1992), who performed
a DNS of the flow in a rectangular channel at Reτ = 200, indicated
reductions as high as 40%, where Reτ is the Reynolds number based
on the wall friction velocity uτ. Experiments conducted by Laadhari
et al. (1994) provided support to the numerical studies. Following
these early studies, several numerical (Baron and Quadrio, 1995;
Quadrio and Sibilla, 2000; and Choi et al., 2002) and experimen-
tal investigations (Choi, 2002 and Di Cicca et al., 2002) have been
performed. Reductions of 45% in skin friction (Quadrio and Ricco,
2004) have been reported at optimum conditions. The parameters
that characterize the imposed spanwise wall oscillation are its ampli-
tude Zosc and time period Tosc expressed in the non-dimensional
form (T+

osc and Z+
osc, respectively) through uτ and the kinematic vis-

cosity ν. It should be noted, however, that not all oscillation regimes
lead to a reduction in drag. The current literature states that the
oscillations corresponding to T+

osc ≈ 100 lead to maximum skin-
friction drag reduction when A+

osc exceeds 100, which corresponds
to the mean streak spacing (Kline et al., 1967). Further increasing
the amplitude produces even higher drag reduction. Concerning
the physical mechanisms of drag reduction, it has been proposed
that the imposed spanwise wall motion affects the orientation of
the streamwise vortices, in turn, disrupting the lift-up mechanism,
and thereby the production of turbulence (Di Cicca et al., 2002;
Touber and Leschziner, 2012). This directly corresponds to a reduc-
tion in the ejection and sweep events, which are the drivers for wall-
normal momentum transport. These ejections are associated with
the formation of hairpin or horseshoe vortices (Zhou et al., 1999;
Christensen and Adrian, 2001), which are known to occur in packets
and travel with similar velocities (Adrian et al., 2000).

A solitary hairpin vortex is a coherent structure that explains
many characteristics observed in wall-bounded turbulent flows
(Robinson, 1991; Adrian, 2007). However, due to the non-linear
behavior of the flow dynamics, coherent structures are typically not

symmetric, as the hairpin, but rather asymmetric and “cane” shaped
vortices have also been observed. Subsequent work (Adrian et al.,
2000) on turbulent boundary layers has shown that multiple hairpins
originate from near the wall over the low-speed streaks and grow
as they develop to then populate the entire boundary layer, giving
rise to what is termed a hairpin packet. It is therefore of interest to
understand and quantify the effect of spanwise wall oscillations on
these coherent structures and the hairpin packets.

Although both DNS and experiments have provided evidence
that spanwise oscillations can lead to a reduction in skin-friction
drag, there are many quantitative discrepancies when comparing
the maximum drag reduction that is observed, as noted by Quadrio
and Ricco (2004). A possible contributing factor to these differ-
ences is the low value of the Reynolds number at which numer-
ical studies are conducted when compared to experiments. Ricco
and Quadrio (2008) analyzed the effect of Reynolds number on the
drag reduction, reporting a drop by 5% as Reτ was increased from
200 to 400. This result brought the effect of the Reynolds number
on the mechanism responsible for the drag reduction to the atten-
tion of researchers. Reynolds number effects were scrutinized up to
Reτ = 1000 by Touber and Leschziner (2012), who also concluded
that the large-scale structures in the outer layer affect the near-wall
dynamics and associated skin friction reduction. This mechanism
helps explain the dependence upon the Reynolds number. More-
over, it is suggested that the flow behavior also depends upon the
flow configuration, with turbulent large-scale structures in external
flows (boundary layers) differing from those observed in channel
flows, especially at higher values of the Reynolds number (Monty
et al., 2009). Moreover, large-scale wall-attached structures surpass
the centerline affecting the opposite wall in a channel (Lozano-
Durán et al., 2012). These differences are important when com-
paring numerical simulations with experiments because the former
mostly concern channel flow (Quadrio and Ricco, 2004; Touber and
Leschziner, 2012), while the experimental studies more often deal
with boundary layers (Choi et al., 1998; Choi, 2002; and Di Cicca
et al., 2002).

Experiments on drag reduction by spanwise wall oscillations
reported in the literature have widely employed hot wire anemome-
try (HWA), given the high accuracy, small probe size, and the high
temporal resolution. It is beneficial for extracting spectral informa-
tion, single-probe HWA measurements do not provide complete
information on the behavior of the different components of the
Reynolds stresses, for which it is important to quantify the change in
velocity fluctuations in both the streamwise and wall-normal direc-
tions within the boundary layer, which are connected to the tur-
bulent shear stress and wall-normal momentum transport. In addi-
tion, turbulent kinetic energy (TKE) production, which is related to
the shear stress, can also explain the effects of the wall oscillation.
Knowledge of the Reynolds stresses would require multi-wire probes
and for the study of the velocity gradient components (e.g., vorticity)
multi-wire arrays (Vukoslavĉević et al., 1991). Measurements with
planar particle image velocimetry (PIV) provide quantitative infor-
mation on the in-plane components of the Reynolds stress tensor
as well as the spanwise component of the vorticity vector (Adrian
et al., 2000) at a high resolution. The high-resolution data allow us
to directly measure the local shear at the wall, provided that the spa-
tial resolution matches the scale of the viscous layer (Kähler et al.,
2006) and is also used to describe relevant properties in the boundary
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FIG. 1. Schematic of the oscillating plate setup with acquisition locations for both planar and tomographic measurements shown (not to scale).

layer such as the turbulent kinetic energy production and Reynolds
shear stress (Kline et al., 1967). Direct measurement of wall shear
by PIV has not yet been attempted for the spanwise oscillating wall
problem because of the spatial resolution limits encountered in past
experiments (Di Cicca et al., 2002). The lack of data in three dimen-
sions (3D) is overcome by employing tomographic PIV (Elsinga
et al., 2006), which provides information on the instantaneous 3D
organization of the coherent structures in the turbulent boundary
layer.

The present study describes the application of planar and tomo-
graphic PIV to study skin-friction drag reduction over a spanwise
oscillating wall. The drag estimates are obtained employing high-
resolution planar PIV to measure the near-wall velocity gradient,
yielding an estimate of the wall shear. The method and its inher-
ent uncertainties are discussed, and the findings are compared with
existing data. The vortex dynamics in the boundary layer are investi-
gated through vorticity analysis and by observing the instantaneous
planar and 3D vorticity fields, which are used to infer the organiza-
tion of the turbulent structures, with a focus on hairpin packets and
the modifications incurring when spanwise oscillations induce drag
reduction.

II. EXPERIMENTAL SETUP AND PROCEDURE
A. Wind tunnel and oscillating wall

The experiments were conducted in an open-return low-
speed wind tunnel at the Aerospace Engineering laboratories

of the Delft University of Technology. The tunnel features a
contraction ratio of 9:1 with an exit cross section of 40 × 40 cm2.
The flow at the exit was confined within a 1.6 m long rectan-
gular channel and a flat plate is installed 0.1 m above the chan-
nel floor. For the current experimental conditions, the turbulence
intensity at the edge of the boundary layer was measured to be
below 1.4%.

The boundary layer was tripped at a distance of 5 cm after the
leading edge of the plate using distributed roughness elements of
1.0 cm height (Lima Pereira et al., 2020). The schematic layout of
the experiment is illustrated in Fig. 1. The oscillating plate has a
streamwise length of L = 0.4 m and is installed 1.0 m downstream
of the location where the boundary layer transition is forced. The
oscillations were obtained using a slider–crank mechanism capable
of reaching up to 15 Hz oscillation frequency and with a peak-to-
peak amplitude of 2 cm. A counterweight was introduced in the
oscillation mechanism to minimize vibrations. The test section was
realized in Plexiglas to provide optical access for PIV illumination
and imaging. The measurements were performed at a free stream
velocity of 3.0 m/s, corresponding to a momentum-thickness-based
Reynolds number Reθ ∼ 103. The properties of the undisturbed
incoming boundary layer, immediately upstream of the oscillating
plate, are described in Table I, where Reτ is the Reynolds number
based on the friction velocity, U∞ is the free stream velocity, δ99
is the boundary layer thickness, δ∗ is the displacement thickness,
θ is the momentum thickness, l+ is the length of one wall unit, and
H is the shape factor.

TABLE I. Boundary layer properties at x = 1.0 m from leading edge (Inlet, Fig. 1).

Reθ Reτ U∞ (m/s) δ99 (mm) δ∗ (mm) θ (mm) uτ (m/s) l+ (mm) H

980 570 3.0 59.0 6.7 4.9 0.145 0.10 1.36
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B. Particle image velocimetry
The planar-PIV measurements were obtained using two LaV-

ision Imager sCMOS cameras (2560 × 2160 pixels2, 16 bits, and
6.5 μm pixel size) equipped with Nikon objectives of 105 mm focal
length (P1 and P2, Fig. 1). The measurements were performed
at two streamwise locations: ahead (x/L = −0.075) and over (x/L
= 0.85) the oscillating plate, at the wall-normal (xy) positions indi-
cated in (Fig. 1). The non-dimensionalization of the streamwise
location is done with the length of the oscillating plate with its lead-
ing edge as reference. The flow was seeded with fog droplets of
1 μm diameter produced with a SAFEX smoke generator. Illumi-
nation was provided by a Quantel Evergreen 200 laser (Nd:YAG,
2 × 200 mJ, 15 Hz). The digital synchronization between laser, cam-
eras, and the image acquisition system was provided by a LaVision
programmable timing unit controlled through DaVis 8.4. The light
sheet was 2 mm thick, oriented parallel to the flow, and aligned at
the midplane through the reference axis providing measurements in
the streamwise-wall normal plane. Hardware details and settings are
listed in Table II.

The tomographic measurements were performed at a stream-
wise distance of x/L = 0.75 downstream from the leading edge of the
oscillating plate. The measurement volume encompassed a region
of 80 (x) × 65 (z) × 8 (y) mm3, which corresponds to 800 × 650
× 80 wall units over the surface of the oscillating wall, with the
smallest dimension normal to the wall (Fig. 1). The fog particles
were used to obtain a particle image density of ∼0.015 particles per
pixel (ppp). The same illumination source was employed as for the
planar experiment. A knife-edge slit was added to the path of the
laser light sheet to obtain uniform light intensity over the mea-
surement volume of 8 mm thickness above the wall. A dual-pass

illumination (Ghaemi and Scarano, 2010) was obtained with a pla-
nar mirror placed at the opposite side of the light entrance, which
intensified laser illumination and homogenized the light received by
the cameras partly in back- and forward-scattering mode. The tomo-
graphic imaging system featured four LaVision imager sCMOS cam-
eras (T1, T2, and T3, Fig. 1). Three cameras subtended an arc with
a total angle of 50○. The fourth camera monitored the position of
the oscillating wall. The focal plane of each imaging unit was aligned
with the median plane of the laser sheet by means of Scheimpflug
adapters able to tilt the objectives relative to the image plane along
oblique axes. The average imaging magnification was M = 0.2 with
a digital resolution of 32 pixels/mm. The recording rate was 13.5 Hz
and the time separation between subsequent exposures was set
at 150 μs.

C. Data reduction and uncertainty analysis
For the planar-PIV measurements, the recorded sequences

comprised 2000 double-frame images, with details given in Table II.
The image interrogation was performed using multi-pass cross-
correlation with window refinement and deformation (Scarano and
Riethmuller, 2000). Non-isotropic windows were used to increase
the wall-normal resolution (Scarano, 2003). In the final iterations,
windows of 48 × 12 pixels2 (1.41 × 0.35 mm2) were used with an
overlap factor of 75% (3:4) along the vertical direction. The result-
ing vector spacing was 0.081 mm (11.5 vec/mm) along the wall-
normal direction, corresponding to approximately one wall unit (see
Table I). The size of the correlation window for the visualization of
velocity and vorticity was 32 × 32 pixels2 (0.94 × 0.94 mm2), with a
vector pitch of 0.23 mm. The dynamic spatial range given as the ratio

TABLE II. Description of parameters for the PIV measurements.

Planar-PIV Tomographic-PIV

Seeding particles Fog droplets (dp = 1 μm)
Illumination Nd:YAG, 2 × 200 mJ, 15 Hz
Recording device sCMOS (2560 × 2160 pixels2, 16 bits, 6.5 μm pixel pitch)
Recording method Double frame/Single exposure
Number of cameras 2 (P1, P2) 3 (T1, T2, T3)
Field of view 7.4 × 6.2 cm2 8.0 × 6.5 × 0.8 cm3

Recording lens and aperture 105 mm, f # = 8.0 105 mm, f # = 8.0
Imaging resolution 30 pixels/mm 32 pixels/mm
Observation distance 0.4 m 0.4 m
Optical magnification 0.22 0.2
Image seeding density 0.03 ppp 0.015 ppp
Recording frequency 15 Hz (multiple acquisitions) 13.5 Hz
Pulse delay 150 μs 150 μs
Number of recordings 2000 100 (at each phase)
Interrogation window and vector pitch 1.4 × 0.35 mm2(48 × 12 px) (75% overlap along y)
(wall shear meas.) 0.081 mm
Interrogation window and vector pitch 0.94 × 0.94 mm2(32 × 32 px) (75% overlap) 48 × 48 × 48 voxels (75% overlap)
(vorticity meas.) 0.23 mm 0.38 mm
Dynamic spatial range 180 (wall normal direction) 50
Dynamic velocity range 200 200
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TABLE III. Statistical uncertainty of mean velocity and turbulent fluctuations at
y+ = 10 [% with respect to mean free-stream velocity (ū)].

Number of Uncertainty mean Uncertainty variance
Reθ samples ϵū (%) ϵu′ (%)

980 2000 1.25 3.4

between the length of the measurement domain and the interroga-
tion window (Adrian, 1997) was 180, considering the wall-normal
direction. The dynamic velocity range given as the ratio of maximum
velocity to the minimum resolvable velocity was 60, based on the
diffraction limit criterion and the maximum particle displacement
in the measurement domain (Adrian and Westerweel, 2011).

For the near-wall measurements, attention was posed first to
accurately determine the position of the wall (Sec. II). Second, mea-
surements within the viscous sub-layer (y+ < 5) were obtained with
five vectors in the first 0.5 mm, where the velocity was observed to
follow a linear trend.

The measurement uncertainty of the velocity statistics was
based on the convergence of the Gaussian dispersion based on 2000
uncorrelated samples. A 95% confidence interval was considered,
according to Eqs. (1) and (2). The data are presented in Table III,

ϵū = 1.96
ū

σū√
N − 1

, (1)

ϵu′ = 1.96√
N − 1

. (2)

For the tomographic measurements, the object-to-image cal-
ibration was performed with a plate (LaVision Type 10) with 16
× 14 markings, imaged at three positions along the volume depth.
After 3D self-calibration (Wieneke, 2008), the calibration disparity
was reduced to ∼0.02 pixels. The intensity distribution was recon-
structed in a 80 × 65 × 8 mm3 volume, which corresponds to 800
× 650 × 80 in wall units discretized with 2580 × 2096 × 258 vox-
els using the CSMART reconstruction algorithm (Gan et al., 2012)
with five iterations. Image pre-processing was performed to remove
background intensity by subtracting the minimum value of intensity
at each pixel. The cross-correlation analysis returned 215 × 91 × 11
velocity vectors using an interrogation volume size of 48 × 48 × 48
voxels (1.5 mm linear size), yielding a vector spacing of 0.375 mm
with 75% overlap (Table IV). For the case with the oscillating wall,
specific values of the phase ϕ were examined, namely, that of maxi-
mum transverse wall velocity (ϕ = 0, π) and that of maximum trans-
verse displacement, when the motion is inverted (minimum velocity,
ϕ = π/2, 3π/2; Sec. III D).

TABLE IV. Tomographic reconstruction processing parameters.

Image pre-processing Subtract time average pixel intensity

3D calibration 3rd order polynomial at 3 planes
Calibration correction Volume self-calibration
Volume discretization 2580 × 2096 × 258 voxels
Reconstruction technique CSMART (5 iterations)

When comparing the mean velocity profile from the tomo-
PIV measurements to the high-resolution 2C-PIV and DNS data
(Sec. III A), agreeing values in the range 20 < y+ < 80 were obtained.
Closer to the wall, laser light reflections hampered the measure-
ments. Also, above 80 wall units from the wall, the illumination
laser light intensity decays and particles were not detectable. The
data from tomographic PIV were employed primarily for vortic-
ity analysis. The accuracy of the velocity gradient was estimated
from the analysis of the measured velocity divergence (Scarano and
Poelma, 2009). The conservation of mass necessitates the diver-
gence of the velocity field to be zero in the domain. The distri-
bution of the divergence exhibits a normal distribution around 0,
with a standard deviation corresponding to 40 s−1. Considering that
instantaneous vorticity fluctuations are measured that attain a typi-
cal value of 200 s−1 (see for instance, Sec. III E), the estimated relative
uncertainty amounts to 20%. The errors are mostly ascribed to the
truncation effects arising from the limited spatial resolution of the
measurement, following the work of Scarano and Poelma (2009).

D. Drag reduction evaluation
The time-averaged velocity profile measured by planar PIV fea-

tures a symmetric shape with respect to the wall: the data points
“inside the wall” being the result of the reflections of particle trac-
ers. The symmetry axis can, therefore, be used to indicate with good
accuracy the position of the mirroring wall. Figure 2 illustrates the
velocity profile in proximity of the wall. The vertical axis, in this
case, represents the wall-normal coordinate, with an arbitrary point
of origin. From the symmetry of the profile, the wall position was
inferred to be at y = 2.47 mm, with an uncertainty of 0.01 mm esti-
mated from the discrepancy between the two linear fit from above
the wall and the reflected image, respectively.

The slope (∂u
∂y )y=0

at the wall is estimated from a linear fit in

the data interval from 0.15 mm to 0.4 mm (y+ = 1.5 − 4), where
the velocity exhibits a linear behavior within a correlation of 95%.

FIG. 2. Wall position determination at x = 1.37 m from the leading edge (over plate,
Fig. 1).
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The above provides a quantitative description of the shear stress τw,
which is determined with an uncertainty of 1.5%. Accordingly, the
friction velocity and skin-friction coefficient (Cf ) are calculated as

uτ =
¿
ÁÁÀν(∂u

∂y
), (3)

Cf = 2( uτ
u∞
)

2
. (4)

Following the work of Quadrio and Ricco (2004), the drag
reduction is defined as

Drag reduction (DR)(%) = C0
f − Cf

C0
f
× 100, (5)

whereC0
f andCf are the skin friction on the steady and the oscillating

wall, respectively.

III. RESULTS
A. Turbulent boundary layer characteristics

The mean boundary layer velocity profile and the kinematic
Reynolds stresses at the inlet plane just upstream of the oscillation
plate (see Fig. 1) were obtained by ensemble averaging of the PIV
velocity data and represented in wall-unit scaling. The velocity pro-
file is compared with DNS data computed at Reθ = 1000 and Reτ
= 360 (Schlatter and Örlü, 2010). The planar PIV data exhibit a
good agreement in the inner region with a resolved viscous sublayer
(Sec. II C) as shown in the near-wall profile (inset Fig. 3). The spa-
tial range of the tomographic measurements was fairly limited in the
wall normal direction (y+ = [20 − 80]), given that the tomographic
data are intended to visualize the velocity and vorticity structures
along the spanwise and streamwise directions. The reduced wake

FIG. 3. Measured mean streamwise velocity profile for the stationary wall with
inner-layer scaling and comparison to DNS data from the literature (Reθ = 1000).

region is attributed to the influence of the strong tripping that is
employed [Vila et al. (2017)].

The Reynolds stresses obtained from 2C-PIV are in good agree-
ment with the DNS data (Fig. 4) with peak streamwise fluctuations
⟨u′u′⟩+ slightly higher than DNS by 2%. A small shift of the data
toward higher y+ is suggested, however, in the order of 1y+, which
corresponds to the uncertainty in the location of the wall. The devi-
ations observed in the outer regions of the boundary layer where the
intensity of the measured fluctuations persists at y+ ∼ 500, whereas
the DNS results collapse to zero already at y+ ∼ 400 due to the
difference in Reτ of the data.

B. Turbulent skin-friction analysis
The experiments were conducted for different values of the

oscillation frequency and with a constant amplitude, following
Table V. The range of imparted oscillatory motions covers both
favorable and unfavorable conditions, and the trends are depicted
in Fig. 5. A peak reduction of 15% is obtained at T+

osc = 94 and
A+
osc = 100. The non-dimensional wall velocity (W+

m = πA+
osc/T+

osc)
corresponding to the above case is W+

m = 3.34 and the reported
reduction from the literature for a similar condition (T+

osc = 100
and W+

m = 4.5) is 17%, according to the work of Quadrio and
Ricco (2004). From Table V, it can be observed that the oscillations
lead to significant drag reduction in the range of T+

osc = [94 − 175].
The effects of the oscillating wall penetrate through the boundary
layer up to a thickness estimated by δst =

√
ν
πf , and this region is

denoted as the Stokes layer, in reference to the Stokes second prob-
lem (Schlichting and Gersten, 2016), where f is the frequency of
oscillation. Table V contains the inner-scaled Stokes layer thickness
for the investigated range of T+

osc. Baron and Quadrio (1995) stated
that a Stokes layer of thickness less than 10y+, associated with the
region where streaks are more prevalent, results in drag reduction
as long as the A+

osc is greater than 100, corresponding to the mean

FIG. 4. Measured wall-normal profiles of Reynolds stresses for the stationary wall
and comparison to DNS data from the literature (Reθ = 1000).
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TABLE V. Drag reduction inferred from wall shear measurements for Reθ = 1000.

T+
osc A+

osc W+
m Stokes layer δst

+ % DR (“+” indicates reduction)

94 (15 Hz)

100 (10 mm)

3.34 5.5 +14.6
107 (13 Hz) 2.93 5.9 +9.9
140 (10 Hz) 2.24 6.7 +8.7
175 (8 Hz) 1.79 7.5 +4.6
350 (4 Hz) 0.89 11 −1.2
700 (2 Hz) 0.45 15 −4.1

streak spacing. The motion in the Stokes layer creates a relative dis-
placement between the streaks and the streamwise vortices, which lie
between 10 < y+ < 50. The results obtained here return drag reduc-
tion as long as δ+

st < 8, while an increase in drag is observed for values
of δ+

st above 11, which agrees with the above statement from the work
of Baron and Quadrio (1995).

C. Reynolds stress and turbulence production
The behavior of the Reynolds stresses ⟨ui′uj′⟩ for the two cases

representing highest drag reduction (T+
osc = 94) and drag increase

(T+
osc = 700) is compared with the conditions encountered for the

stationary wall, where normalization is performed with uτ of the
stationary wall. For the oscillations at T+

osc = 94, the normal stress
in the streamwise direction ⟨u′u′⟩+ is lowered, with a peak reduc-
tion of 23%. A large relative reduction is also observed in the nor-
mal stress along the wall-normal direction ⟨v′v′⟩+ by 14% and the
shear stress ⟨u′v′⟩+ by 18% (Fig. 6). Aside from the peak reduction,
the streamwise fluctuations are reduced throughout the turbulent
boundary layer, indicating that the effect of the oscillating wall is
felt away from the wall up to approximately 200 y+. The reduction
of streamwise fluctuations is a consequence of the decreased wall-
normal motions, dominated by ejections and sweeps. The spanwise

FIG. 5. Drag reduction as a function of oscillation frequency and wall velocity
(experimental data obtained at A+ = 100). Green for reduction and red for increase.

displacement between the streaks and the streamwise vortices pro-
duced by the Stokes layer inhibits the lift-up mechanism essential for
maintaining turbulent energy production.

Apart from the reduction in the peak of the streamwise stress,
the position of the peak is shifted toward larger wall-normal dis-
tance, where the shift is 4y+ for ⟨u′u′⟩+, 23y+ for ⟨u′v′⟩+, and 36y+

for ⟨v′v′⟩+. For the oscillations at T+
osc = 700, a slight increase in all

the components of Reynolds stress for the region corresponding to
y+ of 7–50 is observed (Fig. 6). The results of Choi et al. (1998) also
report large reductions (30%) in the streamwise velocity fluctuations
in the near-wall region for the oscillated wall, while the outer region
remains unaltered by the presence of the oscillations, in agreement
with that reported by Choi et al. (1998).

The dominant term of the turbulent kinetic energy production
is evaluated from the measured data. The pre-multiplied normal-
ized production (P+y+ = − ν

u4
τ
u′v′ ∂u

∂y y
+) is shown for oscillations at

T+
osc = 94 and 700 in comparison with that of the stationary wall.

For T+
osc = 94, a significant reduction in peak pre-multiplied pro-

duction of 20% is observed at a wall-normal distance of 10 − 25y+,
close to the peak reduction in the streamwise Reynolds normal stress
(Fig. 6). A clear reduction is also observed upto y+ = 100, corre-
sponding to the region where hairpin vortices exist. For T+

osc = 700,

FIG. 6. Comparison of the Reynolds stress distribution.
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FIG. 7. Comparison of pre-multiplied turbulence production distribution.

a mild decrease in pre-multiplied production occurs for y+ up to 25
(Fig. 7), beyond which an increase is quantified. The oscillations at
T+
osc = 700 are not sufficient to provide the required displacements of

the streaks that leads to a reduction of the ejection and sweep events.
Due to the lower time scale of these oscillations, additional distur-
bances are imparted in the flow field, which manifest as an increase
in drag. Because of the small variation in the Reynolds stresses and
TKE production (less than 2.5% in peak increase), the instantaneous
flow organization is only analyzed considering the stationary wall
and oscillations at T+

osc = 94, which resulted in the most reduction in
drag.

D. Instantaneous flow organization
The observation of coherent motions in the boundary layer

is performed here taking into account the topology of vorticity
fluctuations (ω+

z = ωzν
u2
τ

from planar PIV) and the combination of
velocity fluctuations with vortex detection (L2-criterion from the
tomographic PIV data). Attention is put on the role of groups of
hairpins (hairpin packets, Adrian et al., 2000), which contribute sig-
nificantly to the wall-normal momentum transport by focused ejec-
tions and sweep motions. For the initial observation of the presence
and behavior of these structures, vorticity contours derived from
the planar PIV data are used. The instantaneous structure of the
vorticity field is scrutinized to determine the changes in the large-
scale flow structures produced by wall oscillations (at T+

osc = 94 and
Z+
osc = 100) with respect to those of the stationary wall.

The inspection of a series of instantaneous vorticity fields
allows the identification of several recurrent flow events for the
case of a stationary and oscillating wall. Figure 8 (Multimedia view)
depicts as an example the vorticity contours of instantaneous struc-
tures typically observed. A series of visualizations is annexed in Fig. 8
(Multimedia view). For the discussion, boxed areas outline differ-
ent flow features, numbered from 1 to 4 containing, respectively: (1)
regions of high shear close to the wall due to the no-slip condition;
(2) inclined vorticity sheet structures, lifted-up from the wall region;

FIG. 8. A sample of the instantaneous vorticity field obtained with stationary wall.
Multimedia view: https://doi.org./10.1063/5.0015359.1

(3) hairpin heads featuring a localized peak of vorticity—the struc-
ture of a packet may be inferred too, with inclination to the wall
between 25 and 45 (Adrian et al., 2000); and (4) weaker vorticity
signatures in the outer regions of the boundary layer (y+ > 300),
featuring a remnant structure of decaying large scale hairpin-like
motions.

Following the parameters extracted from the statistical anal-
ysis (streamwise velocity gradient at the wall, trends of Reynolds
shear stress, and turbulent kinetic energy), spanwise wall oscilla-
tions at the optimum oscillating frequency and amplitude appear to
simultaneously reduce skin-friction, the turbulence production, and
the wall-normal velocity fluctuations. The following analysis focuses
on the organization of the coherent flow structures under these
conditions.

A hairpin packet features the presence of multiple hairpin vor-
tices with their heads aligned approximately along a 30○-slope from
the wall and separated by ∼120–160 wall-units in the streamwise
direction (Adrian et al., 2000). The hairpins appear atop the low-
speed streaks where they tend to autogenerate, which leads to the
packets (Zhou et al., 1999). In the present experiments, it is observed
that for the stationary wall, hairpin packets are observed to be most
frequently composed of 3–5 vortices typically separated by 50–150
wall units.

A marked difference is found for the case of the oscillat-
ing wall, where the hairpins appear more frequently as isolated
or in pairs, packets with more than two hairpins being only sel-
dom observed. Figure 9 (Multimedia view) displays a sequence of
vorticity measurements for the stationary and oscillating wall.

The smaller size of the hairpin packets observed in the bound-
ary layer developing over the oscillating wall is ascribed to the rapid
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FIG. 9. Instantaneous spanwise vorticity distribution up to y+ = 200, reveal-
ing a compact arrangement of hairpins (packet signature) for the stationary
wall (a) and separated structures for the oscillating wall (b). Multimedia view:
https://doi.org./10.1063/5.0015359.2

sideways motion of the wall affecting the flow structure underneath
the hairpins. It is hypothesized that the sudden shift of the low- and
high-speed streaks beneath the hairpins inhibits the auto-generation
of vortices as a result of the relative lateral shift between the pre-
ceding hairpin and the newly forming one. For a stationary wall,
the presence of the leading hairpin and its induced ejection leads to
the formation of a following structure, resulting in the continuous
growth of the hairpin packet (Zhou et al., 1999; Jodai and Elsinga,
2016). Figure 10 provides an illustration that combines the timing
diagram of the spanwise oscillatory motion of the wall Z(ϕ), with
a qualitative indication of hairpin formation and auto-generation
period (t+

auto). Given the linear relation between time and the oscilla-
tion phase ϕ, the latter is used in the remainder to refer to a specific
condition within the oscillatory motion. The inhibition of auto-
generation is expected to be most effective during the time interval
of maximum wall velocity (red region in Fig. 10), whereas during the
time of motion inversion (green region), the low wall velocity pro-
duces a situation similar to the stationary case. Based on the above,
the dynamic behavior in the regime of wall oscillations is expected
to display hairpins mostly generated during the period of minimum
lateral velocity (motion inversion, the green region in Fig. 10). For
an oscillating frequency of 15 Hz, which corresponds to a T+

osc ≈ 100
(16.6 ms), the motion inversion time corresponds to a t+ = 23. The
latter is shorter than the auto-generation time t+

auto ∼ 30 reported in
the study of Jodai and Elsinga (2016) who estimated it from tomo-
graphic PIV measurements in a completely turbulent environment.
Zhou et al. (1999) studied the case of auto-generation by observing
the development of an initial perturbation to laminar flow with a
mean turbulent velocity profile. In their work, values of t+ one order

FIG. 10. Schematic illustration of the wall oscillations time diagram and indication
of hairpin packet formation time.

of magnitude larger are reported compared to the observations in the
turbulent regime. The time spent during motion inversion of the
current experiments corresponds to approximately that taken for
the auto-generation of a single hairpin, which possibly explains the
occurrence of single hairpins or, at most, hairpin pairs in a packet.

Following the stage of motion inversion, the high rate of lat-
eral shift causes the fluid adjacent to the wall (streaks) to move with
it as discussed by Touber and Leschziner (2012). The lower end
of the hairpin vortices (legs) and particularly the newly generated
hairpin is most affected by the lateral displacement as these parts
are displaced away from the preceding hairpins and their induced
ejection (low-speed region). This circumstance interrupts the auto-
generation mechanism until the subsequent point of inversion when
another low-velocity period allows auto-generation to some degree.

E. Tomographic PIV flow visualizations
The tomographic measurement volume encompasses primar-

ily the buffer layer (y+ = 20–70, Sec. III A). Visualizations of the
streamwise velocity distribution close to the stationary wall [y+

= 20, Fig. 11(a)] return the streaky pattern as a series of elongated
low-speed regions with spanwise separation of ∼100 wall units and
a length varying from 600 to more than 850 wall units (current
streamwise extent of the measurement domain). In agreement with
the values widely reported in the literature (Kline et al., 1967; Smith
and Metzler, 1983; and Kähler, 2004). Increasing the distance from
the wall up to y+ = 80 [Fig. 11(b)], the streamwise coherence of
the streaks diminishes and these regions appear as wider and often
interrupted. Also, these observations agree with the study of Jodai
and Elsinga (2016), which indicates that the velocity fluctuations in
these two regions are governed by different structures and they are
convected at different speeds (Del Álamo and Jiménez, 2009).

The inspection of the streamwise velocity contours at a wall-
normal height of y+ = 20 for the stationary and the oscillating wall
at Z(ϕ) = 0 [ϕ = 0, π, Fig. 12 (Multimedia view)] shows that oscilla-
tions lead to a significant weakening of the streamwise coherence of
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FIG. 11. Streamwise velocity contours at
two wall-normal distances, y+ = 20 (a)
and 80 (b).

the streaks, with elongated low-velocity regions being more promi-
nent for the stationary wall case. There are also regions within the
field of view, which are devoid of streaks for the oscillating wall
[Fig. 12(b) (Multimedia view)], which has been also observed in the
DNS study of Touber and Leschziner (2012). A thorough inspection
of the occurrence of this flow phenomenon is possible in the series
of visualizations of the velocity contours annexed in Fig. 12 (Multi-
media view). However, the DNS studies of oscillating wall (Touber
and Leschziner, 2012) do not discuss the mechanism of drag reduc-
tion from the perspective of the hairpin packets. Rather, the drag
reduction is ascribed to the weakening of the streaks. While the
latter are important in near wall turbulence, their connection with
the Reynolds shear stress, i.e., the turbulence contribution to the
drag is weak, or indirect, at least. This can be inferred from the fact
that the streamwise velocity fluctuations associated with the streaks
are confined to a region very close to the wall (y+ ∼ 15), while the
Reynolds shear stress peaks at a larger wall normal distance (Fig. 4).
Hairpins and packets, however, are correlated with Reynolds stresses
(Ganapathisubramani et al., 2003), hence turbulent drag. Hence, the
development of hairpins (possibly from the streaks) provides a link
between streak strength reduction very close to the wall and the
reduction in Reynolds stresses farther from the wall.

A sample of the three-dimensional organization of vortices
(iso-surface of the λ2-criterion) and positive wall-normal veloc-
ity fluctuations v′ is shown in Fig. 13 (Multimedia view), along
with the streamwise velocity u distribution over a plane at posi-
tion y+ = 20, which identifies the high- and the low-speed regions.
The flow field for the stationary wall case [Fig. 13(a) (Multimedia
view)] features several elongated regions with wall-normal veloc-
ity fluctuations (purple) surrounded by multiple vortical structures
(green) enclosed in boxes [1–6 in Fig. 13(a) (Multimedia view)]. This
arrangement is in accordance with the concept of the hairpin pack-
ets, where the primary hairpin vortex being formed develops down-
stream and gives rise to a secondary hairpin vortex (Adrian, 2007).
This mechanism is ascribed to the interaction of the low-speed fluid
in the streak [shown in purple in Fig. 13 (Multimedia view)] that
is ejected between the legs of the hairpin with the high-speed fluid
above the legs causing the roll-up, in turn forming an arch-like
structure (Zhou et al., 1999; Jodai and Elsinga, 2016). The supple-
mentary material provided in Fig. 13 (Multimedia view) illustrates
in a more extended way the above experimental observations for the
stationary and oscillating wall. For the oscillating wall, the data at ϕ
= 0 and ϕ = π are shown. In the sample showing the instantaneous
flow field for the oscillating wall [Fig. 13(b) (Multimedia view)],

FIG. 12. Streamwise velocity con-
tours over a stationary (a) and
oscillating wall (b) at wall-normal
distance of y+ = 20. Multimedia view:
https://doi.org./10.1063/5.0015359.3
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FIG. 13. 3D visualization of tomographic-
PIV data over a stationary (a) and
oscillating wall (b); isocontours of λ2
= −20 000 [1/s2] (green) and v = 0.1U∞
(purple) at y+ = 20. Multimedia view:
https://doi.org./10.1063/5.0015359.4

the presence of wall-normal velocity fluctuations is significantly
smaller. The low-speed flow regions are less pronounced [Fig. 13(b)
(Multimedia view)], in turn inhibiting the process of hairpin for-
mation and auto-generation. The organization of vortical structures
[Fig. 13 (Multimedia view), enclosed in boxes] above the oscillating
wall [1–3 in Fig. 13(b) (Multimedia view)] features mostly a stream-
wise orientation, which are significantly sparser when compared to
the stationary wall. Moreover, arch-like structures appear less fre-
quently and seldom arranged into packets. This further inhibits hair-
pin formation, since isolated hairpins need to be much stronger to
initiate auto-generation as compared to hairpins in a packet, which
can be weak and still trigger auto-generation (Goudar et al., 2016).
Such strong hairpins have a very low probability.

Statistical evidence of this effect can be gathered considering
the flow enstrophy ω2 as an overall measure of the vorticity fluctua-
tions over the domain of observation (20 < y+ < 80). The mean value
of ω2 is 1.98 × 104 s−2 for the stationary wall, whereas, while for
the oscillating wall, it reduces to 1.54 × 104 s−2 at ϕ = 0, π (max-
imum velocity). A slightly higher value (ω2 = 1.65 × 104 s−2) is
observed during motion inversion (ϕ = π/2, 3π/2), indicating that the
turbulent properties also depend upon the phase of the oscillatory
motion. The latter correlates with the reduction in vortical structures
described earlier and is consistent with the proposed mechanism of
auto-generation inhibition. Albeit for a different geometry (circular
pipe flow), Coxe et al. (2019) performed a DNS study, proposing
a phase dependence of vorticity fluctuations with transverse wall
oscillations too.

The proposed model for the effect of wall oscillation on hairpin
packet formation is graphically conceptualized in the schematics of
Fig. 14. The autogeneration of the hairpin packet is sketched for the
stationary wall (Fig. 14, top), where the blue region corresponds to
the low-speed streak, which is lifted up. The ejection is intensified as
the hairpin packet grows in size, with the current illustration depict-
ing the formation of a packet of three hairpins (1–3 in Fig. 14—
stationary wall). For the oscillating wall (Fig. 14—oscillating wall),
an initial hairpin (1, Fig. 14—oscillating wall) cannot autogener-
ate downstream due to the rapid lateral shift of the trailing flow
region at a lower distance from the wall. The transverse wall motion
also distorts the streaks; however, this is not regarded as the main

inhibition factor compared to the increased distance between the
focused ejection from the preceding hairpin vortex and the trail-
ing region. In turn, the formation and growth of the trailing hairpin
(2, Fig. 14—oscillating wall) will occur independently and without
the accelerating effect of autogeneration. As a result, the pattern
of isolated hairpins reduces the collective focused ejection of the
low-speed fluid, with a significant reduction of momentum mixing,
which directly translates into a reduction in skin-friction drag.

FIG. 14. Illustration of hairpin autogeneration for stationary and oscillating wall
[red—high-speed streaks, blue—low-speed streaks, and shades of gray used to
represent different hairpins and are numbered (1, 2, 3)].
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IV. CONCLUSIONS
The response of a turbulent boundary layer developing over a

spanwise oscillating wall has been studied experimentally employing
planar and tomographic PIV. High-resolution planar PIV allowed us
to accurately measure the wall shear stress directly from the velocity
profile down to a wall-normal distance of y+ = 2. A maximum drag
reduction of 15% is quantified for the oscillating wall at T+

osc = 94
and A+

osc = 100 when compared to the stationary wall. The reduc-
tions obtained are found to be in agreement with the previously
reported DNS studies. A significant reduction of turbulent stresses
and pre-multiplied turbulent kinetic energy production is found up
to y+ = 100. The instantaneous vorticity fields visualized in the pla-
nar and tomographic-PIV measurements reveal marked differences
between the stationary and the oscillating wall. Planar data provide
evidence through the visualizations of the cross-sectional footprints
of these highly three-dimensional coherent structures. A hypothesis
is forwarded to provide an explanation for the observed reduction
in near-wall vorticity and accompanying reduction of the number of
hairpins in a hairpin packet when the wall is oscillated. According to
the proposed mechanism and existing literature on hairpin packet
generation, the oscillation frequency may be associated with the size
of the packet, whereas the amplitude of oscillation needs to be at least
as large as the streaks spanwise separation to be effective. In line with
this model, the hairpin packet formation depends on the motion of
the oscillating wall and as such on the phase in the oscillation cycle.
Quantitative information from the tomographic PIV data supports
this assumption, where the enstrophy in the field reduces by 22% for
the oscillating wall at ϕ = 0, π and by 16.7% for the oscillating wall at
ϕ = π/2, 3π/2.
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