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Abstract

We present an experimental realisation of spatial spanwise forcing in a turbulent boundary layer flow, aimed at reducing
the frictional drag. The forcing is achieved by a series of spanwise running belts, running in alternating spanwise direction,
thereby generating a steady spatial square-wave forcing. Stereoscopic particle image velocimetry in the streamwise—wall-
normal plane is used to investigate the impact of actuation on the flow in terms of turbulence statistics, drag performance
characteristics, and spanwise velocity profiles, for a non-dimensional wavelength of A7 = 397. In line with reported numeri-
cal studies, we confirm that a significant flow control effect can be realised with this type of forcing. The scalar fields of the
higher-order turbulence statistics show a strong attenuation of stresses and production of turbulence kinetic energy over the
first belt already, followed by a more gradual decrease to a steady-state energy response over the second belt. The stream-
wise velocity in the near-wall region is reduced, indicative of a drag-reduced flow state. The profiles of the higher-order
turbulence statistics are attenuated up to a wall-normal height of y* ~ 100, with a maximum streamwise stress reduction
of 45% and a reduction of integral turbulence kinetic energy production of 39%, for a non-dimensional actuation amplitude
of A* = 12.7. An extension of the classical laminar Stokes layer theory is introduced, based on the linear superposition of
Fourier modes, to describe the non-sinusoidal boundary condition that corresponds to the current case. The experimentally
obtained spanwise velocity profiles show good agreement with this extended theoretical model. The drag reduction was
estimated from a linear fit in the viscous sublayer in the range 2 < y* < 5. The results are found to be in good qualitative
agreement with the numerical implementations of Viotti et al. (Phys Fluids 21, 2009), matching the drag reduction trend
with A*, and reaching a maximum of 20%.

1 Introduction

Spanwise forcing of the turbulent boundary layer through
lateral wall motion is an active flow control technique
known especially for its potential to reduce skin friction.
The method involves imposing a spatio-temporal, in-plane
wall oscillation in the spanwise direction. Both temporal and
spatio-temporal forcing, referred to as oscillating wall (OW)
and travelling wave (TW) forcing, respectively, have been
extensively researched, in both numerical and experimental
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investigations. Drag reduction (DR) values of over 40%
and positive theoretical net power savings (NPS) have
been reported at moderate friction Reynolds numbers of
Re, =200 — 2000 (Ricco et al. 2021). DR is defined as the
percentage difference in wall-shear stress (z,,) with respect
to the non-actuated case. NPS is the difference between the
power saving to drive the flow in the streamwise direction,
and the theoretical input power to drive the spanwise forcing,
expressed as a percentage with respect to the non-actuated
case. The characteristic parameters are commonly expressed
in viscous units; scaled with the kinematic viscosity v and
the friction velocity u, = 4/7,,/p, with p as the fluid density.
Furthermore, we distinguish two scaling approaches, using
either the reference u,, from the non-actuated case or the
actual u, of the drag-reduced flow case; these are denoted
by the superscripts ‘+’ and ‘*’, respectively. The friction
Reynolds number is defined as Re, = 6u,,/v, where 6 is
the boundary layer thickness. In this study, the x, y, and z
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coordinates represent the streamwise, wall-normal, and span-
wise directions, respectively, corresponding to instantane-
ous velocity components u, v, and w. An overbar and prime
denote the respective mean and fluctuating components.

Early work on spanwise forcing focused on the oscil-
lating wall (OW) actuation scheme, where the entire wall
section is subjected to a temporal oscillation. The strategy
was first studied using direct numerical simulations (DNS)
by Jung et al. (1992). Their simulations were conducted at
a Reynolds number of Re, = 200; the standard Reynolds
number utilised in the majority of numerical investigations.
Unless otherwise specified, Re, = 200 is the considered
Reynolds number for all discussed numerical work. A maxi-
mum DR of 40% was found at a spanwise velocity ampli-
tude of AT =12 (A* = A/u,) and an optimum period of
T+ =100 (T* = TuzO /v). Laadhari et al. (1994) conducted
experiments which corroborated the results of Jung et al.
(1992). They reported a DR of 36% using the same actua-
tion parameters. The parametric DNS study by Quadrio and
Ricco (2004) found that DR monotonically increases at a
decreasing rate with increasing amplitude, while revealing
the optimum period to be Tt = 100 — 125.

Travelling wave (TW) forcing was introduced by Quadrio
et al. (2009); their DNS study revealed the complex dynam-
ics of the DR in wavenumber—frequency space at A*™ = 12.
The results highlighted superior performance in upstream-
travelling waves, with a maximum DR of 45% and a notable
NPS of 18%. Inspired by their work, several experimental
realisations of TW forcing have been made. The work of
Auteri et al. (2010) realised TW forcing in their pipe flow
setup, where the wave was generated by means of multiple
azimuthally rotating pipe segments. Other implementations
are the deformable Kagome lattice of Bird et al. (2018), and
a more recent contribution of Marusic et al. (2021), who
employed a series of synchronised spanwise oscillatory wall
elements.

As a result of the wall motion, an oscillatory spanwise
velocity profile emerges, which predominantly resides within
the viscous region of the boundary layer. The profiles show
a close match to the laminar solution of the second Stokes
problem, establishing a temporal Stokes layer (TSL) (Stokes
1851) in the case of OW forcing. In spatio-temporal form,
the solution is described by the generalised Stokes layer
(GSL), as introduced by Quadrio and Ricco (2011). The
mechanism responsible for the DR is not precisely known,
but one of the paradigms suggests a favourable interaction
between the Stokes layer dynamics and near-wall coherent
structures. Ricco (2004) and Kempaiah et al. (2020) present
evidence that the Stokes layer disrupts this interaction by
laterally displacing near-wall streaks and quasi-streamwise
vortices, disrupting their spatial coherence and weakening
the drag-producing near-wall cycle. Moreover, the work of
Bradshaw and Pontikos (1985) and Agostini et al. (2014)
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supports evidence that high rates of change of Stokes strain,
not the Stokes stain itself (0w /dy) drives the drag reduction,
corresponding to the phase where the wall motion changes
direction.

A third spanwise actuation scheme is a pure spatial forc-
ing, which has been the focus in a small number of numeri-
cal studies (e.g. Viotti et al. 2009; Yakeno et al. 2009; Skote
2013). Forcing is imposed in this case in the form of a stand-
ing wave (SW), by applying a steady wall velocity that varies
in the streamwise direction:

W, (x) = Asin <2—”x> (1)
A’X

in which A is the spanwise velocity amplitude, and 4, is the
streamwise wavelength of actuation. The oscillatory span-
wise forcing of the flow is in this concept achieved con-
vectively, as the flow travels over the regions of alternat-
ing forcing direction. SW forcing was first introduced and
numerically studied by Viotti et al. (2009), revealing an opti-
mum DR of 45% around A} = 1000 — 1250 (A} = Auo/v)
at AT = 12. The optimum NPS of 23% is found at a lower
amplitude of A* = 6, resulting from the balance between DR
and input power requirements. Although SW forcing was
not their primary focus, the experimental study of Auteri
et al. (2010) realised spatial forcing when their pipe flow
setup was actuated under steady conditions. Apart from this
study, no experimental realisations of SW forcing have been
reported.

Despite the theoretical promise of achieving positive NPS
through spanwise forcing, as an active flow control method,
this technique faces challenges due to its complex system
architecture and substantial physical power requirements.
Nevertheless, we contend that spanwise forcing could offer
substantial energy-saving potential in practical applications
when implemented in a passive manner, e.g. by means of
oblique wavy walls (Ghebali et al. 2017) or dimpled surfaces
(van Nesselrooij et al. 2016). In this regard, a fundamental
understanding of the underlying flow physics responsible for
the drag reduction, and the important forcing mechanisms,
can advance the development of passive flow control tech-
niques for said purpose. Specifically, spatial forcing is most
appropriate for this, since it is most analogous to a passive
counterpart.

This work is motivated by the need to study spatial
spanwise forcing at a fundamental level. Furthermore, we
address the sparse attention devoted to SW forcing so far,
especially experimentally. We present a proof of concept for
an experimental realisation of such forcing in an external
boundary layer flow. The concept was inspired by the experi-
ment of Kiesow and Plesniak (2003), who employed a single
spanwise running belt to study the response of the turbulent
boundary layer to a steady spanwise crossflow. Extending
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their idea, the turbulent boundary layer is forced by a series
of belts running in alternating spanwise directions, so as to
generate a steady spatial square-wave wall boundary condi-
tion. The objective of the current study is to present the
experimental concept and to subsequently discuss its associ-
ated flow control potential. The flow modulation effects are
characterised using stereoscopic particle image velocimetry
(SPIV), in terms of the turbulence statistics, an extended
model of the classical SSL theory to account for the non-
sinusoidal waveform, and its DR and NPS performance.

2 Experimental methodology

Experiments were performed in a low-speed wind tunnel of
the Delft University of Technology at a freestream velocity
of U, =~ 6.7 m/s and a freestream turbulence intensity of
the order of 0.7%. The open-return tunnel has a test section
with a cross-section of 0.4 m X 0.4 m. A clean turbulent
boundary layer was generated on a horizontally oriented flat
plate with an elliptical leading edge and tripped using car-
borundum roughness (24 grit), achieving a turbulent devel-
opment length of 3 m. The experimental setup was placed
in an open-jet configuration, behind and flush with the test
section. A graphical representation and photograph of the
experimental configuration is given in Fig. 1. A temperature

Surface plate
Belts

Pulley and driving

axis assembly
Tensioning system.

(©) -

PTFE guide block
Integrated servo motor

sensor and Pitot-static tube were used to monitor ambient
conditions and freestream velocity. Given the limited field
of view (FOV) of the SPIV experiment, the reference bound-
ary layer thickness under non-actuated conditions was char-
acterised over its full height using hot-wire anemometry.
The hot-wire probe was positioned 3-mm downstream of
the actuation surface. The boundary layer characteristics for
the current experiment are 6 = 67 mm and u,, = 0.27 m/s,
yielding a friction Reynolds number of Re, = 1230.

2.1 Steady spanwise excitation setup

The experimental setup, that will be referred to as the steady
spanwise excitation setup (SSES), was designed to realise
SW forcing experimentally in an external boundary layer
flow. Four streamwise-spaced, spanwise running belts run
in alternating direction so as to generate a spatial square
waveform. This waveform, along with other non-sinusoidal
waveforms, has been previously investigated for OW forcing
using DNS by Cimarelli et al. (2013). Their study revealed
that the square wave outperformed all other waveforms in
terms of DR. However, in terms of NPS, the sinusoidal
waveform still showed optimal performance, as a result of
the substantially higher power requirements for the square-
wave forcing. The use of a half square waveform was inves-
tigated numerically by Mishra and Skote (2015) motivated

y Cameras - __

6 FOV2 -
X

Carborundum 3m
trip

Actuation surface

Laser
head

Fig. 1 a Schematic representation of the SSES mechanism and its placement with respect to the wind tunnel exit. Arrows on the belts indicate
their respective rotation directions. b Photograph of the experimental configuration. ¢ Graphical representation of the SPIV experiment
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by their potential for reduced power requirements. From
that point of view, the optimal NPS of 18% was found at
A* = 10, which is marginally lower than the optimum 23%
found by Viotti et al. (2009).

A schematic representation of the experimental apparatus
and its constituting components are presented in Fig. 1. The
experimental setup is equipped with four 9-mm wide neo-
prene belts, extending over a spanwise extent of 256 mm.
The streamwise separation of 2 mm between the belts is
kept to a minimum while considering the mechanical fea-
sibility of the design. We define the start of the waveform,
and the origin of the coordinate system, at 1 mm (i.e. half
the streamwise separation) upstream of the first belt. The
belts are embedded in an aluminium surface plate so as to
run flush with the wall. In addition, the belts are guided by a
PTEFE strip to constrain the belts to the surface grooves. The
grooves are precisely machined to strict tolerances, with a
maximum gap and step size of 50 um (0.9v/u,). The belts
are driven by a non-slip pulley system, which allows for
individually controlling the rotation direction of the belts.
An advantage of the current experimental setup is the inde-
pendent control over the actuation parameters, A* and 47,
whereas the amplitude and period are coupled in OW and
TW forcing that is realised using oscillatory elements at a
fixed displacement amplitude. A" is directly controlled by
setting the belt speed, while ¥ can be changed by either
altering the viscous scaling parameters (notably, the friction
velocity through the freestream speed) or through chang-
ing the physical wavelength by adapting the rotation direc-
tions of the individual belts. It is worth noting that the latter
option introduces a non-perfect square waveform due to the
non-actuated transition regions of 2 mm between belts. Due
to the limited extent of the actuation surface, a parametric
study into changing the physical wavelength is considered
beyond the scope of the current research. The experimental
apparatus is powered by two iHSV60 integrated AC servo
motors that drive the belts in either positive or negative span-
wise direction. The motors have an adjustable feedback con-
trol loop for a fixed belt velocity output, with a maximum
spanwise velocity of 6 m/s.

The wall-normal belt vibration and displacement were
characterised using a PSV-500 Poltec scanning vibrometer.
The wall-normal velocity was measured at fourteen sampling
points over the four belts, for 10 s at a sampling frequency
of 1 kHz. The displacement was subsequently obtained by
integrating the velocity signal. For the considered opera-
tional range of the experimental setup, the standard devia-
tion of the displacement was between 0.03 and 0.08 mm
or (0.5 —1.4v/u,). In addition, no significant impact of
the wall-normal displacements was observed in the SPIV
experiment.

@ Springer

2.2 Stereoscopic particle image velocimetry

SPIV was used to obtain the three velocity components in
the streamwise—wall-normal (x — y) plane. The measurement
details are outlined in Table 1. Each measurement consists
of 1000 uncorrelated velocity fields, separated by approxi-
mately 10 boundary layer turnovers (6/U,,), acquired at a
frequency of 10 Hz. Two digital LaVision sSCMOS cameras
were placed on either side of the laser sheet in a back-scatter
configuration. Two fields of view are considered. FOV1 was
employed to assess the spatial development of various tur-
bulence statistics, covering the four belts, spanning 46.5 mm
X 17.5 mm, in the streamwise and wall-normal direction,
respectively. To obtain ensemble averaged turbulence sta-
tistics at high spatial resolution, a smaller FOV2 was used,
centred over the central two belts, with a size of 24 mm X
14.5 mm. Imaging was performed using Nikkor AF-S 200-
mm lenses, with Kenko Teleplus PRO 300 2x teleconverters,
at an aperture of f/11. The cameras were oriented at +30°
with respect to the laser sheet normal. Scheimpflug adapters
were used to ensure uniform focus across the FOV. Illumina-
tion was provided by a double-pulsed Quantel Evergreen 200
laser, with a 100 mJ/pulse power setting. A combination of
cylindrical and spherical lenses was used to create a laser
sheet with an approximate thickness of 1 mm. Seeding was
injected at the wind tunnel inlet by a SAFEX Fog 2010+ fog
generator to create 1 um tracer particles from a water—glycol
mixture. A graphical representation of the PIV experiment
is depicted in Fig. 1.

Stereo calibration was performed to transform the images
to physical coordinates. Additionally, self-calibration was
performed to reduce the calibration fit error to below 0.25
pixel. The image pre-processing involved two procedures,
subtracting the minimum over time from a set of five images,
and a normalisation with the local average using a 10-pixel
kernel. For each camera, the instantaneous two velocity
component fields were obtained using cross-correlation,
with a 16 X 16 pixels? Gaussian windowing function at 75%
overlap. The resultant velocity fields of the two cameras
were combined to obtain the 2D3C velocity field by a least
squares fitting approach. The average stereo reconstruction
error was approximately 1 pixel.

From FOV2, wall-normal profiles of the turbulence statis-
tics were obtained by ensemble averaging (denoted by (.)), in
time and streamwise direction, spanning 0.5 < x/4, < 1.5.
This method allows us to assess the integral effect of actua-
tion over one streamwise actuation wavelength. The wall-
normal profiles are thus averaged over 1000 points in time,
and subsequently over 623 points in the streamwise direc-
tion, for a total of 623 000 samples per wall-normal point.
The uncertainty of the profiles was quantified following the
method of Sciacchitano and Wieneke (2016). The num-
ber of uncorrelated samples, i.e. every fourth element in
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Table 1 Measurement parameters of the SPIV experiments

Seeding

INlumination

Cameras

Camera orientation (°)

Number of recordings

Recording frequency (Hz)

Pulse delay (ns)

Aperture

Post-processing method
Interrogation window size (pixels?)

1 nm water-glycol droplets
Nd:YAG, 532 nm, 2 x 200 mJ (50% power setting)
sCMOS, 2560 x 2160 pixels?, 6.5 pm pixel, 16 bits
430 (with respect to laser-sheet normal)
1000
10
23
£/11
Cross-correlation
16 x 16, circular, 75% overlap

FOV1 FOV2
Focal length (mm) 200 400 (200mm lenses, 2x teleconverters)
Field of view (mm?) 46.5 x 17.5 24 x 14.5
Resolution (pixels/mm) 60 113
Magnification factor 0.39 0.73
Observation distance (mm) 510 540
Vector pitch (mm) 0.067 0.035
Vector pitch (v/u-o) 1.2 0.64
Calibration fit error (pixels) 0.029 0.245
Stereo reconstruction error (pixels) 1.00 1.00

the streamwise direction to account for the 75% overlap.
The uncertainties for the non-actuated case, at y* = 15, are
0.069% and 0.36% for the mean streamwise velocity and
streamwise Reynolds stress, respectively.

2.3 Boundary layer fitting and performance metrics

To obtain the viscous scaling characteristics under drag-
reduced conditions, the measured velocity data in the region
of 2 < y* <5 are fitted to the theoretical relation u* = y*.
Here, u, and a wall-normal offset Ay are used as fitting vari-
ables. To account for the change in Ay, the bounds of the fit
are updated in an iterative manner until convergence; usu-
ally 2-3 iterations were found to be sufficient. The maxi-
mum standard error of u, was 0.55%. For the non-actuated
case, u,q agrees within 0.98% to the value obtained from
using the composite profile of Chauhan et al. (2009), using
the log-layer parameters of x = 0.384 and B = 4.17 (Nagib
and Chauhan 2008). Further details regarding the fitting
accuracy are elucidated in Sect. 3.3. The DR, defined as the
reduction in mean wall-shear stress, can now be expressed
in terms of u_ according to:

2
DR (%) = 29— 5 100 = <1 - <“—> )x 100. ()
Two U

The theoretical power requirement for the forcing, given in
Eq. 3, is governed by the spanwise wall-shear stress required

to drive the Stokes layer. The input power is subsequently
normalised by the power to drive the non-actuated flow.

L v(0w/ay)|,_oAdx
P, (%) = X7 >dx x 100. 3)

quO ©0

The NPS given in Eq. 4, is then defined as the difference
between the power saving in terms of DR and the input
power. Equation 3 reveals a quadratic proportionality with
amplitude, i.e. P,, o« A2, which explains that the NPS shows
an optimum as a function of A when assessing the NPS,
compared to a monotonically increasing DR trend.

NPS (%) =DR - P,. 4)

2.4 Laminar solution of the spatial Stokes layer
for an arbitrary waveform

An extension of the laminar SSL model is required to
allow for the representation of an arbitrary waveform of the
spanwise wall velocity. The classical Stokes layer solution
is derived from the z-momentum equation of the laminar
boundary layer equations, under the assumption that the
characteristic wall-normal length scale (6,) is small com-
pared to the outer scale. Full details on the derivation can be
found in Viotti et al. (2009). The solution corresponding to
a harmonic actuation waveform reads as follows:

@ Springer
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W(x,y) = AC,Re [eikﬂAi <—;le—i4”/ 3 >] , 5)
with
y 1/3
S5, = :
* < kxuy,O > (6)

where C, = Ai(0)~! is a normalisation constant, Ai is the
Airy function of the first kind, Re indicates the real-valued
component, i is the imaginary unit, k, is the streamwise
wavenumber, and u,, is the slope of the streamwise velocity
profile at the wall. We now adapt the SSL solution to account
for an arbitrary waveform, following the approach taken by
Cimarelli et al. (2013) for the TSL. The linear nature of
the governing equation allows for a superposition of various
harmonics to make up the desired waveform. In line with
their approach, the waveform describing the wall motion is
expressed in terms of a Fourier series:

+co
W,()=A Y B,e"m, 0)
where B,, is the complex coefficient, and k » is the wavenum-
ber, associated with the n* Fourier mode. The corresponding
penetration depth is defined as follows:

1/3
6”:( ” > =50 ', ®)
’ kxnuy’o

Substituting this and superimposing the elementary solu-
tions, the SSL for an arbitrary waveform is then found as
follows:

w(x,y) =

v iy ©)
ikanx Ax [ _ —i4r/3
AC, E Re [Bne A1< =Tz e >] .

n=—0oo

3 Experimental results and discussion

The SSES was used in a configuration where the belts move
in alternating spanwise direction, resulting in the sequence
of two square waveforms with A4, =22 mm and a viscous
wavelength of A* =397. The corresponding actuation
parameters are presented in Table 2. The belt configuration
indicates the spanwise motion direction of each of the four
belts, according to the rotation direction of the driving sys-
tem. The + and — signs dictate a respective positive and
negative rotation. The first section discusses the modification
of the turbulence statistics resulting from spanwise forcing,
examining both x — y scalar fields and wall-normal profiles

@ Springer

Table2 Overview of the belt configurations and their corresponding
actuation parameters

Configuration A (m/s) A, (mm) ATt At
Non-actuated - - - -

+ - +- 0.57 22 2.1 397
+ - +- 1.13 22 43 397
+ - +- 1.70 22 6.4 397
+ - +- 2.27 22 8.5 397
+ - +- 2.83 22 10.6 397
+ - +- 3.40 22 12.7 397
+ + +4+ 3.40 - 12.7 -

that result from integration over one streamwise phase. An
additional case is considered to highlight the importance of
periodicity in the spanwise forcing direction. To address this
point, we include a configuration with constant belt move-
ment in the positive spanwise direction, i.e. the configuration
+ + + +. For the nominal configuration (+ — + —), we
elaborate on the model of the modified SSL and compare it
to the experimental results. Finally, we present the perfor-
mance characteristics of the experiment in terms of DR and
theoretical NPS.

3.1 Turbulence statistics

We discuss the actuation impact on the turbulence statis-
tics at the hand of streamwise—wall-normal scalar fields in
FOV1, comparing the non-actuated case with the actuated
case at AT = 12.7. Subsequently, the ensemble-averaged
wall-normal profiles over the central phase from FOV2
are presented. Under periodic forcing, the total spanwise
stress is decomposed into a stochastic component (w'") and
a phase-wise component (W), according to w' = w" + W.
Here, the phase-wise component corresponds to the span-
wise velocity component induced by the spanwise forcing
(i.e. the SSL). The turbulence statistics profiles also reveal
the trends with spanwise velocity amplitude, A*™ ~ 2 — 12.
To highlight the absolute changes with respect to the non-
actuated case, reference scaling with u_ is applied unless
otherwise specified.

3.1.1 Streamwise-wall-normal scalar fields

The scalar fields of the turbulence statistics, in terms of the
three mean velocity components and a selection of higher-
order turbulence statistics, are presented in Figs. 2 and 3.
A general remark applies to all scalar fields, which high-
light the presence of spurious measurements in the near-
wall region, reflected by the strong peaks centred around
the belts’ leading and trailing edges. It is postulated that
these peaks arise from unsteady laser light reflections on



Experiments in Fluids (2024) 65:65

Page7of16 65

the edges of the spanwise slots of the aluminium surface
plate through which the belts traverse. Despite attempts to
remove these artefacts, the reflections could not be filtered
completely from the SPIV images in image pre-processing,
consequently impacting measurement results in the near
vicinity of the wall. The spanwise stress is particularly
affected, which is believed to originate from a slight varia-
tion in the spanwise location of the reflection between image
pairs, while maintaining an approximate fixed x — y position,
thus primarily correlating as spurious spanwise fluctuations.
Nevertheless, the spurious data are contained very close to
the wall, in the region y* 5 10, while the other scalar fields
are minimally affected. This is also revealed from the tur-
bulence statistics profiles in Fig. 6: When streamwise aver-
aging is applied, only the spanwise stresses in the region
y* < 10 are significantly increased. For completeness and
transparency about the experimental data, we include all
data y* > 2. However, we stress that the data in the affected

regions should be regarded with caution, especially the span-
wise stress.

The scalar fields of the mean streamwise velocity are
depicted in Fig. 2a,d, for the non-actuated and actuated case,
respectively. In the near-wall region, y* < 15, the non-actu-
ated case exhibits a heterogeneous distribution of the stream-
wise velocity, reflecting minor changes in local skin friction.
This variation is believed to result from the experimental
implementation, involving step changes in roughness (i.e.
the belts) and the 0.9v/u,, wide spanwise grooves, which
can slightly modify the local skin friction. Under actuation,
the near-wall contour lines show an upward movement in
the streamwise direction, indicating a thickening of the vis-
cous sublayer and buffer layer. This observation aligns with
earlier findings on spanwise forcing (Baron and Quadrio
1996). Figure 2b,e displays the mean wall-normal velocity.
Apart from the previously mentioned spurious measure-
ments, a nominally zero mean flow is observed. Similarly, a
zero mean spanwise velocity can be observed, see Fig. 2c.f,

64’ m+
—10 0 10
x/6
0.2 0.4 0.6

102

10!

T TTTTT

———aaam

Fig.2 Scalar fields of the mean streamwise velocity (a,d), the mean
wall-normal velocity (b,e), and the mean spanwise velocity (c,f), for
the non-actuated case (top row) and actuated case (bottom row) at
At =12.7. The grey-shaded regions indicate the belt locations and

Lol
T T T TTTTT]
Lol

s | 11111

their respective in-plane moving direction; — indicates no rotation,
whereas © and ® denote the positive and negative spanwise direction,
respectively
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Fig.3 Scalar fields of the streamwise stress (a,d), the stochastic spanwise stress (b,e), and the pre-multiplied production of turbulence kinetic
energy (c,f), for the non-actuated case (top row) and actuated case (bottom row) at At = 12.7

except for the near-wall flow in the actuated case. Here, posi-
tive and negative contours reflect the spanwise shear layer
resulting from the alternating spanwise wall movement. Cen-
tred over the belts, the contours are proportional to +A™,
with the spanwise velocity decreasing when moving in the
positive wall-normal direction, reaching approximately zero
at y* = 25. Additionally, the contours show a forward incli-
nation. This behaviour qualitatively aligns with scalar fields
of the Stokes layer, as discussed by Viotti et al. (2009) and
Agostini et al. (2014). Further discussion on the spanwise
velocity profiles and a comparison to the modified SSL
model is presented in Sect. 2.4.

Figure 3a,d shows the scalar fields for the streamwise Reyn-
olds stress. In the non-actuated case, a distinct energetic peak
is evident at the characteristic location y* ~ 15. Despite some
minor variation, the energy peak remains constant in magni-
tude, location, and peak width, over the streamwise extent.
Upon actuation, the stress is minimally affected upstream of
the actuation surface. In the streamwise direction, however, a
significant reduction in the near-wall stress peak is observed
over the first belt already. This reduction is followed by a more
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gradual transition over the second belt to an equilibrium energy
state from x/ 4, = 0.75 onward. Accordingly, the streamwise
stress peak is shifted in the positive wall-normal direction,
which is consistent with earlier observations by Ricco and Wu
(2004). Examining the (stochastic component of the) spanwise
stress in Fig. 3b,e, a moderate reduction in energy is noted in
the logarithmic region, with the energetic peak shifting to a
higher wall-normal location.

Lastly, we consider the production of turbulence kinetic
energy (TKE), which is defined as follows:
P;= —ul’u]’% ~ —Wg—u. (10

'j y
In a non-actuated boundary layer, assuming spanwise homo-
geneity and quasi-homogeneous development in the stream-
wise direction (i.e. d/0z = 0, d/dx =~ 0), coupled with the
approximations v = w = 0, the TKE production simplifies
to P = —u'v'du/dy. When spanwise forcing is introduced
(0/0x # 0and w # 0), the additional production components
for the actuated case were found to be an order of magnitude
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lower in regions unaffected by spurious fluctuations. Con-
sequently, we only consider the dominant production term
expressed by Eq. 10, for both non-actuated and actuated
cases. The scalar fields in Fig. 3c,f depict the premultiplied
form of TKE production (y*P*). In the non-actuated case,
the production exhibits the characteristic peak in the near-
wall region. Under actuation, the response is similar to that
of streamwise stress u'2, albeit with an even shorter spatial
transient. The production is significantly reduced over the
first belt, and the characteristic peak is strongly attenuated
and shifted in the positive wall-normal direction. An approx-
imately steady-state response is established from the second
belt onward.

3.1.2 Modification of the turbulence statistics by constant
spanwise forcing

We have discussed the modification of the first- and second-
order turbulence statistics by steady spatial periodic forc-
ing. To highlight the importance of periodicity in spanwise
forcing direction, the following subsection will elucidate

the qualitative response of the turbulence statistics to con-
stant spanwise forcing, i.e. when all belts are moving in
the same spanwise direction. Furthermore, this configura-
tion is closest to the experiment of Kiesow and Plesniak
(2003), who investigated the physics associated with a planar
shear-driven three-dimensional turbulent boundary layer by
employing a single spanwise running belt. Contrary to the
findings for spatial periodic forcing, the authors observe an
increase in both normal and Reynolds shear stresses, associ-
ated to an increase in TKE production. It should, however,
be noted that there are distinct differences to their work:
firstly, their larger 13-cm streamwise extent of forcing, and
actuation at higher (outer-scaled) spanwise velocities of
W,,/Uy, =1 —2.75. Furthermore, the turbulence statistics
were only investigated in the region surrounding the trailing
edge of the actuation surface, whereas our work is focused
on the initial transient.

Figure 4 depicts the scalar fields of the mean spanwise
velocity, the streamwise normal stress, and the premulti-
plied TKE production, for the previously discussed case
of alternating forcing and the case with constant spanwise

yt Pt
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Fig.4 Scalar fields of the mean spanwise velocity (a,d), the streamwise stress (b,e), and the pre-multiplied production of turbulence kinetic
energy (c,f), for the nominal configurations: + — + — (top row) and constant forcing + + + + (bottom row) at At = 12.7
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forcing. The contours of spanwise velocity, Fig. 4d, show
the effect of the non-perfect waveform when a multitude of
belts is rotated in the same direction. In the 2-mm transi-
tion region between belts, close to the wall, the spanwise
velocity partially recovers to a lower value. This effect is
not observed above y* > 10, where the contours of the dif-
ferent belts merge. It can also be observed that the spanwise
shear layer penetrates to a higher wall-normal location under
constant forcing. Assessing the higher-order turbulence sta-
tistics (Fig. 4e,f), the initial transient reveals a close match
with the initial transient of the spatial periodic case. How-
ever, the attenuation is followed by a gradual increase in the
streamwise TKE and the production of TKE. This is in con-
trast with the steady energy state obtained for the oscillatory
forcing. The difference can be explained by the absence of a
significantly strong Stokes strain rate, following the notion
of Bradshaw and Pontikos (1985) and Agostini et al. (2014).
It is hypothesised that over a long enough streamwise extent,
the turbulence statistics will reestablish to their non-actuated
state, and possibly increase, as in the experiment by Kiesow
and Plesniak (2003). However, this fact cannot be verified,
due to the limited spatial extent of the actuation surface and
the SPIV experiment, and is deemed outside of the scope of
the current investigation.

3.1.3 Wall-normal profiles

To further quantify the flow modulation effect of the
spanwise forcing on the near-wall turbulence, we present
in this section wall-normal profiles of various turbulence
statistics. We consider the case /1; = 397, with increasing
At = 2.1 —12.7. The statistics are obtained from FOV?2,
zoomed in on the central two belts, by streamwise averag-
ing over one complete phase, i.e. 0.5 < x/4, < 1.5; the latter
is indicated by the (.) operator. From the previously dis-
cussed scalar fields, it can be concluded that the turbulence
statistics show a minimal initial transient in the considered
streamwise domain. Consequently, this methodology allows
the assessment of the integral impact of actuation over one
streamwise actuation wavelength.

The mean streamwise velocity profiles are shown in
Fig. 5a,b, in scaling with either the reference or the actual
friction velocity, respectively. Scaling with u,, reveals a
reduction of mean velocity below y* < 15, which is posi-
tively correlated with A*. This reflects a reduction of the
near-wall velocity gradient, directly indicative of a drag-
reduced state. The behaviour is consistent with the previous
studies on spanwise forcing (Ricco and Wu 2004; Gatti and
Quadrio 2016). To further emphasise this effect, scaling with
u, is considered. The profiles now show similarity in the
viscous sublayer, with an upward shift (i.e. AB > 0) of the
logarithmic region under actuation, which is again consist-
ent with a reduction in skin friction, as will be discussed
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in Sect. 3.3. The velocity profiles, specifically noticeable
in Fig. 5a, reveal an overshoot of the velocity profile in the
region 20 < y* < 40 compared to the non-actuated case.
These results are in line with the conceptual model of Choi
(2002), which suggests that this modification of the stream-
wise velocity profile is due to an induced negative spanwise
vorticity. This behaviour is also reflected by the converging
contour lines in Fig. 2d for the range 10 < 7" < 15.

The higher-order turbulence statistics in terms of the vari-
ance profiles for the three velocity components, the Reynolds
shear stress, and the TKE production are depicted in Fig. 6.
Assessing Fig. 6a, we observe that upon actuation, the
streamwise stress is attenuated in the region up to y* =~ 100,
and that the near-wall peak is shifted to higher wall-normal
positions. In line with the DR behaviour inferred from the
mean velocity profiles (Sect. 3.3), the effect is correlated
with A*. The most significant reduction is found in the near-
wall stress peak, which is centred around y* = 15 for the
non-actuated case. The near-wall peak shows a 45% reduc-
tion in magnitude for the maximum value of A* considered.
This response is consistent with earlier experimental obser-
vations of drag-reduced flow under spanwise forcing (Laad-
hari et al. 1994; Ricco and Wu 2004). The stresses (v'2)* and
—(u'V')*, in Fig. 6b,c, reflect similar behaviour, where the
profiles shift to higher wall-normal locations and attenuation
is most significant close to the wall.

The total spanwise stress, in Fig. 6d, shows a strong
increase in the near-wall region (note the log-log scale), as
a direct consequence of the phase-wise fluctuating compo-
nent (i?)*. This component corresponds to the streamwise
variation of the Stokes profiles; hence, the peak’s magni-
tude is proportional to A*2. When the phase-wise compo-
nent is subtracted, the stochastic stress is obtained, which
is depicted in Fig. 6e. This component also highlights the
influence of the aforementioned spurious fluctuations, which
strongly increase the apparent fluctuations in the region
y* < 10 and which is correlated to the actuation amplitude.
In agreement with the other stresses, we observe that under
actuation, the (w”?)* profiles are shifted in the wall-normal
direction and show a minor energy reduction up to a height
of about y* ~ 100.

Lastly, we discuss the premultiplied TKE production, in
Fig. 6f. Actuation significantly reduces the peak in the buffer
layer, and again, the profiles are shifted to a higher wall-
normal position, similar to the streamwise Reynolds stress.
For A* = 12.6, a reduction of integral TKE production, over
the considered wall-normal region, of 39% is found.

3.2 Comparison to the modified spatial Stokes layer
We now address how the experimentally realised forc-

ing relates to the theoretical Stokes layer by comparing
measured spanwise profiles to the model of the modified
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Fig. 5 Mean streamwise velocity profiles a scaled with u_, and b scaled with u_

SSL derived in Sect. 2.4. The periodic waveform, consist-
ing of two 9-mm regions actuated at +A, is prescribed by
ten single-sided Fourier coefficients. The 2-mm transition
between belts is approximated by a linear increase from —A
to A to prevent Gibbs phenomena. We investigate the case

for At = 12.7 from FOV?2, discuss the scalar field of #, and
subsequently the spanwise velocity profiles at various loca-
tions. The half-phase (EX = A,/2) is used to normalise the
streamwise location, to ensure that the same value after the
decimal point indicates the same location on the half-phase.
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Fig.6 a,b Streamwise and wall-normal Reynolds stresses and ¢ Reynolds shear stress. Spanwise stress is decomposed in d total spanwise stress
and e the stochastic component. f Premultiplied production of turbulence kinetic energy. Legend is depicted in Fig. 5
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Figure 7 shows contours of Ww/A as obtained from the
experiments, while the black contour lines depict the

30

Fig.7 Contours of w/A at A* = 12.7, for the experiments (filled) and
the theoretical model of the modified SSL (black lines), contour lev-
els range +1 with a level step of 0.1, zero-contours are indicated by
the dashed line

analytical model of the modified SSL, for one phase. The fig-
ure reveals a strong qualitative agreement between the model
and the experimental data. Close to the wall (y* < 10), the
contours +w/A > 0.3 exhibit good agreement between the
experimental results and the theoretical model. However,
in the region y* > 10, the experiment diverges from the
theoretical model. Specifically, the contour +0.1 pertains to
higher wall-normal heights and has an increased streamwise
inclination.

To further quantify the response of the Stokes layer, span-
wise velocity profiles extracted at three locations for each
half-phase (i.e. belt) are presented in Fig. 8a. The experi-
mental profiles are subjected to streamwise averaging across
a x + 0.1 mm range. It is observed that the profiles resemble
a clear Stokes-like layer, with a steep spanwise velocity gra-
dient at the wall, followed by an overshoot around y* ~ 10,
after which it decays to zero at y* ~ 25. This behaviour
qualitatively aligns with the SSL model, subject to Eq. 1,
at moderate wavelengths (Quadrio and Ricco 2011; Viotti
et al. 2009). Some small degree of asymmetry between the
two half-phases is noticeable, possibly attributed to a spatial
transient of the SSL, which has only experienced actuation
over one half-phase upstream of the FOV. This behaviour
can also be observed from the scalar field in Fig. 7.
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Fig.8 Spanwise velocity profiles at A*™ = 12.7, where the colour
denotes the location on the half-phase. Experimental data plotted
with solid lines, modified SSL displayed for the same colour indi-
cated with a dashed-dotted line. a Profiles over the belts at three loca-
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tions per half-phase, b a detailed view of the profiles over the first
half-phase, and c five linearly spaced profiles in the transition region
between belts
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Fig.9 Near-wall streamwise velocity data and their corresponding
linear fit. From left to right are the non-actuated case and the actu-
ated cases AT = 2.1 — 12.7 in increasing order, the previous colour
scheme and markers are adopted (legend is depicted in Fig. 5), and

To make a comparison to the theoretical model for the
modified SSL, the first half-phase is highlighted in more
detail in Fig. 8b. The experimental profiles match the theo-
retical model quite well, with an almost exact match in the
region y* < 10. The slope of the spanwise velocity pro-
file is in line with the model and decreases when moving
downstream over the belt. Hence, the model can be used
to estimate the power input required to drive the spanwise
flow, which is calculated from the integral spanwise wall-
shear stress (i.e. & (dw/ dy)ly=o)- We used this approach to
estimate the input power, allowing the calculation of the
NPS; a further discussion on these outcomes is presented
in Sect. 3.3. As was shown in the scalar field of Fig. 7, the
experimental data beyond y* = 10 start to divert from the
theory. The overshoot of the experimental profile is larger
in magnitude, presents at higher wall-normal locations, and
penetrates deeper into the boundary layer. These differences
may be attributed to the effect of turbulent flow further away
from the wall, in contrast with the laminar flow assumption
of the SSL model.

The idealised model, furthermore, deviates from the prac-
tical realisation by linearly transitioning between half-
phases, instead of the abrupt changes and the zero spanwise
wall velocity in the transition region. To assess the effect of
this choice, five linearly spaced profiles spanning
19< x//Alx <2.1in the transition region are studied, as
depicted in Fig. 8c. In the region y* < 10, a good match
between the model and the experiment can be observed.
Close to the wall some variation between the two can be
observed, but it should be noted that the transition region
below y* < 10 is the region affected by the spurious meas-
urements. The penetration depth is defined as the wall-nor-
mal location where the phase-wise standard deviation of W
reduces to Ae~!. The model and experimental values are
6t =35.0and 6:;@ = 4.7, respectively. At first glance, this

s,mod
result appears conflicting, since the experimental profile,

the cases are spaced with an increment of Au = 0.5 m/s. Dashed hori-
zontal lines indicate the fitting domain 2 < y* < 5. The linear fit is
indicated by the solid black lines, the shaded area represents the 95%
confidence bounds

specifically the overshoot, penetrates deeper into the bound-
ary layer. However, following the above definition, the pen-
etration depth is confined to the viscous sublayer. In this
region, the model shows a slightly higher variance, explain-
ing the small difference. Since there are only minor differ-
ences, we conclude that the current way of modelling the
Stokes layer can be applied with reasonable confidence to
estimate the power requirement to drive the spanwise flow.

3.3 Performance characteristics

Lastly, we discuss the drag-reducing performance achieved
with the experimental setup, we consider the cases associ-
ated with A7 = 397. Starting with the accuracy of the linear
fit used to obtain u,, which defines the DR. In Fig. 9, we
present the near-wall velocity data, which is employed for a
linear fit within the 2 < y* < 5 region, following the meth-
odology outlined in Sect. 2.3. The fitting domain, containing
4-5 data points, was selected to capture a significant portion
of the linear region while excluding wall-biased data. The
theoretical linear relation u™ = y* starts to deviate from the
mean velocity from y* ~ 4 onwards. The selection of the
domain 2 < y* < 5was made as a trade-off between accuracy
and uncertainty of the fit (i.e. number of points). In addi-
tion, we observed no significant differences in the fit (hence,
DR) when employing the smaller domain 2 < y* < 4. It is
important to note that for determining the friction velocity,
we utilise the streamwise ensemble-averaged velocity pro-
files. Similar to the approach used for turbulence statistics,
this provides us with an integral measure of the DR over
one streamwise phase. While the current methodology may
not offer the precision required for determining the absolute
wall-shear stress, we believe that it is suitable to investi-
gate DR in terms of relative differences with respect to the
non-actuated case. In future work, more direct methods for
determining the wall-shear stress may be considered, such as
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oil-film interferometry (Tanner and Blows 1976) or balance
measurements (Baars et al. 2016).

The tight 95% confidence bounds reflect the accuracy of
the fit, which improves slightly as A* increases. The stand-
ard error (SE) of the fit for u, ranges from 0.55% to 0.23%
from left to right in the figure (i.e. increasing A™). Applying
uncertainty propagation, we calculate the SE on the DR as
follows:

2 2
-2 —2u?
SEpg = ( 2”T100> SE2 +<TT100> SE2 . (11)
u T u 70

70 70

The 95% confidence interval is calculated using Student’s
t-distribution for small sample sizes. The sample size is dic-
tated by the degrees of freedom for the error, which is the
number of samples minus the order of the fit which is two
(i.e. fitting variables u, and Ay).

The performance characteristics of the experimental
apparatus are quantified in Fig. 10, where for reference, the
data of DR from the DNS of Viotti et al. (2009) are added,
subject to Eq. 1 with AT = 312 at Re, = 200. The experimen-
tally obtained DR increases monotonically at a decreasing
rate with A*, to a maximum value of 20%. Qualitatively,
this behaviour compares well to the DNS reference. The
alignment of trends with the DNS reference is a promis-
ing validation, offering support to the hypothesis that we
are effectively reducing drag through the spanwise forcing
mechanism. In absolute terms, the DR is lower than the
DNS reference. This is primarily attributed to the expected
streamwise transient of DR from the onset of actuation. As
shown by Ricco and Wu (2004), the DR rises to a maximum
over a streamwise extent of 3 — 45, whereas our measure-
ment domain extends over only 0.16 < x/6 < 0.50. To sup-
port this claim, it is conceivable to quantify the streamwise

40 T
40
30 |
S 1™ =
= z
A 1 —40 Z
10 |
-1 —60
o2 ‘ ‘
0 5 10

At

Fig. 10 DR (solid) and NPS (dashed) vs A* compared to the DR of
Viotti et al. (2009) for /1; = 312 (dotted), error bars indicate the 95%
confidence interval of DR
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transient of DR. However, this task is considered beyond the
scope of the current study, especially in view of the limited
streamwise extent of the current setup, and is suggested as
an area of exploration in subsequent research. Another fac-
tor which negatively impacts the performance, albeit only a
minor effect, is the higher Reynolds number for the experi-
mental conditions compared to Re, = 200 (Gatti and Quad-
rio 2016). Lastly, the experimental realisation of the SW
boundary condition may not perform to the same degree as
the idealised conditions imposed in the numerical studies.
The NPS is also indicated on the right axis of Fig. 10.
It should be noted that this is the theoretical NPS to drive
the Stokes layer; hence, it does not take into account any
mechanical losses of the driving system. As a function of A*,
the NPS reveals a decreasing trend, at an increasing rate. A
positive NPS is only observed at the lowest two amplitudes,
with a maximum of 1% at A* = 2.1. The maximum is fol-
lowed by a sharp decline to large negative values, reaching
a minimum of —60% for A* = 12.7. The behaviour results
from the balance between DR and input power (P;, o A*?).
The NPS is essentially zero or negative, whereas Viotti et al.
(2009) achieved an optimum of 23% at A* = 6. We believe
that the subpar performance is attributed to an overall lower
DR achieved, combined with the higher power requirements
associated with square-wave forcing (Cimarelli et al. 2013).

4 Concluding remarks

A proof of concept was presented for an experimental reali-
sation of spatial spanwise forcing in an external turbulent
boundary layer flow. The development of the experimental
apparatus was instigated by the limited attention given to
SW forcing so far, particularly in an experimental context.
Our concept employs a series of belts, rotating in alternating
spanwise direction, to create a spatial square-wave forcing.
We presented evidence that a strong flow control effect can
be achieved with the current experimental setup, in terms of
turbulence statistics and its associated drag reduction per-
formance metrics. Furthermore, the analytical model of the
modified SSL shows good agreement with the experimental
square-wave forcing.

Scalar field representations reveal that the turbulence
statistics exhibit a short spatial transient: The stresses and
production are already strongly attenuated over the first belt,
followed by a more gradual decrease to a steady-state energy
response over the second belt. This corresponds to a tran-
sient extent of the order of x/§ ~ 0.25 for the turbulence
statistics, which is much shorter than the transient distance
reported in the literature for the DR itself (which is of the
order of 3 — 46). Under actuation, the streamwise velocity
profiles show a reduction in the near-wall region, positively
correlated with A*. This indicates a thickening of the viscous
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sublayer, a qualitative feature of drag-reduced flow, aligning
with earlier observations on spanwise forcing. The Reynolds
stress profiles reflect attenuation up to a height of y* ~ 100
and are shifted to higher wall-normal locations. Specifically,
the streamwise stress peak shows a reduction of 44% at the
maximum spanwise velocity amplitude. Furthermore, for
this case, the integral TKE production is reduced by 39%.
General agreement between the analytical model of the
modified SSL and the experimental profiles was found,
showing an almost exact match in the region y* < 10. Fur-
thermore, the penetration depths of the two are in the same
order at 7 =5.0and §7__ =4.7. This leads us to con-
s,mod S,eXp
clude that the model can be used to estimate the theoretical
power input associated with the spanwise forcing.
Qualitatively, the DR trends are in line with the
expected trends from the literature, with a maximum of
20% within the parameter space investigated. This result
gives us confidence that the experimental setup is effec-
tively working on the spanwise forcing mechanism. The
lower DR margin is attributed to the limited spatial extent
of the current experimental setup. As a result of this lower
DR, combined with the elevated power requirements for
square-wave forcing, no significant positive NPS is found,
with a decline to negative values as A% is increased.
These findings offer perspective for future research into
the working mechanisms responsible for the DR by span-
wise forcing. A fundamental understanding of the under-
lying physics can advance energy efficiency in practical
applications, e.g. through its application in passive form
(Ricco et al. 2021). Extending the streamwise extent of
the actuation surface is foreseen as a valuable next step.
In such a setup, the spatial transient of DR and its full DR
potential can be quantified. Wider belts are also advised
to realise a larger viscous wavelength of the order of the
optimum value. The research may also benefit from a more
direct determination of the wall-shear stress, e.g. by oil-
film interferometry, to give more confidence in the per-
formance characteristics. Furthermore, the modified SSL
theory may hold potential for a predictive model for DR
and NPS, similar to those of Choi et al. (2002) and Cima-
relli et al. (2013).
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