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The alteration of the near-wall flow field of a turbulent boundary layer flow subjected
to spanwise travelling transversal surface waves at a friction Reynolds number Re; ~
1525 1is investigated. The results of a spatial noise-assisted multivariate empirical
mode decomposition reveal that this flow control method periodically induces near-wall
large-scale bursts while simultaneously lowering the energetic content of small-scale
features. The increasing occurrence of intense large-scale ejections in the near-wall region
is of particular importance for reducing the wall-shear stress since these ejections balance
large-scale sweeps originating from the outer layer. Thus, they corrupt the outer-layer
impact on the near-wall dynamics and, consequently, the overall fluctuation intensity
at the wall is attenuated. This disturbed top-down momentum exchange is highlighted
by an inner—outer interaction analysis, which further reveals an increased bottom-up
communication provoked by the large-scale ejections. Moreover, it is shown that the
periodic secondary flow field induced by the actuation interferes with the quasi-streamwise
vortices in the near-wall region. The velocity gradients of the secondary flow field
deform the vortices’ cross-section into an elliptic shape, which yields an unstable vortex
state resulting in vortex disintegration. In combination with the effect of the large-scale
ejections, the reduced number of quasi-streamwise vortices compared with the undisturbed
boundary layer flow results in a decreased wall-normal momentum exchange and the
widening and weakening of near-wall streaks. This yields a reduced fluctuation intensity
in the near-wall region that lowers the overall wall-shear stress level.
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1. Introduction

The interest in reducing friction drag via wall-shear stress reduction goes far back into
the last century (Vessey 1935; Weske 1939; Cornish & Boatwright 1960). The rising
awareness of environmental issues substantially increases the necessity to deliver effective
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drag reduction methods that meet the challenges of sustainability and conservation of
resources. For example, the fuel consumption in civil aviation scales almost linearly
with the aerodynamic drag at cruise conditions (Ricco, Skote & Leschziner 2021) and
even a small drag reduction can considerably reduce the required resources and the CO;
emissions making civil aviation more attractive and more sustainable than today. However,
state-of-the-art methods for drag reduction that actively manipulate the flow field are of
a rather academic nature and far from being implemented in standard aircraft. One key
aspect that impedes the exploration of the full potential of flow control techniques is the
incomplete understanding of the complex fluid dynamical processes that naturally occur in
turbulent wall-bounded flows. Furthermore, it is still under investigation as to how active
drag reduction methods manipulate the internal structure of the flow field to achieve drag
reduction. When both aspects are unambiguously revealed, flow control techniques can
be tailored precisely to any flow configuration and most efficiently yield the highest drag
reduction.

In the present analysis, the flow field response to an active flow control technique is
studied. We illustrate how this particular method interacts with the turbulent base flow
and which flow structures are actively suppressed or amplified to favourably modulate
the near-wall flow field to reduce the wall-shear stress. The findings substantiate the
understanding of which flow features are essential for maintaining the naturally occurring
turbulent state of the flow. Thus, from a physical perspective, the current study makes
an important contribution towards the ambitious goal of determining the mechanism that
leads to wall-shear stress reduction.

A recent review by Ricco et al. (2021) provides a comprehensive overview about all
findings of the last few decades related to active drag reduction methods that accelerate the
near-wall fluid in the transverse direction by imposing an unsteady and/or spatially varying
cross-flow. The most popular technique utilises streamwise homogeneous, spanwise wall
oscillations, which generate an unsteady spanwise shear layer that mimics a Stokes layer.
First numerical (Jung, Mangiavacchi & Akhavan 1992) and experimental (Laadhari,
Skandaji & Morel 1994) studies were reported in the early 1990s. Since then, fine-grained
optimisation with respect to the non-dimensional inner-scaled actuation parameters
typically at friction Reynolds numbers Re; < 1000 showed that the highest drag reduction
is achieved for an optimum forcing period of 7% & 100 yielding a Stokes layer thickness
of around y™ &~ 15-20. An increasing actuation amplitude yields higher drag reduction but
typically comes at the cost of negative net power savings, i.e. the power spent to actuate the
flow field is higher than the energy saving due to drag reduction (Ricco et al. 2021). Several
studies, e.g. Touber & Leschziner (2012) and Agostini & Leschziner (2014), suggest that
the periodically changing Stokes strain is responsible for the modification of the near-wall
streaks, which reduces the near-wall turbulence intensity and, thus, the wall-shear stress.

Another form of actuation involves streamwise travelling waves of spanwise wall
velocity (Quadrio, Ricco & Viotti 2009; Marusic et al. 2021; Skote 2022). Their efficiency
outperforms that of the spanwise wall oscillations at low Reynolds numbers yielding
higher drag reduction at maximum values of the order 45 % and net power savings of
around 20 % (Ricco et al. 2021). Unfortunately, a decline in efficiency with increasing
Reynolds number is observed (Gatti & Quadrio 2013, 2016), although the studied Reynolds
numbers are still far from representing realistic real-world scenarios. The explanation
for this effect is that the imprint of the outer layer on the near-wall dynamics increases
with rising Reynolds number, and thus approaches targeting the outer flow field become
more beneficial. In view of this, Marusic et al. (2021) demonstrated experimentally that
streamwise travelling spanwise surface oscillations yield a drag reduction of about 13 % at
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Re; ~ 12 800 with moderate net power savings. To achieve this, the actuation period was
set to Tt ~ 600, and even at TT ~ 1100 a drag reduction of 8 % was achieved. Unlike
traditional approaches those authors tailored their set-up, particularly the actuation period,
to influence the outer-layer large-scale structures instead of the near-wall flow field. This
procedure appears to have great potential in closing the current gap between academic
drag reduction techniques and application-specific requirements.

However, exploiting its full potential requires in-depth understanding of the physical
processes involved in the interaction between near-wall turbulence and the large-scale
structures located in the logarithmic region. This inner—outer interaction has already
been the subject of many studies (e.g. Marusic & Heuer 2007; Hutchins & Marusic
2007; Ganapathisubramani et al. 2012; Agostini & Leschziner 2014; Miiteling, Klaas &
Schroder 2020). It comprises the phenomena of superposition, bursting events, amplitude
modulation and frequency modulation. The superposition, also known as footprinting,
refers to large-scale footprints of the outer-layer structures that are found in the inner layer
(Hutchins & Marusic 2007). Bursting phenomena comprise sweeps and ejections, which
play an important role in the wall-normal momentum exchange. Amplitude and frequency
modulation refer to the observation that the amplitude and the frequency of the near-wall
small-scale structures are modulated by the corresponding quantities of the outer-layer
large scales (Ganapathisubramani et al. 2012). Recently, Miteling & Schroder (2022)
introduced an approach revealing the time-dependent properties of the spatial inner—outer
interactions using a two-dimensional (2-D), noise-assisted multivariate empirical mode
decomposition (NA-MEMD) to determine the involved large-scale structures. The 2-D
NA-MEMD simultaneously decomposes spatial velocity fields of the inner and the outer
layer into physically meaningful modes, which are sorted by the inherent scale size and are
continuous in time. Spatial features shared by different velocity components and across
varying wall-normal positions can be detected by the 2-D NA-MEMD, which is beneficial
for inner—outer interaction analysis.

Only few publications (Agostini & Leschziner 2018, 2021) can be found in which the
inner—outer interaction is analysed in drag-reduced flow. In view of its apparent relevance
for flow control at high, i.e. application-relevant, Reynolds numbers (Marusic et al. 2021),
there is a need for more investigations. Agostini & Leschziner (2018) studied the effect
of oscillatory spanwise wall motion with 7% ~ 100 at Re, ~ 1000 and attributed the
decorrelation between inner and outer layers to the influence of the unsteady transverse
Stokes strain in the viscous sublayer. A subsequent study (Agostini & Leschziner 2021)
addressed the asymmetric impact of positive and negative large-scale footprints that is also
observed in the non-actuated configuration (Agostini & Leschziner 2014). The authors
conclude that the amplified near-wall turbulence intensity in the presence of positive
large-scale footprints is responsible for the degradation in drag reduction efficiency at
increasing Reynolds number.

However, neither of those analyses highlight in detail how the inner—outer interaction
varies between the undisturbed reference and the actuated flow field and which physical
processes are responsible for the observed reduction in inner—outer coherence in the
presence of flow control. These questions are addressed in the present paper based on
a comparative analysis between a non-actuated base flow of a turbulent boundary layer
(TBL) flow at Re; ~ 1525 and the flow-controlled counterpart. In this study, the flow
is subjected to spanwise travelling transversal surface waves. That is, a sinusoidal wall
deformation is introduced which periodically travels in the spanwise direction. Turbulent
boundary layer flows subjected to these kinds of surface waves have been investigated both
experimentally (Tamano & Itoh 2012; Li et al. 2018, 2020) and numerically (Koh et al.
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2015; Albers et al. 2020; Fernex et al. 2020). The general trends indicate that a reduction
of the integrated wall-shear stress is achieved for larger wavelengths and amplitudes. In an
extensive parameter study, Albers et al. (2020) determined an optimum actuation period
of around 77 & 50 yielding a maximum drag reduction of 26 % for a friction Reynolds
number Re; = 360. The actuation wavelength was set to AT ~ 3000 and the actuation
amplitude to AT ~ 78. Further adjustments published in Fernex et al. (2020) yield an
even higher drag reduction of 31 % for AT &~ 5000, AT ~ 92, T™ ~ 44. In the present
investigation, a much higher Reynolds number Re; &~ 1525 is studied using the mentioned
actuation parameters from the former study (Albers er al. 2020) with a small adjustment
of the actuation amplitude.

The overall objective of the current study is to understand the mechanism behind the
altered near-wall flow field induced by spanwise travelling transversal surface waves.
A data-driven analysis is presented that reveals how the surface actuation interferes with
the turbulent base flow to reduce the wall-shear stress. The paper is organised as follows. In
§ 2, the computational set-up is briefly outlined. Section 3 gives an overview of the applied
methods, i.e. the 2-D NA-MEMD (§ 3.1), the inner—outer interaction analysis (§ 3.2) and
the vortex detection method (§3.3). This is the basis for the results presented in §4.
The basic properties of the actuated flow field are described in §4.1. Section 4.2 shows
how the application of the 2-D NA-MEMD yields first insights into the underlying flow
structure modification induced by the actuation method. The findings are supported by the
results of the inner—outer interaction analysis outlined in § 4.3, which highlights substantial
differences of the interactions occurring in the undisturbed and the actuated TBL flow. The
last cornerstone to understand the mechanism of wall-shear stress reduction is presented
in §4.4. It demonstrates how the secondary flow field, which is generated by the wavy
wall oscillations, interferes with the quasi-streamwise vortices (QSVs) in the near-wall
region. All the findings are summarised in § 4.5 to propose a hypothesis that explains how
spanwise travelling transversal surface waves change the near-wall flow field to lower the
wall-shear stress. Final conclusions are drawn in § 5.

2. Computational set-up

The non-actuated reference flat-plate TBL and the actuated TBL flows are simulated
by direct numerical simulations using the in-house flow solver m-AIA (multiphysics
Aerodynamisches Institut Aachen). The compressible Navier—Stokes equations are solved
on structured curvilinear meshes with a second-order-accurate numerical method. A more
detailed description can be found in Albers et al. (2020). A schematic of the computational
set-up of the actuated configuration is depicted in figure 1. The domain size is
Ly x Ly x L, = 6038, x 1018, x 15.88,, where &, is the momentum thickness at the
reference position x|, which is located at x/8> = 100. The quantities (x, y, z) denote the
streamwise, wall-normal and spanwise coordinate directions. Using inner units based on
the non-actuated reference flow at xp, i.e. a normalisation by the friction velocity u, and the
kinematic viscosity v, the domain size equals L x L x L = 110330 x 18480 x 2890.
If not stated otherwise, inner scaling is always conducted with the quantities of the
reference flow at xj.

The simulation is conducted at a Mach number M = 0.2. The friction Reynolds number
is Re; ~ 1525 and the momentum thickness-based Reynolds number is Res, ~ 5128
determined by the quantities at xj.

At the inflow boundary a synthetic turbulence generation method (Roidl, Meinke
& Schroder 2013) is used to yield the TBL flow, which, downstream of the
transition region, possesses the characteristics of flat-plate TBL flow. For example, the
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Inflow (STG)

Figure 1. Schematic of the physical domain of the actuated TBL flow (STG, synthetic turbulence generation).

Reynolds-number-dependent distribution of the skin-friction coefficient is within a 5 %
margin relative to the empirical Coles—Fernholz relation (Nagib, Chauhan & Monkewitz
2007). The wave motion of the actuated surface is introduced at xp, which is located
approximately 46 840 inner units downstream of the inflow boundary and defines the
location x = 0. The wave is described by a space- and time-dependent function:

Y lwanr(z5, 17) = A cos (j—IzH;—zﬁ). 2.1)
Within the actuated region, which covers the streamwise extent 0 < x/§, < 150, the
actuation parameters are defined by the amplitude A™ ~ 100, the wavelength 1™ ~ 3000
and the period T & 50. The grid resolution is Ax™ ~ 12 in the streamwise direction
and Azt ~ 8 in the spanwise direction. A varying spacing in the wall-normal direction is
chosen with Ay™ < 1 at the surface and gradual coarsening for increasing wall distance.
The origin of the wall-normal coordinate is located on the moving surface, i.e. it varies
in the spanwise direction and in time. The set-up is similar to that used in Albers et al.
(2020); however, a significantly higher Reynolds number is simulated in the present study.

The non-actuated reference configuration reaches a fully developed state at a
simulation time of about A 12360. The state at ™ ~ 13200 is used to initialise the
actuated configuration, which reaches its developed state at approximately &~ 16 330.
Afterwards, averaged flow quantities are obtained over a time span AfT ~ 6740 and
the newly set instant of time t7 =0, which is referred to in the following, denotes
the subsequent starting time of the analysis of the instantaneous quantities. When
three-dimensional volumetric data are analysed, e.g. in the context of the QSV analysis
in § 4.4, a volume of size L] x L;r x LT 21800 x 1000 x 3000 is selected. These boxes

are separated by a temporal distance of At™ ~ 0.27. For the scale-based analysis (§ 4.2)
and the inner—outer interaction analysis (§ 4.3), wall-parallel planes L x LT ~ 6000 x
3000 with a temporal displacement of At & 3.21 are considered. They are extracted
at three near-wall locations y;\;W =1,5,15 and at a single outer-layer position yz;L =
155. According to the formula y© = 3.94/Re; ~ 155 introduced by Marusic, Mathis &
Hutchins (2010), the large scales are most energetic in this outer-layer location.

As described in Albers et al. (2020) and following the work by Hussain & Reynolds
(1970) and Tomiyama & Fukagata (2013), a triple decomposition is applied to the velocity
data of the actuated configuration to separate the mean flow, the periodic fluctuations and
the stochastic fluctuations. The periodic fluctuations are caused by the travelling wave
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motion and represent a secondary flow field that is superimposed onto the stochastic
fluctuations u’, v', w' of the turbulent base flow. The periodic quantities of the secondary
flow field are denoted by (-). They are relevant for the investigation of the interference of
the actuation technique with the base flow (§ 4.4). When temporal and/or spatial averages
are used, an overline (-) is added to the respective quantity.

3. Methodical approach

The key methods to analyse the direct numerical simulation data are outlined in the
following. In § 3.1, a high-level overview of the data decomposition method is given. The
inner—outer interaction analysis approach is outlined in § 3.2 and the method for vortex
identification is introduced in § 3.3.

3.1. Scale-based flow field decomposition

The time-resolved spatial velocity fields are decomposed into scale-based modal
representations by an extended version of the 2-D EMD (Miteling & Schroder 2022).
Unlike classical Fourier filtering, the EMD is able to process nonlinear and unsteady data,
which are both essential characteristics of turbulent flows. Exploiting these characteristics
by using an appropriate data analysis tool is a fundamental prerequisite to obtain physically
meaningful representations of the flow data which enhances our understanding of the
flow physics. Due to the EMD’s data-driven nature, the resulting intrinsic mode functions
(IMFs) are adaptively biased towards locally dominant features in the flow field. Thus,
the separation into different modes can be interpreted as a scale-based segmentation of
physically connected features rather than a rigorous separation between wavelengths. This
is a fundamental benefit of the EMD compared to spectral filtering because the latter
requires a predefinition of constant cutoff values, which potentially inhibits a physical
significance of the resulting data fractions.

In the present analysis, a 2-D NA-MEMD is applied to the velocity fields (Miteling
& Schroder 2022). In general, the multivariate data can be composed of different
fluid-dynamical quantities such as velocity, pressure or density fields. In the present study,
the streamwise u/(x*, z") and the wall-normal v'(x™, z") velocity fluctuations in the
near-wall region and the outer layer at a single time instant are used. In this context,
multivariate refers to multicomponent data, which are simultaneously decomposed to
ensure that physical relations within the original data are preserved in the modal
representations. In other words, common spatial features of the considered velocity fields
are classified into equal-indexed IMFs such that similarities are easily detectable by
comparing the respective modes.

The concept of noise assistance incorporates the usage of random Gaussian noise within
the decomposition. This is advantageous because the decomposition of Gaussian noise
by an EMD produces normally distributed IMFs with doubled centre wavelengths of
neighbouring modes. This characteristic is imposed onto the IMFs of the flow data when
simultaneously decomposing flow and noise data. Thus, the noise data provide a basic
framework for the mode classification while the content of the modes is still determined
by the flow data themselves. This approach reduces the mode-mixing phenomenon,
which means that a distinct separation between neighbouring modes is obtained with a
moderate overlap of shared wavelengths. To a certain degree, this overlap is beneficial for
fluid-dynamical applications since it allows physically meaningful growth processes of the
flow features captured by a single mode and avoids that the respective structures switching
back and forth between neighbouring modes.
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Besides improving the mode alignment in the spatial domain, the noise assistance also
enhances the mode alignment in the temporal domain. This latter effect can likewise
be traced back to the basic framework imposed by the noise data. It equally regulates
that same-indexed IMFs of different time steps, i.e. of unrelated decompositions, contain
a similar range of scales. This is important because in the present application, the
2-D NA-MEMD is solely deployed in the spatial domain and does not obtain any
temporal information. However, since a temporal coherence is a key indicator of the
physics of the resulting modes, further attention has been devoted to optimise this
characteristic. Therefore, the stopping criterion, which is an essential quantity within the
mode classification process, is adapted such that a fixed number of sifting operations is
prescribed for the calculation of each individual IMF. This allows a rather straightforward
and greater control of the sifting process and balances the energetic content of the modes.
The respective amount of siftings is certainly validated against the original stopping
criterion to ensure that the desired IMF characteristics are not violated.

The details of the 2-D NA-MEMD algorithm are outlined in Miteling & Schroder
(2022). In the following, only the necessary application-specific information is provided
without repeating the algorithmic basics. The 2-D NA-MEMD is applied to a
six-component data matrix. This matrix comprises four 2-D velocity fluctuation fields,
namely )y, Vs Upy - Vo, =f (T, z7), and two spatial fields of random Gaussian noise.
It is important to note that within the scope of noise assistance, the noise is not added
directly to the data of interest, i.e. the original data are not perturbed. Instead, noise
distributions with the same spatial size as the flow fields, i.e. L} x L} ~ 6000 x 3000,
are appended to the multicomponent flow data. Here, the mean of the noise is set to
zero and the variance measures 2 % of the variance of the flow data. The multivariate
approach utilises real-valued surface projections within the sifting process and, in total,
22 projection directions are employed. Four sifting operations are prescribed to extract
the first and the fourth IMFs and three sifts to calculate the second and third IMFs. After
determining these four modes, the decomposition is stopped and the remaining residual
defines the large-scale velocity components (subscript ‘LS”). All these application-related
parameter choices are similar to the analysis of turbulent channel flow data (Miteling &
Schroder 2022), where the individual influences have been studied in great detail. For the
present data, cross-validation has been performed revealing similar findings.

In total, three datasets are decomposed, which only differ by the wall-normal distance
of the near-wall flow data (y;\SW = 1,5, 15) and the noise data, which are renewed for
each individual decomposition. The outer-layer location is kept constant at yJ(;L =155
since the large-scale motions are most energetic in this layer, which provides the most
significant results of the inner—outer interaction analysis. For each set, 400 time steps
with a temporal displacement of Art & 3.21 are processed in a parallelised manner. The

resulting large-scale IMFs are used for the inner—outer interaction analysis described in
§§ 3.2 and 4.3 and the scale-based analysis in § 4.2.

3.2. Inner—outer interaction analysis

A spatio-temporal approach is used to study the inner—outer interaction regarding the
superposition, the effect of sweeps and ejections and the amplitude modulation. This
section summarises the key aspects of the method, the details of which are described in
Miteling & Schroder (2022), where the approach is introduced for turbulent channel flow
data.

957 A30-7


https://doi.org/10.1017/jfm.2023.54

https://doi.org/10.1017/jfm.2023.54 Published online by Cambridge University Press

E. Mdteling, M. Albers and W. Schroder

The interaction analysis is based on large-scale velocity fluctuations, which are obtained
by applying a 2-D NA-MEMD to the streamwise and wall-normal fluctuations of the inner
and the outer layers as described in § 3.1. As shown in Miteling & Schroder (2022),
this preprocessing technique greatly enhances the accuracy of the interaction analysis
compared to a scale separation by the classical EMD due to the beneficial characteristics of
the noise-assisted multivariate approach highlighted in § 3.1. Like the data decomposition,
the interaction analysis is solely conducted in the spatial domain to allow an analysis of
time-varying properties.

To study the superposition phenomenon, which is denoted by the subscript ‘S’, the
streamwise large-scale velocity components are correlated via

Rs(Axt, Az
o ooty O 20 iy g 4 AxTL 2T 4 AZT))

\/Zx+ Yo W w st zH))? - \/Zx+ Yoo lorrs(xt + Axt, 2t + Azh)|?
3.1)

The star symbol denotes complex conjugation and the vertical lines indicate absolute
values. The maximum correlation coefficient Rg ;4 indicates the strength of inner—outer
coherence and is stored for each time step. The spatial offset between the inner and outer
layers is denoted by the inclination angle

+ +
YoL — Ynw 32)

Og = sgn(Ax;) tan™! ,
Jxh? + gy

where the spatial shift (Axgr, Az}r) relates to the position of Rg ;4.

The bursting events are analysed using quadrant analysis to inspect the specific dynamics
of the superposition phenomenon in greater detail. Large-scale sweeps (subscript ‘sw’)
can be identified at locations where {u;¢ > 0, v; ¢ < 0} and a complex velocity related
to these events is defined by u’LS’ ot ivis’ o+ It 18 zero at locations where no sweeps are
detected. Likewise, ejections (subscript ‘ej’) occur for the condition {u’LS < 0, U/LS > 0}
yielding the complex velocity u/LS’ gt iv/LS’ o The correlation of inner—outer bursting
activity is performed similar to the superposition phenomenon by replacing ”;vw, 150 Up L.LS
in (3.1) with the complex velocities related to the sweeps and the ejections. The resulting
maximum correlation coefficients Ry max, Rejmax reveal to what degree outer—layer
sweeps are able to reach the near-wall region and vice versa for the ejections. Note that Q1
({uy g > 0,v;¢ > 0}) and Q3 ({u; ¢ < 0, v, ¢ < 0}) events do not contribute considerably
to the inner—outer interaction and are consequently not considered.

Prior to investigating the amplitude modulation, the identified footprint of the outer-layer
large scales is removed from the near-wall fluctuations by

rms(u}vw’ L)

(3.3)
rms(u/OL’LS)

/ ’ ’
uNW,woSB(x+’ Z+) = MNw(x+» Z+) - RS,maxMOL,Ls(x+, Z+, Os)

since this approach yields an enhanced representation of the amplitude modulation effect
(Miteling et al. 2020; Miteling & Schroder 2022). As indicated by (3.3), M/OL’ 1s 18 shifted
with respect to the inclination angle ®g such that the correlating features of the near-wall
and the outer-layer data are virtually overlayed. Furthermore, the shifted signal is scaled
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by the maximum correlation coefficient Rg ;4. to consider the intensity of footprinting
and by the ratio rms(u;\,Wv 1s)/ rms(u/OL’ 1s)» Which compensates for magnitude differences
between the large scales of both layers.

Subsequently, a second 2-D NA-MEMD is performed to update the near-wall large-scale
data. The decomposition involves the new near-wall streamwise data uyy, , g, i-€. the

outcome of (3.3), the outer-layer streamwise fluctuations ”,0L and two noise channels
with an updated noise variance. The wall-normal velocity components are not considered
since they are irrelevant for the amplitude modulation analysis and their exclusion saves
computational costs.

Based on the updated large-scale components ”;vw, 1§52 u’OL’ s of the second
decomposition, the large-scale amplitudes Ift}vw, LS2 i/OL’ Lso are calculated using first- and
second-order Hilbert transforms. They are correlated by replacing ”}vw, s+ Up .15 in (3.1
with the respective amplitude values yielding the degree of amplitude modulation Raas max-

The frequency modulation is not studied in the present analysis since this highly
nonlinear type of modulation requires the development of an advanced, robust approach,
which is beyond the scope of this paper. However, we point out that the characteristics of
the IMFs fulfil the requirements to obtain meaningful instantaneous frequencies, which
builds a promising foundation for studying frequency modulation.

It has to be emphasised that the complete approach is performed in the spatial
domain without using any temporal information, i.e. the inner—outer interaction analysis
is conducted individually for each time instant. Thus, a discrete time-dependent evolution
of the inner—outer interaction can be studied, which reveals important details about the
instantaneous and local behaviour of the involved physical phenomena.

3.3. Vortex identification

The detailed analysis of the near-wall flow structure modification by the applied actuation
method described in § 4.4 requires a reliable approach to detect and track the respective
vortices. The swirling strength £2, which describes the strength of any swirling motion
by the imaginary part of the complex eigenvalues of the local velocity gradient tensor,
was proven to be such an effective vortex identification tool (Zhou et al. 1999; Adrian,
Christensen & Liu 2000). In contrast to, for example, vorticity, it excludes irrotational
regions of shear. The sense of rotation is not revealed by the swirling strength but the sign
of the vorticity can be used to define it (Tomkins & Adrian 2003). Since the present study
focuses on the QSVs, the streamwise component of the swirling strength is used. More
precisely, the velocity gradient tensor

vt aw't
= T

V= Bav”r aav% @4
ozt ozt

is calculated using central differences and the imaginary part of its eigenvalues denotes the
presence of swirling motion oriented in the streamwise direction. Since this calculation is
performed for time-resolved volumetric data within the test section, the temporal evolution
of QSVs can precisely be studied. To remove background noise and enable a distinct vortex

detection, a threshold value of the streamwise swirling strength .Q)% = 0.01 is applied. It
was shown by Zhou et al. (1999) that the general topology of the vortical structures is
unaffected by the magnitude of the chosen threshold value but, certainly, the structures
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decrease in size with increasing threshold value. Note that connected areas smaller than
10 data points are neglected since they barely resemble a clear vortex.

4. Results

To assess the basic properties of the actuated flow field, § 4.1 provides a brief overview of
the variation of the friction drag coefficient and the altered Reynolds stresses compared
with the undisturbed TBL flow. Section 4.2 shows how the flow field decomposition by
the 2-D NA-MEMD gives first insights into the internal flow structure modifications
induced by the actuation method. The findings are supported by the results of the
inner—outer interaction analysis outlined in § 4.3. An additional contribution to a complete
understanding of the near-wall flow alteration is presented in §4.4. It highlights the
interference of the secondary flow field generated by the periodic surface movement
with the QSVs. Based on these findings, § 4.5 proposes a hypothesis with respect to the
wall-shear stress reduction mechanism provoked by spanwise travelling transversal surface
waves.

4.1. Properties of the actuated flow

The wavy surface deformation of the flow control technique introduces a change in area
of the moving wall compared with the flat-plate reference flow, which depends on the
amplitude and the wavelength of the sinusoidal wave. Since the friction drag is defined by
the product of the wall-shear stress and the surface, this variation of the wetted surface has
to be taken into account to determine the drag-altering effect of the actuation. The drag
variation is defined by

Cd,x,REF — Cd x,ACT . 2F
=2 al x 100 with ¢y, = a

Cd,x,REF Poclt3AR

Acy 4.1)
i.e. a positive Acy indicates a reduced wall-shear stress. The quantity ¢4, denotes the
drag coefficient in the streamwise direction, Ag a reference surface and F the streamwise
component of the force vector, which is computed by integrating pressure and friction
forces over a fixed surface in the test section as described in Albers et al. (2020). The
reference data are denoted by the subscript ‘REF’ and the actuated quantities by ‘ACT".
It goes without saying that this type of surface actuation induces a convective flow in
the spanwise direction. For the investigated configuration, the spanwise force measures
approximately 16 % of the streamwise force. Considering the spanwise component of the
drag coefficient in the calculation of the drag reduction, i.e. substituting the streamwise
drag coefficient in (4.1) by the magnitude of the vectorial drag coefficient, the present
configuration yields Acy; = 25.5 %. However, for a direct comparison with earlier studies
and other drag-reduction techniques that do not introduce a spanwise flow, we use the
traditional definition of the drag reduction solely based on the streamwise drag coefficient
(4.1) in the following. This definition results in an averaged value of Acy; =~ 26.5 %.

Overall, negative net power savings are obtained. Nevertheless, this does not impair the
main objective of the present analysis, which is to illuminate the physical mechanisms
responsible for the changes of the near-wall flow that result in a reduced wall-shear stress.
The high Acy achieved by the current configuration substantially amplifies the flow field
modifications induced by the actuation technique, and thereby allows a detailed study of
the interaction of the surface actuation with the turbulent flow features.

The streamwise evolution of the friction drag of the actuated configuration is shown in
figure 2. When the surface actuation sets in at xg, Acy rapidly increases with a small
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Figure 2. Streamwise evolution of the friction drag.

Figure 3. Wall-normal distributions of the symmetric and shear-stress components of the Reynolds stress
tensor for the non-actuated reference (REF) and the actuated flow (ACT).

overshoot followed by an approximately constant value. This stable state is present at
around 50 < x/8; < 100 yielding an averaged value of Acy ~ 26.5%. The flow data
investigated in the present study are taken from this region. Starting at x/§> = 130, the
surface deformation is progressively reduced, which yields a short-term increase of Acy
followed by a rapid degradation.

Figure 3 shows the components of the Reynolds stress tensor as a function of
the wall-normal distance y* for the non-actuated reference and the actuated flow.
A substantial, absolute reduction of all components can be observed for the actuated case,
which, depending on the considered component, levels off in the logarithmic layer and
the wake region. These effects are comparable with the flow field modification reported at
Re; =~ 360 (Albers et al. 2020).

4.2. Flow field decomposition

Joint probability density distributions (j.p.d.f.s) of the streamwise and wall-normal
velocity fluctuations are often analysed to assess the behaviour of turbulent flows. Within
the scope of drag reduction techniques, these distributions have revealed an overall
attenuation of the fluctuation intensity in the near-wall region, i.e. a damping of sweeps and
ejections (Touber & Leschziner 2012; Albers et al. 2020; Ricco et al. 2021). However, we
show in the following analysis that the application of the 2-D NA-MEMD to the velocity
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Figure 4. Joint probability density distributions of the total velocity fluctuations uﬁw, Uﬁw (a,c,e) and the

large-scale velocity fluctuations ”ﬁw, LS vﬁw, s (b.d. [f) at three near-wall locations (a,b) y;W =1, (c,d) y;W =
5 and (e,f) yﬁw = 15 for the non-actuated reference (REF) and the actuated flow (ACT).

fluctuations provides a fundamentally new perspective on the alteration of bursting activity
in the inner layer.
Figure 4 shows the j.p.d.f.s of the total velocity fluctuations u A“,LW, vy and the

large-scale velocity fluctuations uNW LS vNW 15 obtained by the 2-D NA-MEMD at three
near-wall locations: y;W = 1,5, 15. In line with former literature (Albers et al. 2020;
Ricco et al. 2021), the present actuation method greatly reduces the absolute streamwise

velocity fluctuations in the near-wall region |u w| and, thereby, the probability of bursting
events (figure 4a,c,e). Note that very close to the wall (figure 4a), the wall-normal
fluctuations are substantially increased. This effect levels off quite rapidly and can hardly
be observed at nyW = 5 (figure 4¢). However, the reduction of the streamwise fluctuation

intensity is still obvious at yf(,W = 15 (figure 4e).
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Figure 5. Joint probability density distributions of (@) total and (b) large-scale velocity fluctuations at the
outer-layer position ygL = 155 for the non-actuated reference (REF) and the actuated flow (ACT).

New insight is gained by inspecting the j.p.d.f.s of the large-scale velocity fluctuations
determined by the 2-D NA-MEMD given in figure 4(b,d, f). Unlike the j.p.d.f.s of the total
fluctuations, these distributions reveal an increased probability of near-wall large-scale
sweeps (Q4) and ejections (Q2) in the actuated flow. This is primarily induced by a

substantial increase of the wall-normal large-scale fluctuations |v1/\;rW, 1s| because — similar
to the total streamwise fluctuations — also their large-scale counterpart is decreased
compared with the reference flow. A higher probability means that large-scale sweeps
and ejections appear more frequently compared with the reference flow. Since the j.p.d.f.s
related to the actuated flow also spread wider into Q2 and Q4, a substantial portion of the
emerging sweeps and ejections is more intense than in the reference flow.

It is emphasised in figure 4(b) that the amount and intensity of large-scale sweeps and
ejections in the actuated flow are balanced at ij—w = 1. This is indicated by the roughly
circular shape of the j.p.d.f. and the location of its origin near (0, 0). On the contrary,
the j.p.d.f. of the reference flow is primarily located in Q3 and Q4 and, thus, this flow

barely contains any large-scale ejections at y;\,rW = 1. Consequently, the overall effect of the
observed flow field alteration is more significant with respect to the large-scale ejections.

At y;\;W =5 (figure 4d) and y]“\L,W = 15 (figure 4f), the origin of the j.p.d.f.s of the
actuated configuration is slightly shifted into Q4. However, the probability of strong
ejections is still much higher compared with the reference flow. Overall, a decreasing
influence of the actuation is observed for increasing wall distance.

The j.p.d.f.s of the total and the large-scale velocity fluctuations at the outer-layer
position y:SL = 155 are given in figure 5. The distributions show that the impact of the
actuation on the outer-layer flow is very small and similar for total and large-scale data.

In brief, the j.p.d.f.s of the total and the large-scale velocity fluctuations show an
opposite trend. While the j.p.d.f.s of the total fluctuations point at an overall attenuation
of the intensity and the prevalence of sweeps and ejections in the near-wall region, the
distributions of the large-scale fluctuations indicate that large-scale sweeps and ejections
are stronger and appear more frequently in the actuated flow. We can conclude that
the actuation actively promotes large-scale bursting events close to the wall while the
small-scale activity is strongly attenuated such that the overall trend indicates a damping of
sweeps and ejections. Consequently, without a proper scale decomposition, this essential
feature of the wall-shear stress reduction mechanism could not have been revealed.
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Figure 6. Large-scale streamwise and wall-normal velocity fluctuations (a) u'OJ“L. s> (B) U/O*'L, s> (©) u;“W’ s and

d) vI'VJrW’ Ls at y;W =1, y& =155 and t* = 1 for the reference flow. Solid lines indicate large-scale sweeps
and dashed lines large-scale ejections.

This result is fundamental to understand the observed flow field modifications highlighted
by the inner—outer interaction analysis, which is given in the following section.

4.3. Inner—outer interaction analysis

The application of the 2-D NA-MEMD to wall-parallel streamwise and wall-normal
velocity fluctuation fields yields the respective large-scale velocity fields for each time
step. Exemplary large scales at y;\;W =1 and ygL = 155 are pictured in figure 6 for
the non-actuated reference flow and in figure 7 for the actuated flow. Contours of the
large-scale bursts are given by solid lines for the sweeps and dashed lines for the ejections.
In both flow configurations, the impact of the outer-layer large scales is distinctly visible
in the near-wall data since the positions of the large-scale high-speed and low-speed
structures are quite similar. Certainly, the footprints are occasionally disturbed and do
not reflect the outer-layer flow structures completely. A quantification of the degree
of inner—outer coherence is given later in this section by the respective correlation
coefficients.

To assess the large-scale flow fields more deeply, a movie in the supplementary material
available at https://doi.org/10.1017/jfm.2023.54 shows a time series of the large-scale
streamwise components at y;;w =1 and yJOFL = 155 for the non-actuated reference and
the actuated flow. The near-wall large-scale streamwise velocity fluctuations are clearly
reduced by the actuation, which was already observed in the j.p.d.f.s in figure 4. The
strength of the outer-layer large scales is similar for both flows and in combination with
figure 5 it can be conjectured that the actuation does not directly impact the topology of the
energetic outer-layer structures. The supplementary movie also reveals that the near-wall
and the outer-layer flow structures of the reference flow are much better aligned than in the
actuated flow. That is, the near-wall reference large scales continuously show the impact
of the outer-layer flow. For the actuated flow, however, the near-wall large scales are rather
discontinuous in time and, thus, less coherent with the continuous, outer-layer flow.

This difference between both flow configurations is also apparent in the correlation
coefficients, which are determined using the approach outlined in § 3.2. The time-averaged
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Figure 7. Large-scale streamwise and wall-normal velocity fluctuations (a) u/oi Ls» (D) v’oi s> (©) ”ﬁw, s and

(d) v,/\TW.LS at yX,'W =1, y?)'L = 155 and 1+ = 1 for the actuated flow. Solid lines indicate large-scale sweeps and
dashed lines large-scale ejections.

RS RSW Rej RAM

yiw=1 REF 06l 060 036 065
ACT 051 051 052  0.64

le\r/W = REF 0.64 0.65 0.25 0.65
ACT 0.53 0.54 0.51 0.65
le\?W =15 REF 0.71 0.60 0.47 0.66

ACT  0.59 0.55 0.51 0.65

Table 1. Maximum correlation coefficients between inner- and outer-layer quantities at varying near-wall
positions yX}W for the non-actuated reference (REF) and the actuated (ACT) configuration. The results are
averaged over 400 time steps.

quantities are given in table 1 for the interaction of the outer layer with all three near-wall
locations. The temporal evolution of these coefficients is analysed later in this section
once a high-level overview of the general trends has been given. Note that for clarity, the
subscript ‘max’ is omitted but all correlation coefficients discussed in this section refer to
the maximum value determined at each time step. _

A smaller correlation coefficient with respect to the superposition Rg is determined for
the actuated configuration, which corroborates with the reduced coherence of the inner
and the outer large scales observed in the supplementary movie. Likewise, the correlation

related to the sweeps Ry, is reduced compared with the reference flow. However, the
coherence of the ejections R,; is substantially increased, while the amplitude modulation

Ray is nearly unaffected by the actuation. It is also quite remarkable that the correlation
coefficients of superposition, sweeps and ejections related to the actuated configuration are

nearly identical at y;\r,W = 1. With increasing wall-normal distance, the similarity between
these coefficients and also the deviation to the values of the reference case decreases.
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Overall, these averaged correlation coefficients reveal that the periodic surface
deformation attenuates the top-down communication, i.e. the correlation with respect to
superposition and sweeps. However, it does not seem to change the fundamental character
of the footprinting since the relation between Rg and Ry, is unaffected. On the contrary, the
actuation enhances the bottom-up communication, i.e. the coherence of the ejections. In
view of the findings provided in § 4.2, this is not surprising. Since the large-scale ejections
appear more frequently and with increased strength in the actuated flow, the possibility
that they reach the outer layer is much higher. Thus, a greater correlation between inner-
and outer-layer large-scale ejections exists in the actuated flow. Interestingly, the amplitude
modulation is not altered. Since it involves scales slightly smaller than the largest scales
(Miteling & Schroder 2022) but significantly larger than the attenuated small scales, it can
be conjectured that the actuation does not interfere with this range of scales.

The analysis of the actuated configuration has also been performed with an inner scaling
using the friction velocity of the actuated flow. This approach shifts the outer-layer position
closer to the wall (y;; ~ 142) and has a minor impact on the location of the near-wall
layers within the computational grid. The results, however, match closely the previous
findings and the interaction quantities deviate by a maximum of ARy = £0.02 = +4 %.
Thus, it is concluded that the scaling has a negligible impact on the studied properties
of the inner—outer interaction within the actuated flow and the results are not shown for
brevity.

For a more in-depth analysis, figure 8 presents the time-dependent correlation
coefficients for all investigated flow configurations. For clarity, high-frequency
fluctuations are removed by applying a moving average filter with a window size of 10
time steps. As an example, the unfiltered distribution of the superposition is shown in light
blue.

The time-averaged correlation coefficients already indicated that the quantities related
to superposition, sweeps and ejections are very similar in the actuated configuration.
Figure 8(b.,d,f) shows that also their temporal evolution is synchronised but increasing
inequality occurs as the wall-normal distance increases. This is an essential difference
from the reference configuration, in which only the correlation with respect to
superposition and sweeps is aligned. Especially close to the wall at y;W =1 and 35, the
ejections do not contribute significantly to the inner—outer interaction. The reason is that
barely any large-scale ejections occur in the viscous sublayer of the reference flow, which
was already noted with respect to figure 4.

Using the same approach to study the inner—outer interaction in a turbulent channel
flow, Miteling & Schroder (2022) observed that the large-scale trends inherent to the
time-dependent correlation coefficients relate to the ratio of positive to total large-scale
fluctuations in the outer layer. More specifically, the correlation coefficients are higher
if a larger domain in the outer layer is populated by high-speed large scales, which is
also noticed in the present case. The effect is more pronounced in the actuated flow,
i.e. figure 8(b.d,f). However, the large period of Tt & 500 prevents an in-depth analysis
of the differences from the reference flow due to the limited time frame of the simulation.
Furthermore, figure 8 indicates that the quantities of the actuated configuration fluctuate
more strongly compared with the reference flow. To analyse if these increased fluctuations
relate to actuation-specific properties, a fast Fourier transform of the time-dependent
correlation coefficients is conducted. The results of the actuated configurations are given
in figure 9. The frequency values are converted to temporal values, which are displayed
along the x axis, and the single-sided power spectrum |P|?> normalised by the data
length L is given along the y axis. The distributions related to the superposition and
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Figure 8. Time-dependent maximum correlation coefficients using the near-wall locations (a,b) y]";W =1,
(c.d) vy, = 5 and (e.f) yiy, = 15 and the non-actuated reference (a.c.e) and the actuated flow (b.d.f).

the amplitude modulation do not reveal distinct peaks, i.e. these correlation coefficients
possess no dominant oscillatory components. However, the distributions of the sweeps
and ejections contain distinct peaks around t+ & 50 at all near-wall locations. The spread
of the distributions across 45 < t* < 55 arises from the issue that the data do not contain
a perfect sinusoidal oscillation at a single frequency along the complete time span and
small deviations provoke such irregularities in the Fourier coefficients. However, the
arrangement around t* & 50 clearly indicates that the time-dependent fluctuations of the
correlation coefficients are strongly linked to the period 77 ~ 50 of the wall actuation.
It can be hypothesised that the upward and downward movement of the sinusoidal
surface periodically enhances the inner—outer momentum exchange. More specifically, a
phase-dependent generation of intense near-wall large-scale bursting events is provoked
as was already observed in a time-averaged manner in the j.p.d.f.s given in figure 4.
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Figure 9. Power spectra of the time-dependent correlation coefficients obtained by a fast Fourier transform at
(a) y;W =1,() y;,W = 5and (¢) y;W = 15 for actuated flow.

Since the outer layer is mainly unaffected by the surface actuation as shown in figure 5, the
outer-layer structures convect primarily in the streamwise direction similar to the structures
in the reference configuration. The large-scale structures in the inner layer experience
a time-dependent shift in the spanwise direction relative to the outer flow due to the
superimposed secondary velocity field. It appears like a time-dependent ‘breathing’ in
the spanwise direction with alternating orientation, i.e. a coalescence in the wave valley
and an outward spreading across the wave crest. Thus, the relation to the structures in the
outer layer varies as the inner-layer features are alternately compressed in the trough and
stretched at the crest. This yields a time-dependent variation of the degree of inner—outer
coherence, i.e. the correlation changes with respect to the wave position in the spanwise
direction and, thus, the actuation period 7+ =~ 50.

Taking a closer look at the impact of the near-wall large-scale bursts that are generated
by the surface actuation, the large-scale ejections are essential to explain the modified
inner—outer interaction. On the one hand, these ejections are strong enough to reach the
considered outer layer and, thus, the correlation with respect to the ejections increases
compared with the reference flow (table 1). On the other hand, these ejections weaken
or even eliminate sweeps that originate from the outer layer and propagate towards
the wall. Thus, the inner—outer coherence of sweeps is reduced and therefore also the
superposition phenomenon (table 1) since it is primarily driven by sweeps in the reference
flow. As a by-product, the attenuated footprints also lower the wall-shear stress because
less high-momentum fluid reaches the near-wall region.

One might question the role of the near-wall large-scale sweeps that are likewise induced
by the actuation method. It was already noted in §4.2 that the overall effect of the
equilibrated generation of near-wall large-scale bursts is more significant with respect to
the ejections because the reference flow barely hosts any large-scale ejections close to the
wall. Furthermore, since these large-scale sweeps are only locally generated, they have
hardly any connection to the outer layer. Thus, they do not contribute to the inner—outer
interaction, which is supported by the overall reduced correlation coefficient of the sweeps
(table 1). Further quantification can be achieved by inspecting the correlation of the
large-scale sweeps between different inner-layer locations. For example, the correlation
between y* = 1 and y© = 5 measures Ry,, = 0.98 for the reference configuration, i.e. the
large-scale sweeps penetrate the viscous sublayer without noticeable alteration. In the
actuated flow, the respective correlation is reduced to Ry, = 0.84 further stressing the
decorrelating effect of the actuation. Moreover, due to their confinement to the inner
region, the newly induced large-scale sweeps transport only low momentum towards the
wall. Consequently, they do not have a considerable adverse effect on the wall-shear
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stress in contrast to their outer-layer counterparts. In closing, the near-wall large-scale
sweeps neither contribute to nor significantly counteract the wall-shear stress reduction
mechanism.

The findings of this inner—outer interaction analysis show that the actuation reduces the
inner—outer coherence with respect to the superposition and the sweeps, i.e. the top-down
communication, and increases the inner—outer correlation regarding the ejections, i.e. the
bottom-up communication. These effects arise from the periodic generation of near-wall
large-scale bursting events by the actuation, i.e. they are linked to the period of the
surface wave deformation. Particularly, the large-scale ejections are of utmost importance
for the modified inner—outer interaction and for the lowered wall-shear stress as well.
A substantial amount of these ejections is strong enough to reach the outer layer, which
increases the correlation between inner and outer ejections. In addition, these ejections
balance large-scale sweeps that originate from the outer layer and, thus, reduce the
correlation with respect to the sweeps and the superposition. This phenomenon can also
be seen as being responsible for the previously reported widening of near-wall streaks
(Albers et al. 2020; Ricco et al. 2021) due to the larger areas of upward-moving fluid and
the reduction of high-speed fluid entering the inner region. Thus, the described effects
cause an overall reduced wall-shear stress.

Although these findings already provide valuable insight into the internal processes
triggered by the actuation, a second contributor has to be considered to gain a
comprehensive picture of the wall-shear stress reduction mechanism, the details of which
are given in the following section.

4.4. Analysis of QSVs

Quasi-streamwise vortices are a fundamental feature of turbulent wall-bounded flows and
they define the general shape of the mean velocity profile (Hamilton, Kim & Waleffe
1995). On one side of the QSV, high-momentum fluid is transported downward to the
wall creating a high-speed streak, while on the other side of the vortex low-momentum
fluid is lifted upward, which produces a low-speed streak. The interaction of the QSVs
and these adjacent streaks defines the core of the near-wall self-sustaining process
(Cossu & Hwang 2017). Furthermore, the QSVs account for a substantial portion of the
wall-normal momentum exchange. They are a main contributor to turbulence production
in the near-wall region (Jeong et al. 1997). It goes without saying that a reduction of the
number and strength of these vortices is favourable in view of drag-reducing methods.

Figure 10 shows the QSVs and the streamwise velocity fluctuations at y}CW = 15 in the
inlet section, i.e. the region starting at xo in which the surface deformation is progressively
increased until the surface wave is fully developed downstream of Ax™ ~ 4500. It is
clearly visible that the number of QSVs reduces and the spanwise width of the streaks
increases with increasing influence of the actuation. This effect was already reported
for the present actuation technique (e.g. Albers et al. 2020). It also occurs for other
drag-reduction methods as summarised in the recent review by Ricco et al. (2021).
There is, however, no general consensus on the mechanisms responsible for these flow
field modifications. Certainly, a vortex breakup process must be involved resulting in the
reduced number of QSVs. This breakup process is elaborated on in the following.

To investigate which flow region is subjected most to the observed reduction of QSVs,
a p.d.f. of the centroid positions of the QSVs within the test section, i.e. the region
where the actuation influence is fully established (figure 2), is determined. The p.d.f.s
of both flow configurations are displayed in figure 11 as a function of the wall-normal
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Figure 10. The QSVs (black isosurfaces) and streamwise velocity fluctuations u'* at yﬁw = 15 (colour
contours) in the inlet region of the actuated flow.

coordinate y*. The figure clearly reveals that the vortex breakup happens predominantly
in the lower buffer layer. As a result, the actuation shifts the peak position of the p.d.f.
from the lower buffer layer to the mid-level buffer layer. Consequently, the wall-normal
momentum exchange close to the wall, i.e. below yT & 20, is attenuated compared with the
reference flow since fewer QSVs are available to pump fluid upward and downward. This
is consistent with the narrower j.p.d.f.s of the total velocity fluctuations given in figure 4
and the previously reported reduction of the absolute velocity fluctuations in the near-wall
region (Albers et al. 2020; Ricco et al. 2021). It also explains the widening of the near-wall
streaks since the essential flow feature that maintains the segregation into adjacent low-
and high-speed streaks occurs less frequently. This effect is further substantiated by the
increased probability of near-wall large-scale ejections and the reduced outer-layer impact
discussed in §4.3. However, the mechanism by which the actuation initiates these flow
modifications is still to be described.

To understand how the actuation interferes with the flow structures, we first have to take
a look at the secondary flow field that is generated by the periodic wall deformation. This
secondary flow field possesses periodic wall-normal and spanwise velocity components
that are superimposed onto the turbulent fluctuations as described in § 2. Figure 12
shows the respective phase-averaged velocity gradients of this flow field, which are
averaged over a time interval of Ar™ & 6740, i.e. approximately 135 forcing periods. The
gradients are presented for the complete spanwise dimension at a fixed streamwise position
and the surface deformation is flattened for this visualisation. The wall-normal velocity
gradients 907 /dy™ (figure 12a) and dw™/dy™ (figure 12d) are very intense close to the
wall (y* < 20) such that enlargements of the near-wall region with modified colourbar
limits are provided in figures 12(b) and 12(e). These extracts reveal that dw™/9y™ is
one order of magnitude larger compared with 30" /dy™*. Besides this inner region, the
strength of the wall-normal gradients is of the same order as the spanwise gradients given
in figures 12(c) and 12(f). The spanwise gradients moderately reduce with increasing
wall-normal distance and do not exhibit such a severe reduction in intensity between the
near-wall area and the lower buffer layer as their wall-normal counterparts.
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Figure 11. The p.d.f.s of the QSVs’ centroid position as a function of the wall-normal distance for the
non-actuated reference (REF) and the actuated flow (ACT).

It is demonstrated in the following that the presented velocity gradients of the secondary
flow field interfere with the QSVs to provoke their breakup, which is favourable in view
of friction drag reduction as explained above. Therefore, a detailed look at a single QSV
breakup process in the lower buffer layer of the actuated flow is taken before a statistical
analysis is conducted.

Figure 13 shows a short time series of a QSV that is progressively reduced in size until
it completely vanishes. The figure displays wall-normal/spanwise layers at the streamwise
position of the centroid of the vortex. The QSV is visualised in grey and the background
coloured contours are — from left to right — the streamwise velocity fluctuations u'*,
the spanwise gradient of the secondary wall-normal flow 30" /dz% and the wall-normal
gradient of the secondary spanwise flow dw™ /dy™.

Starting at t+ ~ 7 (figure 13a), the cross-section of the QSV is already deformed
from its typical, roughly circular form into an elliptic shape. In addition, the vortex is
inclined to the horizontal axis. Both modifications yield a disruption of the organised
streak—vortex pairing. That is, this positively rotating QSV should have a low-speed streak
on its left and a high-speed streak on its right flank. However, the deformed vortex drags
the low-speed fluid across its complete upper area and the high-speed streak beneath. With
time progressing (figure 13b,¢), the QSV gets fully immersed within the low-speed fluid
until it disintegrates.

The illustrations of the gradients 30" /9z" and dw™/dy™ (figure 13b,c) reveal that the
superimposed velocity gradients acting on the QSV during its breakup are positive. While
d0"/dz" is approximately constant across the vortex, a wall-normal increase is visible for
owt/ay™T.

Certainly, the time series of a single QSV is insufficient to provide a comprehensive
overview of the processes involved in the vortex breakup. Therefore, each QSV within the
test section is tracked and inspected for a volume decrease with subsequent elimination.
The periodic velocity gradients that are imposed onto the vortices by the secondary flow
field during vortex breakdown are stored and used to create the j.p.d.f.s given in figure 14.
The gradients are normalised by the maximum gradient at the wall-normal position of the
vortex centroid to account for the y-dependent gradient changes (figure 12). In addition,
the figure provides sketches of the deformed cross-section of an initially circular QSV
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Figure 12. Time-averaged velocity gradients (a,b) 00+ /3y™, (¢) 80+ /32T, (d,e) 9w™/dy™ and (f) dw™/dzT
of the secondary flow field at x;. Note that the surface is flattened and that (b,e) depict enlargements of the
near-wall region with modified colourbar limits.
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Figure 13. Instantaneous visualisations of the breakup of a QSV at x/§> &~ 98 shown in grey in the actuated
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spanwise gradient of superimposed wall-normal velocity 8o+ /3z" and wall-normal gradient of superimposed
spanwise velocity aw™ /9y .
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Figure 14. Joint probability density distributions of velocity gradients of the secondary flow field
superimposed by the actuation during QSV breakup.

when the respective gradients act on it. Certainly, these sketches represent idealised
vortex shapes and the realistic deformation involving three-dimensional disturbances is
less regular.

The analysis of these j.p.d.f.s reveals that predominantly gradient combinations that
deform the QSVs into an elliptic shape are the driving forces for vortex breakup.
The gradient combination observed in figure 13 is shown in figure 14(a) in the upper
right corner and its high probability indicates that it is characteristic for these breakup
processes. The gradient combinations depicted in figure 14(b) stretch the QSV in the
spanwise or wall-normal direction without any tilting. An increased probability occurs
for the wall-normal stretching, which could result in an accelerated breakup due to the
strong wall-normal gradient of the streamwise velocity component additionally acting
on the QSV. The non-displayed gradient combinations possess negligible probabilities
and, consequently, do not play a significant role in the vortex breakup process.
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Note that the gradients considered in figure 14 do only occur jointly at certain
intervals. More precisely, the quantities given in figure 14(a) appear collectively at
approximately one-sixth and the gradients in figure 14(b) at around one-third of the
considered domain. This can be extracted from the time-averaged representation of
the secondary flow field in figure 12. Thus, vortex breakup is limited to certain time
intervals, i.e. it is phase-dependent, and consequently it is a function of the actuation
parameters.

The instability of elliptic vortices subjected to straining flow, which is the secondary
flow field in the present study, has been extensively investigated in the literature but in a
different context. In the following, a short summary of the main findings is given, which
match the presently observed phenomena and provide further insight into the mechanism
of vortex breakup.

In a first fundamental study, Kida (1981) provided the exact solution of a Rankine-type
vortex in an inviscid, incompressible, 2-D flow with uniform strain and uniform vorticity
and found different vortex states depending on the relative magnitudes of the vortex
vorticity, the flow field vorticity and the strain rate of the flow field. The steady
state, which was already investigated by Moore & Saffman (1971), is observed for
weak rates of strain and small aspect ratios of the elliptic vortex. Such a stable state
most probably exists in the present flow field at intervals where the velocity gradient
combinations given in figure 14 do not occur jointly or are comparably small. Furthermore,
the small aspect ratio relates to a more circular cross-section of the QSV, which
indicates that the vortex has not been severely deformed by the secondary flow field
yet. Kida also observed that the vortex either rotates, nutates or collapses into a thin,
infinitely elongated vortex layer for an increasing aspect ratio. These unstable vortex
states all yield vortex disintegration. As revealed by Dhanak & Marshall (1993) for a
periodically varying straining flow, the destabilisation can be traced back to a resonance
phenomenon.

Further analyses focused on the ‘stripping” phenomenon, which describes the advection
of vorticity at the vortex periphery and, thus, ‘erodes’ the vortex (Dritschel 1989). Due to
an interplay of the velocity field of the vortex and the strain field, stagnation points can
occur within the vortex and extrude filaments/tongues of vorticity from the vortex, which
are advected by the flow. Abrupt application of adverse shear as it occurs in the present
actuated flow due to the phase-dependent secondary flow field can severely pronounce this
phenomenon. As a consequence of stripping, the eroded vortex is left with strong vorticity
gradients at its periphery and viscous diffusion generates an outward vorticity flux for
compensation. This ‘leakage’ of vorticity enhances the vortex decay, which finally ends
with vortex breakup. Interestingly, the vortex core retains an almost elliptic shape until
it rotates towards the axis of extensional strain immediately before indefinite elongation
and breakup. Such a stripping phenomenon seems to be a plausible explanation for the
vortex breakup visualised in figure 13, which is representative for the QSV disintegration
observed in the present study. According to Dritschel (1989), the whole phenomenon is
driven by the strain to peak vortex vorticity ratio independent of the vorticity profile inside
the vortex. Thus, stronger gradients of the secondary flow field are more likely involved in
the breakup process, which is corroborated by figure 14. The diffusion controls how fast
the vortex breaks up and the Reynolds number additionally controls the vortex lifetime
(Mariotti, Legras & Dritschel 1994).

Additional investigations and observations on the instability of elliptic vortices
subjected to shearing, straining and rotating flow can be found in a recent review by
Koshel, Ryzhov & Carton (2019).
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4.5. Wall-shear stress reduction mechanism

The findings of the former analyses result in a hypothesis about the mechanism by
which spanwise travelling transversal surface waves reduce the wall-shear stress. Note that
the hypothesis is tailored to this specific actuation technique and might not necessarily
hold for other flow control techniques. For example, spanwise wall oscillations without
wall-normal surface deformation do not directly generate a secondary wall-normal
velocity field, which is a key element of the present theory.

The actuation interacts with the instantaneous flow field by the combined effect of two
actions. That is, the periodic generation of near-wall large-scale bursts by the upward and
downward surface movement and the deformation of QSVs due to the periodic velocity
gradients of the secondary flow field. These phenomena and their impact on the flow
structures are schematically depicted in figure 15 and the flowchart given in figure 16
provides the causal relationships that are theoretically described in the following.

First, the generation process of large-scale sweeps and ejections is considered. Since
these events are a main contributor to the wall-normal momentum exchange and the
turbulence production in natural, undisturbed turbulent flows (Corino & Brodkey 1969;
Lu & Willmarth 1973; Jeong et al. 1997), it seems contradictory that their appearance
is beneficial in the present context of wall-shear stress reduction. However, the induced
near-wall large-scale ejections serve two favourable purposes as outlined in §§ 4.2 and 4.3.
On the one hand, more fluid is lifted away from the wall compared with the reference
flow. More precisely, this lift-up occurs in the form of large-scale patches, which widen
the low-speed streaks as previously reported for drag-reduced flows (Touber & Leschziner
2012; Albers et al. 2020) and locally reduces the wall-shear stress. On the other hand,
the strong ejections balance high-speed, downward-oriented fluid from the outer layer.
Consequently, the intensity of near-wall high-speed streaks is much lower compared
with the reference flow, which has a favourable impact on the wall-shear stress level.
These effects add up yielding rather low-momentum fluid near the wall, which is one
main contributor to the overall reduced wall-shear stress. On the contrary, the large-scale
sweeps that are likewise generated by the actuation do not play a significant role as
described in § 4.3. Since they are confined to the inner layer and not connected to the
outer layer, they transport only low-intensity fluid towards the wall. Thus, they are not able
to create intense high-speed streaks, which would counteract the benefits of the large-scale
ejections.

The described effects of the modified bursting activity also alter the inner—outer
interaction. Since the superposition of outer-layer large-scale motions onto the near-wall
dynamics is primarily driven by sweeping motion in the reference flow (§4.3), its
attenuation due to the compensating effect of the large-scale ejections in the actuated
flow substantially corrupts the top-down interaction. The fundamental character of the
inner—outer interaction is not altered by the actuation since the similarity between
superposition-related and sweep-related correlation still exists (table 1; figure 8). Thus,
the actuation essentially mitigates the impact of the outer-layer structures onto the inner
region, which certainly damps high-intensity fluctuations close to the wall. It is remarkable
that the actuation is capable of interfering with the outer-layer impact since the actuation
parameters are aligned with the near-wall dynamics. This property might explain why this
flow control method is still very efficient at higher Reynolds numbers. The drag-reduction
margin is reduced by only Acy ~ 2.4 % compared with the Re; ~ 390 case with identical
actuation parameters. Considering the overall objective of deploying such a method in
real-world applications, this behaviour is very beneficial since the outer-layer influence on
the near-wall flow field further increases with higher Reynolds number.
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Figure 15. Schematic illustrating the wall-shear stress reduction mechanism. For reference, a characteristic,
instantaneous picture of the undisturbed flow features is presented (a). Since the outer layer is not directly
affected by the actuation, the same outer-layer snapshot is displayed for the actuated TBL flow (b). However,
the physical phenomena closer to the wall are altered. The intensified large-scale ejections locally balance
sweeps that originate from the outer layer as illustrated in the zoom (right). As a result, the streaky structure
is disturbed depriving the livelihood of the QSVs. In addition, the velocity gradients of the secondary flow
field deform the vortex (example in bottom zoom). Both effects yield vortex disintegration and attenuated
near-wall fluctuations, which are indicated by the shortening of the vortex and the reduction of small-scale
structures compared with the reference scenario. Note that the surface of the actuated configuration is flattened
for simplicity.

The second substantial effect of the present flow control method on the internal flow
structure is exerted by the induced strain field as highlighted in § 4.4. The gradients of
the wall-normal and the spanwise velocity components of the secondary flow field in
the wall-normal and the spanwise direction jointly act to deform the QSV cross-section
from a circular into an elliptic shape (figure 14). Since such elliptic vortices are highly
prone to instabilities, an interaction with the secondary flow field and three-dimensional
disturbances of the instantaneous flow field destabilises the QSVs resulting in vortex
disintegration (Robinson & Saffman 1984; Dritschel 1990; Dhanak & Marshall 1993).
Since QSVs are a main contributor to the wall-normal momentum exchange and, thus,
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Figure 16. Flowchart illustrating the causal relationships of the wall-shear stress reduction mechanism.

the turbulence production (Jeong et al. 1997), their breakup lowers the wall-shear
stress. In particular, a reduced number of QSVs substantiates the previously mentioned
streak attenuation and widening since both phenomena are inevitably intertwined. The
segregation of alternating high-speed and low-speed streaks in the near-wall region is
maintained by the QSVs (Hamilton er al. 1995), while these vortices originate, among
other mechanisms, from instabilities associated with lifted streaks (Schoppa & Hussain
2002). Breaking this self-sustained near-wall cycle at any point prevents regeneration
of near-wall structures and yields laminarisation (Jiménez & Pinelli 1999). Since these
near-wall structures appear to be mandatory to maintain turbulence (Jiménez & Moin
1991), their collapse is ideal in terms of drag reduction. The phase dependence of the
secondary flow field, however, inhibits a complete destruction of the flow topology since
it can, to a certain extent, regenerate in phases where the imposed velocity gradients are
weak and/or do not occur simultaneously in favourable combinations (figure 14). It is also
interesting to note that once the near-wall flow field is made ‘more uniform’ by reducing
the streak intensity and destroying their organised structure, the effect of the actuation is
further promoted by the flow field itself. Instead of solely maintaining the streaky structure
as required in the reference flow, it has to be actively created to provide a solid viability
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of the QSVs. This requires further energy expenditure and potentially contributes to QSV
disintegration and the overall reduction in near-wall energy.

5. Conclusion

The alteration of the near-wall flow resulting in a reduced wall-shear stress of a TBL flow
subjected to spanwise travelling transversal surface waves at a friction Reynolds number
Re, ~ 1525 is investigated.

A 2-D NA-MEMD is applied to wall-parallel planes of streamwise and wall-normal
velocity fluctuations. The simultaneous decomposition yields a scale-based segmentation
of physically connected features with spatial and temporal coherence. The analysis of
the resulting large-scale flow structures by j.p.d.f.s reveals that the actuation method
periodically induces near-wall large-scale ejections in the near-wall region. They are more
intense and appear more frequently compared with the undisturbed reference flow. Note
that the j.p.d.f.s of the total velocity fluctuations indicate an opposite effect, i.e. a damping
of ejections.

The role of the induced near-wall large-scale ejections in terms of wall-shear
stress reduction is illuminated by a comparative inner—outer interaction analysis of
the undisturbed reference and the actuated flow. Using the large-scale streamwise
and wall-normal fluctuations at three near-wall locations nyW =1,5,15 and at the
outer-layer location yJOFL = 155 where the large scales are most energetic, the superposition
phenomenon, the interaction via bursting events and the amplitude modulation are studied.
The results show a reduced inner—outer coherence with respect to the superposition and
the sweeps and an enhanced correlation related to the ejections in the actuated flow. The
amplitude modulation appears to be insensitive to the flow field changes. Applying a
fast Fourier transform to the time-dependent correlation coefficients shows that temporal
fluctuations of the bursting-related coefficients are conditional on the period of the surface
actuation. This stresses that the large-scale ejections are indeed induced by the actuation
method. Due to their increased strength and prevalence, they are more likely to reach
the outer layer increasing the related correlation coefficient. Furthermore, they are able
to balance large-scale sweeps originating from the outer layer and, thus, attenuate their
near-wall impact. Consequently, the correlation coefficients related to superposition and
sweeps are reduced. It is interesting to note that the actuation method is able to interfere
with the outer-layer impact on the near-wall flow field although the actuation parameters
are tailored to the near-wall dynamics.

Furthermore, the present study highlights the interaction of the periodic velocity
gradients of the secondary flow field with QSVs. Specific combinations of the periodic
velocity gradients deform the circular cross-section of the QSVs into an elliptic shape and
this unstable vortex state leads to vortex disintegration. As a consequence, the wall-normal
momentum exchange and the turbulence production are reduced. This primarily happens in
the lower buffer layer where the wall-normal gradients of the secondary flow field are most
intense. In combination with the formerly described impact of the large-scale ejections,
the energy contained in the near-wall flow field is substantially reduced resulting in a
lower wall-shear stress level. These observations are also consistent with the widening of
near-wall streaks observed in previous studies. The more frequently appearing large-scale
ejections and the reduced amount of QSVs inhibit the establishment of an organised
segregation into alternating low- and high-speed streaks.

The current findings provide the foundation for a comprehensive hypothesis on the
mechanism by which spanwise travelling transversal surface waves reduce the wall-shear
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stress in turbulent wall-bounded flows. Further analyses need to be conducted since a
dependence on the actuation parameters, namely amplitude, wavelength and period, and
the Reynolds number must exist. Some evidence was already given with respect to the
phase-dependent gradient combinations that yield QSV breakup.

Supplementary movie. Supplementary movie is available at https://doi.org/10.1017/jfm.2023.54.
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